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Previous work has shown that for sufficiently high periodic forcing amplitudes,

laminar diffusion flames can burn in an effectively partially premixed mode.

Experimental observations show that the luminosity and sooting properties of the forced

flames are significantly modified by the presence of strong forcing. In this work,

simulations are performed to study the effects of strong forcing on flow field

development in strongly forced laminar isothermal jets and methane air diffusion flames.

Unforced and strongly forced cold-flow jets are simulated using a higher order

finite volume CFD code. The jet was forced by varying the jet exit velocity over a range

of forcing amplitudes and frequencies and it was found that the jet Strouhal number (St)

was the important parameter in characterizing flowfield development. Further, the forced

jets showed increased entrainment and increased entrainment rates as compared to the

non-forced jets.

The computations are extended to laminar methane–air diffusion flames. The

combustion reactions were modeled using detailed gas-phase chemistry and complex
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thermo-physical properties. The radiation heat transfer was modeled using the S-6

Discrete Ordinates Method. A 2 equation soot chemistry model for soot nucleation,

surface growth and oxidation was used. First an unforced flickering methane–air

diffusion flame was modeled and then the flame was forced by varying the amplitude and

frequency of the fuel velocity in the nozzle. Cases where the peak velocity in the fuel

stream reached 6 times the mean velocity are examined. The internal nozzle flow was

also simulated since the near-nozzle region was of particular interest due to the strong

mixing processes occurring there and the subsequent effect on the flame properties.

Lifted forced flames were also examined, and it was found that the partial premixing in

the near nozzle region and modified gas phase chemistry in the forced flames can explain

the reduction in soot production for the strongly forced flames.
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0=
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Chapter 1

Introduction

Boilers, furnaces, and other process heaters together account for about two-thirds

of the total energy used by U.S. manufacturing industries (OIT, DOE website). Higher

combustion efficiency can have tremendous impact on the bottom lines of the industry

not only through energy savings, but also through improved productivity, quality and

operational costs of key processes. The new technologies in combustion promise

increasingly efficient, clean, fuel-flexible, and reliable systems, which could result in

enormous cost savings. Also, environmental concerns require a reduction in all the

pollutant species. The Industrial Combustion Technology Roadmap, 1999, lays out a

descriptive plan of the R&D activities required to achieve the performance targets for

advanced technology through 2020. These targets for process heating burners involve a

90% reduction in emissions of criteria pollutants, while simultaneously reducing specific

fuel consumption by 20% to 50%. For achieving these targets, development of an

advanced burner control system with capability to determine process requirements and

evaluate fuel options in real time, and adjust its operation accordingly was envisioned.

This requires the development of burners with fuel and load versatility, complete with

feed back loops for controlled fluctuations in the system. Novel burner concepts would

involve use of non steady-state combustion where fluctuations are controlled rather than

random.

1.1: MOTIVATION

Forced flames offer a method of modifying and controlling jet flames. Among

other issues, the literature shows that soot production and luminosity are affected by
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forcing. Recent experiments by Lakshminarasimhan et al. (2006a, 2006b) on transitional

and turbulent jet flames conclusively showed that flame structure and luminosity are

affected by forcing. They observed that the resonantly forced flames show dramatically

reduced luminosity as compared to non-forced flames. Further, the flame length reduces

for resonantly forced flames. These effects can be seen in Figure 1.1.

Non-Forced Resonantly forced

Figure 1.1: Photographs (from Lakshminarasimhan et al., 2006b) of the flame for the
non-forced flame and resonantly forced flame (Re=1820). 

1.2: OBJECTIVE

The literature (as will be outlined in section 1.4) is not completely clear about the

mechanisms responsible for changes in flame luminosity. This study aims at

understanding and clarifying the mechanisms involved in modifying the soot production

levels in strongly forced diffusion flames using computations.
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1.3: EXTENT OF THIS STUDY

The approach used by us in this study is to model strongly forced laminar

diffusion flames and to study the effects of the forcing on the flames. The modeling was

done using a higher order CFD code (UNICORN) with a finite rate chemistry model. A

simplified 2 equation soot model and a DOM radiation model were added to the original

code. The computations were performed on a 2D axisymmetric domain using non-

uniform grids. The Navier-Stokes equations are solved with the low Mach number

assumption. Though the experiments involved using acoustic forcing, the length of the

internal nozzle simulated in the calculations is small compared to the wavelength of

sound.

As a first step, cold-flow modeling of strongly forced isothermal jets was carried

out. The internal nozzle was also simulated and the development of the flow-field was

studied. A range of forcing amplitudes and frequencies was examined and the

entrainment of the forced jets was also studied. The cold flow calculations were then

extended to methane-air diffusion flames, and the effect of forcing on soot production

was studied. The insights obtained from the isothermal jet calculations were useful in

understanding the parameters that required investigation in the study of forced diffusion

flames. Both attached and lifted forced flames were examined in the reacting flow

portion of this study.

Though most of the applications of this technology • flares and industrial burners

are in the turbulent regime, performing parametric, time-resolved, detailed-chemistry

calculations of transitional and turbulent flames is not feasible today. Hence, the

approach here is of performing the flame calculations in the laminar regime, and

assuming that the flames are axisymmetric.
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1.4: LITERATURE SURVEY

1.4.1: Nonreacting Forced Laminar Jets

Jet mixing is improved in laminar flows by unsteady forcing. The ability to

increase the mixing rate for laminar flows is important in the development of mesoscale

reactors of various types. In some small scale (laminar) combustion reactors, acoustically

excited and pulsed-flow flames have been shown to have significantly different

characteristics in terms of flame length and luminosity when compared to non-pulsed

flames. Forced jets have been studied in the literature for their ability to modify the flow

field and increase the jet entrainment rates. Significantly more work has been performed

in the analysis of turbulent pulsed jets as compared to laminar jets because of the obvious

technological applications of turbulent jets. However, with increased miniaturization of

reactors of all types, the requirement for mixing in small scale and laminar flows

becomes more of an issue (cf. Meldrum and Holl, 2002 and Lee et al., 2001). In addition,

there may be similarities between turbulent and laminar unsteadily forced jets, and

insights from one flow regime may aid in interpretation of observations in another

regime. As such, we will review some of the more relevant turbulent unsteadily forced

literature in this manuscript. The seminal work by Crow and Champagne (1971) showed

that jet forcing increased the entrainment rates for turbulent jets. Hill and Greene (1977)

and Vermuelen et al. (1992) have also reported increased mixing rates and entrainment

with periodically forced jets.

Marzouk et al. (2003a) performed simulations on weakly forced laminar jets (the

amplitude was less than 20% of the mean velocity). The jet velocity profiles revealed

that the effects of the forcing were restricted to the core of the jet. Also, they observed

that the extent of the area affected by the forcing depended on the forcing frequency.

Similar computations for plane jets (Marzouk et al., 2003b) showed that in pulsed plane



7

laminar jets, the initial development of the jet is greatly accelerated and the entrainment

in the first few diameters is enhanced.

It can be argued that synthetic jets – jets with zero net mass flux – can be

considered to be a limiting case of strongly forced periodic jets, where the forcing

amplitude is infinitely larger than the mean velocity. The flow field developed by

synthetic jets has been discussed in detail in the literature by Smith and Glezer (1998),

Cater and Soria (2002) and Glezer and Amitay (2002). Cater and Soria (2002)

commented that synthetic jets are a special case of fully pulsed jets where the mean

velocity of the jet is zero due to the pulsing action. They found that turbulent synthetic

jets have similar cross stream velocity profiles as steady jets, but with different spreading

and decay rates. Direct Numerical Studies (DNS) by Rizzetta et al. (1999) and Lee and

Goldstein (2002) of the synthetic-jets used in the experiments of Smith and Glezer (1998)

provided further insight into the flow field development of slot jets. Rizzetta et al. (1999)

presented two and three dimensional computational results. They simulated the

oscillating membrane by applying a moving boundary condition and found that the flow

in the cavity becomes periodic after several cycles. As a result, periodic velocity profiles

could be used as the boundary condition at the slot exit to simulate the forcing action.

The two dimensional calculations of Lee and Goldstein (2002) showed that the Reynolds

number affected the slot exit flow profile, whereas the Strouhal number affected the jet

evolution downstream of the slot. Bera et al. (2001) used PIV to examine both pulsed

jets (i.e. strongly forced jets with net mass flux) and synthetic jets under identical forcing

conditions and found that the synthetic jets have more lateral expansion than the pulsed

jets.

In other work, Muramatsu and Era (2003) studied the mixing of pulsed CO2 gas

issuing from a round nozzle into still air. The pulsing was obtained using a loudspeaker
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operating at the Helmholtz frequency of the nozzle tube. Velocity and concentration

measurements revealed a phase lag between concentration and velocity, with the

concentration changing after the velocity. Also, the mixing of gases was greatly

enhanced near the nozzle exit and the mass fraction of the CO2 at the nozzle exit was

found to be lower than unity, indicating that air from the surroundings was being ingested

into the nozzle during parts of the cycle.

1.4.2: Forced Laminar Diffusion Flames

A study of the effects of flame pulsing on soot formation was the done by

Shaddix et al. (1994). A laminar methane-air flame was acoustically forced using a

loudspeaker and quantitative soot volume fraction measurements showed a four fold

increase in the soot volume fraction for the pulsed flames as compared to non-pulsed

flames, with the same mean fuel flow velocity. PIV data for the same experimental

conditions were acquired by Papadopoulos et al. (2002), and they showed that during

certain phases, negative velocities are present in the near nozzle region for moderately

and strongly forced flames. This indicated that the fluid was being sucked back into the

nozzle. Also, shadowgraphs indicated a strong mixing of the cool and hot regions due to

the forcing. Further, Kaplan et al. (1996) performed simulations based on the experiment

of Shaddix et al. (1994). They modeled the combustion process using a mixture fraction

approach and used an empirical soot model (Syed et al., 1990) for modeling the soot

chemistry. The simulations also indicated that the soot production in time-varying CH4-

air flames increases over four times that of a steady flame. By tracking the fluid parcels

along the convective pathlines in the flame, they observed that residence times, with high

temperature and fuel-rich conditions favorable for soot growth, increased for the pulsed

flames as compared to the non-pulsed flames.
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Mohammed et al. (1998) performed computations of forced laminar methane

diffusion flames forced at low amplitudes (75%). They used a finite rate chemistry

mechanism without soot chemistry and found that soot precursors – primarily acetylene

(C2H2) concentrations increased in the forced flames as compared to non-forced flames,

suggesting that increased soot concentrations can be expected in forced flames.

Ezekoye et al. (2004) showed that acoustic driving can strongly influence the

sooting tendencies of a non-premixed acetylene-air jet flame. They observed that as the

forcing increases, the soot concentrations initially increase slightly, and then

subsequently decrease quite drastically. They attributed the initial increase to enhanced

pyrolysis of fuel by small levels of partial premixing, followed by a dramatic decrease in

soot mass associated with oxidation. Strayer et al. (1998) also found that forcing the fuel

stream (fuel not stated) resulted in reduced luminosity due to premixing of fuel and air

near the burner surface. Other studies (Lewis et al., (1988), Mueller and Schefer (1998))

have focused on the effects of forcing on the structure of laminar flames and found that

vortex flame interactions resulted in puff like structures.

While Ezekoye et al. (2004) and Strayer et al. (1998) observed a reduction in soot

concentrations with forcing, Shaddix et al. (1994) found that the soot concentrations

increased in forced flames as compared to non-forced flames. Although, these trends are

opposite of each other, the opposite trends might be an effect of the forcing amplitudes

used in the experiments – low forcing amplitudes result in increased soot production due

to the flickering phenomena while high amplitude forcing results in reduced soot

production due to premixing. The literature has not discussed this possibility. Also, the

fuel used by the investigators (Ezekoye et al. (2004) • acetylene fuel; Shaddix et al.

(1994) • methane fuel) was different and sooting tendencies in diffusion flames is

strongly fuel dependant (Glassman, 1996).
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The forcing amplitudes used in all the above mentioned cases did not fully

modulate the flow (i.e. the forcing amplitude was always less than 100% and so there was

no flow reversal at the nozzle exit). Increasing the forcing amplitude to the point where

the flow is fully modulated allows for much more interesting flow dynamics.

1.4.3: Soot Physics

An overview of soot formation and some of the factors affecting soot have been

described below. This section is based on the discussion provided in Glassman (1996)

Soot is defined as carbonaceous particulates that are formed from gas-phase

processes. Soot particles are aggregates of spherical carbon particles which are clustered

together to form chain like structures, and these are formed out of the fuel pyrolysis

process. Fuel pyrolysis results in PAH (Polycyclic Aromatic Hydrocarbons), which grow

in size due to the presence of acetylene and other soot precursors. Eventually the

aromatic structures grow large enough to develop into a particle nucleus. This is the soot

nucleation process, and the soot nucleation temperatures are about 1600 K. The

nucleated soot particles also contain hydrogen, which is removed in the high temperature

combustion field, while at the same time the soot particles physically and chemically

absorb gaseous hydrocarbon species. This is the soot growth process that leads to a large

increase in soot mass. The growing soot particles also simultaneously agglomerate with

other soot particles while also undergoing a chemical reformation transition, which

results in a carbonaceous soot structure. Simultaneously the particles are being oxidized

to form gaseous products and this process ceases below 1300 K. In general, the chemical

steps leading to soot formation are similar regardless of the initial fuel.

The soot formation processes are affected by the flame geometry • whether the

flame is premixed, coflowing diffusion, counterflowing diffusion or inverse coflowing

diffusion flames. Takahashi and Glassman (1984) showed that for premixed flames, the
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fuel structure does not play a role in sooting tendencies, since under premixed conditions

all fuels break down to acetylene, which then forms the soot particles. In contrast, the

sooting tendencies are dependant on the fuel in case of diffusion flames, since the fuel

pyrolysis rate and mechanism determine the soot nucleation process.

Figure 1.2.: Outline of the literature survey for the mechanisms examined to study the
effect for forcing on methane-air flames.

1.4.4: Mechanisms Examined in this Study

In this study, the mechanisms of premixing of fuel and air, changes in residence

time and changes in acetylene concentrations in forced methane-air flames are examined

to explain the changes in soot concentrations for strongly forced methane air laminar

diffusion flames. From figure 1.2 we see that increasing the level of premixing and

reducing the residence time should reduce the soot loading of a flame. In the course of

this study we will examine how pulsations of the fuel affect residence time and premixing

Flow Modifications

Residence Time
Soot conc. increases
with increasing
residence time
Kaplan et al. (1996);
Vandsberger et al
(1984); Beltrame et
al. (2001)

C2H2 Modification
C2H2 decreases with
increasing strain rate
Böhm et al (2001);
C2H2 decreases with
increasing premixing
Mishra et al. (2006);
McEnally and
Pfefferle (2001);
Bennett et al. (2000);
Tseng et al. (1996):

Premixing
Soot conc.
reduces with
increasing O2

premixing.
Gülder (1995);
McEnally and
Pfefferle (2002):
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in the flame. In the following sections, I will discuss in more detail how premixing and

residence time affect soot concentrations.

1.4.4A: Effects of Oxygen Premixing on Soot Production

Partial premixing might explain some of the changes in luminosity in the forced

methane flames. Hura and Glassman (1988) performed experiments to measure the soot

production in counter flow diffusion flames with varying amounts of oxygen in the fuel

stream. They observed that for propane flames, presence of a small amount of oxygen

increased soot concentrations, while a further increase in the amount of oxygen resulted

in a decrease in soot levels till the soot levels drop down to zero for close to

stoichometric conditions. They explained this behavior as an effect of oxygen increasing

the fuel pyrolysis when present in small quantities, while large quantities of oxygen

oxidize the soot precursors. Mitrovic and Lee (1998) too had similar observations of the

effect of premixing in ethylene laminar flames. The experimental and computational

study of Pels Leusden and Peters (2000) on counterflow acetylene flames supported the

conclusions of Glassman (1998) that small amounts of oxygen addition in acetylene

flames leads to higher soot levels due to increased pyrolysis.

On the other hand, the experimental study by Gülder (1995) showed that in case

of methane flames, the soot levels reduced with increasing amounts of oxygen addition

for all oxygen concentrations added. Oxygen appeared to act as a diluent and therefore

reduced the local temperatures, while also serving to oxidize the soot precursors.

McEnally and Pfefferle (2002) also observed a reduction in soot concentrations with

premixing in methane flames.

Another topic discussed by both Gülder (1995) and Glassman (1998) is that the

thermal diffusivity of the mixture is altered due to presence of oxygen and, the altered

thermal diffusivity could result in altered pathways for the soot particles. Longer
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pathways would allow for more soot growth, while shorter pathways would suppress soot

growth. In some respects, the pathways discussion is analogous to residence time

considerations.

1.4.4B: Residence Time Effects on Soot Production

Residence time is an important parameter in determining the amount of soot

formed in a flame (Kent and Wagner, 1984). If soot concentrations vary directly with

residence times for specific species concentrations and local temperature conditions, then

the soot reactions are kinetically controlled. On the other hand, if the soot concentrations

are independent of the residence times, the soot formation process is the mixing

controlled. Vandsburger et al. (1984) observed that soot concentrations in ethylene air

counterflow diffusion flames reduced with reduced residence times. Similarly, Beltrame

et al. (2001) observed that soot concentrations reduced with increasing global strain rates

for methane-air flames. Note that residence time and global strain rates are inversely

related. Similarly, Kaplan et al. (1996) (see section 1.4.2) explained the increase in soot

concentrations for flickering flames of Shaddix et al. (1994) due to increased residence

times for the soot particles in the flickering flames as compared to non-flickering flames.

Overall there is no question that decreased residence time (increased strain rates) in a

flame will decrease the amount of soot found in a flame.

1.4.4C: Acetylene concentrations in laminar jet diffusion flames

Acetylene (C2H2) is a precursor to soot, and therefore changes in the acetylene

concentrations result in changes in the soot concentrations. Computations of Böhm et al.

(2001) showed that in methane-air flames, acetylene concentrations decreased with

increasing global strain rates. Also several experimental studies (Mishra et al. (2006),

McEnally and Pfefferle (2001), Bennett et al. (2000), and Tseng et al. (1996)) have
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shown that acetylene concentrations decrease with air/oxidant premixing in methane-air

flames. This is due to an increase in the oxidation rate coupled with a reduction in the

CH3 recombination rates. The literature suggests that the same factors that serve to

reduce soot (decrease residence time and increase levels of premixing) also affect the

soot precursor acetylene. In fact, it is not immediately apparent how much the global

factors affecting soot arise from the changes to acetylene as compared to direct effects

like soot oxidation and soot growth in the presence of adequate amounts of C2H2. One

question that will be investigated is the strain rate level at which one expects to see

modifications to the C2H2 chemistry as compared to levels one expects to see changes in

the soot chemistry.

1.4.5: Soot Modeling

Soot evolution modeling remains a difficult task since the basic problem is a

coupled multiphase thermochemical process. As we have previously indicated, soot

evolution relies on environmental conditions (gas phase and thermal) that are directly

influenced by soot distribution. Further, soot is known to be formed through multiple

species like acetylene (C2H2) and polycyclic aromatic hydrocarbons (PAH). The growth

of straight chain hydrocarbons into PAHs is itself a complex process for which chemical

mechanisms are only now being developed. Simplifications are typically made to

describe soot growth in complex flows where significant computational effort is

expended in describing the coupled aero-thermo-chemical fields. The simplified two

equation soot model proposed by Leung et al. (1991) and Fairweather et al. (1992) has

been used extensively for modeling steady diffusion flames (Liu et al., 2006, Guo et al.,

2002, Zhang and Ezekoye, 1998, Kennedy et al., 1996). This is a semi-empirical model

in which the soot volume fraction and the soot number density equation are solved. The

model assumes that all soot comes from acetylene (C2H2) and models for soot nucleation,
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soot surface growth, soot oxidation and particle agglomeration. The number density

equation assumes a monodisperse particle size distribution, and accounts for the soot

number particle increase from the soot nucleation process and a reduction in the particle

number density due to the particle coagulation process.

Syed et al. (1990) have proposed an empirical soot model for methane flames,

while Moss et al. (1995) have also used a similar empirical model as Syed et al. (1990) to

simulate two-dimensional laminar ethylene diffusion flames. The soot modeling scheme

of Syed et al. (1990) was also used by Kaplan et al. (1996) in their computations of time-

varying forced methane air diffusion flames. In these empirical models, the soot is

formed directly from the fuel i.e. methane in this case and in general these soot models

are not as sophisticated as the soot models of Leung et al. (1991) and Fairweather et al.

(1992) which are based on the chemical break down of acetylene into soot and hydrogen.

The empirical soot model also shows limitations in predicting soot concentrations in a 2

dimensional laminar flame, especially near the base of the flame (Kaplan et al., 1996).

A more detailed chemistry mechanism proposed by Wang and Frenklach (1997),

accounts for the formation and growth of PAH (Polycyclic Aromatic Hydrocarbons) and

other higher hydrocarbons. This chemistry mechanism includes C1-C6 chemistry and

predicts the concentration profiles of soot precursors (primarily PAH) reasonably well in

one dimensional laminar flames. The mechanism solves for 99 species with 527 reaction

steps and can account for mass growth of PAH by the HACA (Hydrogen abstraction-

C2H2 addition) mechanism. Soot particles are known to nucleate from PAH in the

presence of acetylene and other soot precursors (Glassman, 1996), and therefore accurate

modeling of PAH concentrations can result in accurate modeling of soot concentrations

in flames. Appel et al. (2000) extended the mechanism of Wang and Frenklach (1997)

and also added a soot model to account for soot particle inception, surface reactions and
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PAH condensation. The improved mechanism accounted for all the coagulation regimes

(free molecular, continuum and transition) as well as aggregation of soot particles into

fractals. This improved mechanism was shown to predict the soot concentrations in a

number of ethane, ethylene and acetylene (C2 fuel) one dimensional premixed flames

very well.

D’Anna et al. (2000, 2001) have provided another chemistry mechanism for

modeling soot precursors. Their kinetic mechanism models the formation of PAH up to

2-, 3- rings through a combination of resonantly stabilized radicals like cyclopentadienyl

as compared to the HACA mechanism of Wang and Frenklach (1997). The mechanism

consists of 90 species and 340 reactions and is able to predict the total amount and size

distribution of particulate matter in non-sooting and slightly sooting one dimensional

ethylene-air flames. Recently, D’Anna and Kent (2006) have used a modified GRI

mechanism (60 species and 280 reactions) along with a particulate formation mechanism

with aromatic growth, particle inception, surface reactions and coagulation to simulate

two dimensional ethylene flames. Their computations show that their mechanism is able

to predict the total particulates (i.e. soot + nano-organic particles) in the ethylene flames

examined.

Smooke et al. (1999, 2005) and McEnally et al. (1998) have used a modified

sectional soot formation model based on the work of Colket and Hall (1994) and Hall et

al. (1997). The model uses a detailed finite rate chemistry model with soot inception

from high molecular weight condensed PAH like C10H7, C14H10 and C16H9, which in turn

were modeled based on the concentrations of species like C6H6, C6H5 and C2H2. The soot

surface growth rates varied linearly with the acetylene concentrations, similar to the

simplified C2H2 based schemes (Leung et al. 1991). The model also does not assume the

soot particles to be monodisperse as is the case in the simplified two equation schemes
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(Leung et al., 1991 and Fairweather et al., 1992) and instead uses the sectional approach

of Gelbard and Seinfeld (1980) to handle the particle agglomeration process. In this

sectional model, the soot particles are divided into a number of bins based on their sizes,

and the particle number evolution equation is solved for each of these bins.

It is not apparent that the PAH based soot models provide more accurate

predictions of soot concentrations in steady two dimensional laminar flames. For

example, Liu et al. (2004) modeled the methane-air laminar diffusion flame examined by

Smooke et al. (1999) using an acetylene based soot model, and their (Liu et al., 2004)

results showed more accurate predictions of the soot concentrations than Smooke et al.

(1999). Similarly, when Guo et al. (2006) used the gas phase and soot chemistry

mechanism of Appel et al. (2006) (along with a simple soot agglomeration model) in a

simulation of a steady two dimensional ethylene-air flame, their computations could not

predict the soot concentrations along the centerline.

The processes affecting soot inception, surface growth and oxidation have not

been completely understood, and soot modeling for two dimensional laminar diffusion

flames is a field of present research (Liu et al., 2004, Smooke et al., 2005, D’Anna and

Kent, 2005, Guo et al., 2006, D’Anna and Kent, 2006). Consequently, no universal soot

model exists and the author is not aware of any studies, where the soot concentrations in

steady two dimensional laminar diffusion flames have been modeled accurately.

Although, the chemistry mechanisms involving higher hydrocarbons provide a

more accurate representation of the soot chemistry, and the sectional model provides

insight on the soot particle coagulation process, these mechanisms are not fully

developed to provide accurate predictions of the soot concentrations. Further, these

mechanisms are computationally intensive since they have a large number of species and

reaction steps, and using them for performing two dimensional time dependant
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calculations would be computationally prohibitive. The computational effort in Gauss-

Seidel iterative schemes (used in our code) is known to scale as kn2 (Golub and Ortega,

1993), where, k is the number of iterations and n is the number of equations. A typical

calculation using the Peters (1993) chemistry mechanism, which involves 30 species and

requires 3 days for a two dimensional flame calculation, would require 32 days based on

the Wang and Frenklach (1997) mechanism with 99 species. Here, it is assumed that the

number of iterations (k) remains the same and, computer architecture limitations do not

slow down or limit the calculations. In contrast, the acetylene based soot model proposed

by Leung et al. (1991) and Fairweather et al. (1992) is easier to implement and

computationally less expensive, while still providing insight into the soot evolution

process in complex flow fields. As a result, we have adopted the simplified two equation

acetylene based soot model in this study.

1.4.6: Other relevant Literature

Although we do not study turbulent jets in this study, recent experimental studies

of Lakshminarasimhan et al. (2006a and 2006b) on pulsed isothermal turbulent jets and

forced turbulent methane flames showed that the Strouhal number (St) of the forced jet

was the important parameter in characterizing the forced jets and flames. The forcing

action generates vortices, and for low St these vortices are fully formed and convect

downstream while, for high St the vortices are not fully formed and tend to be pulled

back into the nozzle. Low St forced flames also show the presence of vortices close to

the nozzle exit plane and these vortices help to premix the fuel and air in the near nozzle

region. We have highlighted the in the previous sections that global strain rate/residence

time and level of premixing are processes that affect soot production in diffusion flames.

Since Lakshminarasimhan et al. (2006a and 2006b) shows that important observations in
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the flame are affected by the Strouhal number, we will necessarily consider how the

Strouhal number of the flow affects global strain rates and also the level of premixing.

1.5: DISSERTATION LAYOUT

Chapter 2 provides the details about the numerical schemes used in the CFD code

UNICORN. The soot modeling and the radiation heat transfer modeling approach has

also been described in this section. Chapter 3 details a study of the flow field

development in strongly forced isothermal jets. Isothermal jets were forced over a range

of amplitudes and forcing frequencies and the flow field generated by the forced jets was

examined. The vortex generation and vortex convection was of particular interest. The

results obtained by forcing attached laminar diffusion flames are presented in Chapter 4.

Soot production levels are examined and it is shown that soot production was reduced in

forced flames and that reduced soot surface growth rates due to modified acetylene

concentration distributions might help explain the changes in soot production. Chapter 5

examines the effects of strong forcing on lifted laminar diffusion flames. The results

show that partial premixing of the fuel and air in strongly forced lifted flames might

explain the reduction in soot levels as compared to non-forced flames. The conclusions

and future work sections have been compiled in Chapter 6.

Appendix A details a study on forced methane –air diffusion flames, using the

mixture fraction model. The results indicted that flow reversal occurs at the exit plane in

strongly forced flames and premixing might occur in near nozzle region. Appendix B has

the validation studies performed on the specific heats and enthalpy data in UNICORN.

Appendix C lists the derived expression for the enthalpy of soot and the validation of the

correlation for the specific heats of soot. Appendix D has the validation of the S-6 DOM

method used for solving the radiation heat transfer, while appendix E has some
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experimental results of strongly forced laminar jets and comparisons with computations

at similar conditions.
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Chapter 2

Numerical Schemes and Models

A finite volume CFDC (Computational Fluid Dynamics with Chemistry) code –

UNICORN (Katta et al., 1994) is used in this study for simulating the strongly forced

isothermal jets and CH4–air diffusion flames. UNICORN (UNsteady Ignition and

COmbustion with ReactioNs) solves the equations for the conservation of mass,

momentum, individual species and energy in the unsteady formulation. The cylindrical

form of the conservation equations are solved on a 2D axisymmetric staggered grid. In

the staggered grid formulation, the velocities are calculated at the cell faces, while

properties like density, species mass fractions, temperature and pressure are calculated at

the cell centers. The code is written in FORTRAN language and figure 2.1 is a flow

chart of the UNICORN program. At the beginning of each time step, the physical

properties i.e. viscosity, diffusivity and thermal conductivity are calculated at all the grid

points. This is followed by solving the species equation and then the total enthalpy

equation is solved. The ideal gas equation is then used for resolving the density at each

grid point. Subsequently, the axial and radial momentum equations are solved and then

these velocities are corrected after resolving the pressure field. At the completion of each

time step, the solution time is advanced.

UNICORN uses third order accurate schemes for both spatial and temporal

discretization. It has been used extensively to simulate diffusion flames and study issues

like flame-vortex interaction (Katta et al., 1994, Shu et al., 1997) and instabilities in

diffusion flames (Katta and Roquemore, 1993). We have used the basic structure of

UNICORN in this study, and then added a soot chemistry model and a DOM radiation
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model. The code was also modified for operating on multiple processors for parallel

computing. A detailed benchmarking of the code was also performed.

Figure 2.1: Flow chart for UNICORN.

Calculate viscosity, diffusivity
and thermal conductivity

Solve the Species equation

Solve the Total Enthalpy equation

Calculate Density

Solve Momentum equation

Solve the Pressure Poisson
Equation

Advance Time

Correct the velocity based on the
pressure gradient
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2.1: THERMOPHYSICAL PROPERTIES

The thermophysical properties viz. thermal conductivity, diffusion coefficients

and viscosity are calculated based on the Chapman-Enskog collision theory. The

collision integrals are calculated using the Lennard Jones potentials for each species.

The viscosity for each individual species is calculated using the expression (Bird

et al., 2002)

µi

i
i Ωσ

TM
.µ

,
2

51066932 −×= (2.1)

where, µiΩ , is the collision integral for viscosity, µiΩ , is a function of the dimensionless

temperature ε/kT , σ is the collision diameter of the molecules and ε is the

characteristic energy or the maximum energy of attraction between pair of molecules.

The viscosity for the mixture is then calculated using the Wilke correlations
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where i and j are the species index.

The thermal conductivity of each species is calculated using the expression (Bird

et al., 2002).
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For the mixture thermal conductivity, once again the Wilke correlations (Bird et al.

(2002)) are used. This takes the form
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The binary diffusion coefficient ( ijD ) for a species i with respect to species j is

calculated based on the Chapman-Enskog kinetic theory. The expression has the form

(Bird et al. (2002))
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where, ijD is in cm2/s, T is the temperature in K, p is the pressure in atm and ijσ is in oA .

The dimensionless quantity
ijD,Ω is the (diffusion) collision integral and it varies with

dimensionless temperature ijT εκ / . The collision integrals are calculated using

polynomial fits based on the dimensionless temperature. ijσ and ijε are the parameters

appearing in the Lennard Jones potential between one molecule of species i and one

molecule of species j . κ is the Boltzmann constant and T is the temperature in K. The

parameters ijσ and ijε are calculated using (Bird et al. (2002))

( )jiij σσσ +=
2

1
and jiij εεε = (2.7)

The diffusion coefficient of the species in the mixture ( miD , ) is then calculated as:
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where, ix and jx are the mole fraction of species i and j respectively.

2.2: CONSERVATION OF SPECIES EQUATION

The conservation of species equation is solved for all the species except for N2.

For cylindrical coordinates the species conservation equation has the form
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where, r& is the rate of generation or depletion of the species. The species conservation

equations are written in the conservation form, since these equations were then

discretized for the control volume formulation.
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The convection-diffusion effects in the species and energy equations are resolved

using the hybrid method as suggested by Patankar (1980). The scheme examines the

Peclet number ( DxuPe /∆= ) for each cell. The Peclet number is the ratio of the

convective component due to the velocity, and the diffusion component. If the

magnitude of the cell Peclet Number is greater than or equal to 2, the diffusion effects are

neglected in the discretization and only the convection effects are used. This results in an

upwind scheme. On the other hand, if the magnitude of the cell Peclet number is less

than 2, both the diffusion and convection effects are considered. For discretizing the

diffusion effects, central difference schemes are used.

The equations for the conservation of each species are solved together in an

implicit formulation using the Gauss-Seidel iterative scheme till the values converge i.e.

the difference in the values between one iteration and the next is small. The convergence

criterion used for the species equation is of the form

( )∑∑
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i
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YY
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where, i is the index for the species and α is the index for the grid points.

2.2.1: Finite Rate Chemistry

The source or sink term r& is calculated based on the species concentrations and

the finite rate reaction rates. The model used here is essentially the chemistry mechanism

used by Peters (1993) with the rates for 6 reactions modified for ease of calculation and

due to the corrections recommended by Katta et al. (1998). The mechanism uses 30

species and 101 reaction rates. The species solved are CH4, CH3, CH2, CH, CH2O, CHO,

CO2, CO, H2, H, O, OH, H2O, HO2, H2O, C2H, C2H2, C2H3, C2H4, C2H5, C2H6, CHCO,

C3H3, C3H4, C3H5, C3H6, nC3H7, iC3H7, O2 and N2. Table 2.1 lists the reactions and the

reaction rate coefficients along with the corresponding references from where the rates
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were sourced. The modified reaction rates are for reaction numbers 45, 47, 66, 67, 77

and 78. In the references column, ‘P’ refers to Peters (1993) and ‘W’ refers to Warnatz

(1983). Though this detailed chemistry mechanism is computationally expensive, it

allows us to examine effects of strain rates on the reaction mechanism, especially soot

production from C2H2 and also observe effects like flame blow-off in some cases. C2H2 is

the precursor for soot in our modeling and hence having C1, C2 and C3 chemistry was

important. Further species like O and OH are important for soot oxidation process. Also

OH also acts as a good marker of the reaction zone and helps us study effects relating to

the flame stability and vortex-flame interaction. Hence, the extra computational effort for

resolving these species is justified.

The mass fraction of nitrogen is calculated by subtracting off the sum of the mass

fractions of all other species from unity viz.

∑
−
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−=
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1

1
2

N

i
iN YY . (2.11)

Table 2.1: Reaction Mechanism: Rate Coefficients of the form ( )RTEATk a
n /exp −= a

No. Reaction A N Ea

(cal/mole)

Ref.

1 H+O2 ==> OH +O 2.00E+14 0 16800 P

2 OH + O ==> H + O2 1.57E+13 0 840 P

3 O + H2 ==> OH + H 5.06E+04 2.67 6280 P

4 OH + H ==> O + H2 2.22E+04 2.67 4370 P

5 H2 + OH ==> H2O + H 1.00E+08 1.6 3300 P

6 H2+ H ==> H2 + OH 4.31E+08 1.6 18270 P

7 OH + OH ==> O + H2O 1.50E+09 1.14 100 P



27

8 H2O + O ==> OH + OH 1.47E+10 1.14 17000 P

9 O2 + H + M ==> HO2 + M 2.30E+18 -0.8 0 P

10 HO2 + M ==> O2 + H + M 3.19E+18 -0.8 46680 P

11 HO2 + H ==> OH + OH 1.50E+14 0 1000 P

12 HO2 + H ==> H2 + O2 2.50E+13 0 692 P

13 HO2 + OH ==> H2O + O2 6.00E+13 0 0 P

14 HO2 + H ==> H2 + O 3.00E+13 0 1720 P

15 HO2 + O ==> OH + O2 1.80E+13 0 -406 P

16 HO2 + HO2 ==> H2 + O2 2.50E+11 0 -1240 P

17 OH + OH + M ==> H2O2 + M 3.25E+22 -2 0 P 

18 H2O2 + M ==> OH + OH + M 1.69E+24 -2 48330 P

19 H2O2 + H ==> H2O + OH 1.00E+13 0 3580 P

20 H2O2 + OH ==> H2O + HO2 5.40E+12 0 1000 P

21 H2O + HO2 ==> H2O + OH 1.80E+13 0 32190 P

22 H + H + M ==> H2 + M 1.80E+18 -1 0 P 

23 H + OH + M ==> H2O + M 2.20E+22 -2 0 P 

24 O + O + M ==> O2 + M 2.90E+17 -1 0 P 

25 CO + OH ==> CO2 + H 4.40E+06 1.5 -740 P

26 CO2 + H ==> CO + OH 4.96E+08 1.5 21440 P

27 CH + O2 ==> CHO + O 3.00E+13 0 0 P

28 CO2 + CH ==> CHO + CO 3.40E+12 0 692 P

29 CHO + H ==> CO + H2 2.00E+14 0 0 P

30 CHO + OH ==> CO + H2O 1.00E+14 0 0 P

31 CHO + O2 ==> CO + HO2 3.00E+12 0 0 P
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32 CHO + M ==> CO + H + M 7.10E+14 0 16800 P

33 H + CO + M ==> CHO + M 1.14E+15 0 2380 P

34 CH2 + H ==> CH + H2 8.40E+09 1.5 335 P

35 CH + H2 ==> CH2 + H 5.83E+09 1.5 3125 P

36 CH2 + O ==> CO + 2H 8.00E+13 0 0 P

37 CH2 + O2 ==> CO + OH + H 6.50E+12 0 1500 P

38 CH2 +O2 ==> CO2 + 2H 6.50E+12 0 1500 P

39 CH2O + H ==> CHO + H2 2.50E+13 0 3990 P

40 CH2O + O ==> CHO + OH 3.50E+13 0 3490 P

41 CH2O + OH ==> CHO + H2O 3.00E+13 0 1200 P

42 CH2O + M ==> CHO + H + M 1.40E+17 0 6500 P

43 CH3 + H ==> CH2 + H2 1.80E+14 0 15050 P

44 CH2 + H2 ==> CH3 + H 3.68E+13 0 10580 P

45 CH3 + H ==> CH4 6.00E+16 -1 0 W 

46 CH3 + O ==> CH2O + H 7.00E+13 0 0 P

47 CH3 + CH3 ==> C2H6 3.61E+13 0 0 W

48 CH3 + O2 ==> CH2O + OH 3.40E+11 0 8940 P

49 CH3 + H2 ==> CH4 + H 8.39E+02 3 8260 P

50 CH3 + H2O ==> CH4 + OH 2.63E+05 2.1 16950 P

51 CH4 + H ==> CH3 + H2 2.20E+04 3 8740 P

52 CH4 + O ==> CH3 + OH 1.20E+07 2.1 7620 P

53 CH4 + OH ==> CH3 + H2O 1.60E+06 2.1 2460 P

54 C2H + H2 ==> C2H + H 1.10E+13 0 2867 P

55 C2H2 + H ==> C2H + H2 5.27E+13 0 28656 P
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56 C2H + O2 ==> CHCO + O 5.00E+13 0 1505 P

57 CHCO + H ==> CH2 + CO 3.00E+13 0 0 P

58 CH2 + CO ==> CHCO + H 2.36E+12 0 7021 P

59 CHCO + O ==> 2CO + H 1.00E+14 0 0 P

60 C2H2 + O ==> CH2 + CO 4.10E+08 1.5 1696 P

61 C2H2 + O ==> CHCO + H 4.30E+14 0 12112 P

62 C2H2 + OH ==> C2H + H2O 1.00E+13 0 7000 P

63 C2H + H2O ==> C2H2 + OH 9.00E+12 0 -3818 P

64 C2H3 + H ==> C2H2 + H2 3.00E+13 0 0 P

65 C2H3 + O2 ==> C2H2 + HO2 5.40E+11 0 0 P

66 C2H3 ==> C2H2 + H 2.00E+14 0 39727 W

67 C2H2 + H ==> C2H3 1.05E+14 0 810 W

68 C2H4 + H ==> C2H3 + H2 1.50E+14 0 10201 P

69 C2H3 + H2 ==> C2H4 + H 9.61E+12 0 7800 P

70 C2H4 + O ==> CH3 + CO + H 1.60E+09 1.2 741 P

71 C2H4 + OH ==> C2H3 + H2O 3.00E+13 0 3010 P

72 C2H3 + H2O ==> C2H4 + OH 8.28E+12 0 15576 P

73 C2H4 + M ==> C2H2 + H2 + M 2.50E+17 0 76400 P

74 C2H5 + H ==> CH3 + CH3 3.00E+13 0 0 P

75 CH3 + CH3 ==> C2H5 + H 3.55E+12 0 11870 P

76 C2H5 + O2 ==> C2H4 + HO2 2.00E+12 0 4993 P

77 C2H5 ==> C2H4 + H 2.00E+13 0 39657 W

78 C2H4 + H ==> C2H5 3.19E+12 0 3013 W

79 C2H6 + H ==> C2H5 +H2 5.40E+02 3.5 5208 P
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80 C2H6 + O ==> C2H5 + OH 3.00E+07 2 5112 P

81 C2H6 + OH ==> C2H5 + H2O 6.30E+06 2 645 P

82 C2H2 + CH ==> C3H3 2.10E+14 0 -120 P

83 C3H3 + O2 ==> CHCO + CH2O 6.00E+12 0 0 P

84 C3H3 + O ==> C2H3 + CO 3.80E+13 0 0 P

85 C3H4 ==> C3H3 + H 5.00E+14 0 88393 P

86 C3H3 + H ==> C3H4 1.70E+13 0 4749 P

87 C3H4 + O ==> C2H2 + CH2O 1.00E+12 0 0 P

88 C3H4 + O ==> C2H3 + CHO 1.00E+12 0 0 P

89 C3H4 + OH ==> C2H3 + CH2O 1.00E+12 0 0 P

90 C3H4 + OH ==> C2H4+ CHO 1.00E+12 0 0 P

91 C3H5 ==> C3H4 + H 3.98E+13 0 70022 P

92 C3H4 + H ==> C3H5 1.27E+13 0 7760 P

93 C3H5 + H ==> C3H4 + H2 1.00E+13 0 0 P

94 C3H6 ==> C2H3 + CH3 3.15E+15 0 85837 P

95 C2H3 + CH3 ==> C3H6 2.51E+12 0 -8287 P

96 C3H6+ H ==> C3H5 + H2 5.00E+12 0 1505 P

97 nC3H7==> C2H4 + CH3 9.60E+13 0 31009 P

98 nC3H7 ==> C3H6 + H 1.25E+14 0 37006 P

99 C3H6 + H ==> nC3H7 4.61E+14 0 5134 P

100 iC3H7 ==> C2H4+CH3 6.30E+13 0 36910 P

101 iC3H7 + O2 ==> C3H6 + HO2 1.00E+12 0 4993 P

a - [M]=1.0[CH4] + 6.0[H2O] + 1.0[H2] + 1.5[CO2] + 0.4[N2] + 0.4[O2]. 
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2.2.2: Soot Chemistry

A simplified two equation soot model (Leung et al. (1991), Fairweather et al.

(1992)) is added to the chemistry mechanism for modeling soot. The two equations

solved are the equations for conservation of the soot mass fraction and the soot number

density. The soot chemistry is modeled by accounting for soot formation and surface

growth from acetylene (C2H2) only. The corresponding equations are as:
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In the above equations, the diffusive terms from the species conservation equation

(equation 2.9) are not present. This is because the soot is treated as a particle and the

Schmidt number ( DSc ν= ) for the soot particles is large (order of 103 (Ezekoye and

Zhang, 1997)). As a result, the diffusion effects can be neglected. Also, the

thermophoretic velocity in the axial direction ( thu ) and the radial direction ( thv ) are

included in the soot species and number density conservation equations. These are

calculated as (Talbot et al., 1980)
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T
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T
vth ρ

µ
55.0−= (2.14)

r& is the source or sink term for the soot mass fraction and Nr& is the corresponding

term for the soot number density. The soot species reaction mechanism has soot

nucleation, surface growth and oxidation, while the number particle mechanism accounts

for the soot nucleation and agglomeration. Table 2.2 lists the reaction mechanism for the

soot model. Reaction 102 is the nucleation reaction while reaction 103 is the surface

growth reaction. Reactions 104, 105 and 106 are the soot oxidation steps due to O2, OH

and O respectively.
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The original soot model suggested by Fairweather et al. (1992) had soot oxidation

from O2 only. Earlier Fennimore and Jones (1967) highlighted the significance of

oxidation due to OH in soot burnout in flames. Moss et al. (1995) modified the original

OH soot oxidation reaction rate expression

( ( )
⋅

− −×= TRTPP OHOOH 8.37exp1063.1 2/12/14/15

22
αω kg/m2-s) suggested by Fennimore and

Jones (1967) by using a representative temperature for the Arrhenius term.
⋅

2OP and
⋅

OHP
2

are the partial pressures of oxygen and water vapor. Also, oxidation from O radical

was important in certain regions of the flame (Bradley et al., 1984). In this study, we

have applied the approach of Guo et al. (2002) and included soot oxidation from O2, OH

and O.

Table 2.2: Reaction mechanism for the soot chemistry. Rate coefficients are of the form
( )RTEATk a

n /exp −= .

No Reaction A N Ea Ref*. 

102 C2H2 ==> 2C(s) +H2 1.35E+06 0 41000 FJL

103 C2H2 + nC(s) ==> (n+2)C(s) + H2 5.00E+02 0 24000 FJL

104 C(s) + ½ O2 ==> CO 1.78E+04 0.5 39000 FJL

105 C(s) + OH ==> CO + H 1.06E+02 -0.5 0 MSY

106 C(s) + O ==> CO 5.54E+010 -0.5 0 BDEM

* FJL – Fairweather et al. (1992), MSY – Moss et al. (1995), BDEM – Bradley et al.

(1984).

The soot mass fraction reaction rate term ( r& ) is calculated based on the reactions

given in table 2.2 as

( )106105104103102)( ωωωωω −−−+= sCMr& (2.15)
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where,

( )[ ]
⋅

= 22102102 HCTkω (2.16)

( ) [ ]
⋅

= 22103103 HCATk sω (2.17)

( )[ ] sAOTk
⋅

= 2104104ω (2.18)

( ) sOHOH AXTk
⋅

= 105105 φω (2.19)

( )
⋅

= sOO AXTk106106 φω (2.20)

)(sCM is the molecular weight of carbon or soot ( )(sCM =12.011 kg/kmol) and sA

is the soot surface area per unit volume and is calculated as
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In this model, soot surface growth varies linearly with the soot surface area per unit

volume (equation 2.17). Oφ is the collision efficiency of the O attack on soot particles

and its value is taken as 0.5 (Bradley et al., 1984). OHφ stands for the collision efficiency

of the OH attack on soot particles. OHφ is calculated using the method suggested by

Kennedy et al. (1996). They accounted for the variation in the collision efficiency with

residence time of the soot particle. This is modeled by varying the value of OHφ based on

the distance from the fuel nozzle edge, since this distance would be indicative of the soot

life. The value is varied linearly from 0.05 to 0.2 as a function of the normalized

downstream distance (x/D). For distances beyond x/D of 7, a value of 0.2 was used. In

the present study, since the internal nozzle is simulated, a value of 0.05 was used within

the nozzle for OHφ .

The source term in the soot particle number concentration equation (equation

2.13) is calculated as
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The first term on the right represents the nucleation term for the particle number

equation, while the second term accounts for particle agglomeration. AN is Avogadro’s

number (6.022×1026 particles/kmol), minC is the number of carbon atoms in the incipient

carbon molecule (9×104), κ is the Boltzmann constant (1.38×1023 J/K), aC is the

agglomeration rate constant (3.0) and )(sCρ is the density of the soot particle (2000

kg/m3).

The agglomeration process outlined above assumes that the soot particles are

spherical and that the particle agglomeration leads to spherical agglomerates. As a result

there is a reduction in the soot surface area per unit volume. On the other hand a mass

fractal agglomeration process in the absence of nucleation, surface growth and oxidation

would lead to a constant surface area. As a result, the spherical agglomeration

assumption underpredicts the total surface area, and as a result, the surface area based

reaction rates are affected. These arguments were highlighted by Ezekoye and Zhang

(1997). They studied the significance of the soot agglomeration step, by performing

computations with and without the soot agglomeration step (in equation 2.22). Their

comparisons of the results without the agglomeration step agreed well with experimental

data and revealed the limitations of the spherical shape assumption. This shows that

although, the present modeling approach does a good job in predicting the soot properties

in diffusion flames, the sub-models do have their limitations.

2.3: CONSERVATION OF ENERGY EQUATION

Once the species concentrations are known at each grid point, the total enthalpy

form of the conservation of energy equation is solved in an implicit formulation. The

total enthalpy includes the enthalpy of formation of the species. The total enthalpy for

each species is a function of temperature. Polynomial curve fits of the enthalpy data have

been obtained based on the JANAF data. These expressions are then used for calculating
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the total enthalpy H and the specific heats ( pc ) for each species at each grid point.

Appendix B lists some of the validating of the polynomial expressions.

The total enthalpy equation has the form
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where,
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c and i is the species index.

The convection–diffusion balance is resolved in the same way (hybrid scheme) as

the species equations. In this case, when the cell Peclet number (based on the thermal

diffusivity; xuckPe p ∆= ρ/ ) is greater than 2, the first term on the RHS i.e. Hck p∇⋅∇ /

is neglected. rq⋅∇ is the divergence of the radiation heat flux vector and this term

continues to be resolved irrespective of the cell Peclet number. The second term on the

RHS resolves the differential diffusion effects. The radiation heat flux at each grid point

is calculated by using the S-6 Discrete Ordinates Method. The Gauss-Seidel iterative

scheme is used to solve the total enthalpy equation with the initial guess being the values

from the previous time-step. The convergence criterion used was

8

1
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≤
−∑

G oldnew

G

HH

α

αα (2.24)

Once the total enthalpy at each grid point is known, the cell temperatures can be

calculated. Based on the already calculated species mass fractions and the total enthalpy

at each cell, the cell temperature is calculated by first assuming the temperature range i.e.

•1000 K or •1000 K. This is done by checking the difference of the cell enthalpy with that1000 K or •1000 K. This is done by checking the difference of the cell enthalpy with that

of the total enthalpy at 1000 K using the cell species mass fractions. Once, the range is

decided, an initial guess of 1000 K for T •10001000 K range or a guess of 5000 K for •1000 K1000 K
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range is made. The temperatures are then adjusted by using a step T calculated from theT calculated from the

thermodynamic expression, dTcHd p=ˆ . This gives

)(Tc

)H(TH
TT∆T

guessp

guess
newguess

−
=−= (2.25)

Temperatures are adjusted in an iterative manner till the difference in the new and

guess temperature is less than 0.001 K.

The enthalpy and specific heats for soot have been calculated as functions of the

local temperature by using polynomial fits based on the temperature on the data available

from the Chase (1998). For soot, data from the ‘carbon’ listings in Chase (1998) was

used. Appendix C lists the details of the derived polynomial expressions for the specific

heat and enthalpy of soot.

2.3.1: Radiation Heat Transfer

A S-6 DOM subroutine (Jendoubi et al., 1993) is used to solve the RTE

(Radiation Transfer Equation) at each grid point. Zhang and Ezekoye (1998) had earlier

used the S-6 Discrete Ordinates Method in modeling the radiation heat transfer in

calculations of 2D methane-coflow diffusion flames under elevated pressures.

The RTE for a gray participating medium is given as (Modest, 1993)
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β (2.26)

where, a is the absorption coefficient, β is the extinction coefficient, sσ is the

scattering coefficient and Ω is the solid angle. The extinction coefficient is the sum of

the absorption and extinction coefficients i.e. sa σβ += . The RTE in cylindrical

coordinates would be give as
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Here, µ , η and ξ are the direction cosines in the r , z and φ directions respectively. In

the discrete ordinates method, the integral on the RHS of equation 2.27 is replaced with a

quadrature sum, such that RTE becomes
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where, jw is the quadrature weight in the j ordinate direction. The discrete ordinates

method or the S-N method solves the above equation for M=N(N+2) directions. For the

S-6 method, this gives 48 directions. Since we are solving the RTE in an axissymmetric

domain, the summation is done for only 24 i.e. M/2 directions. Discretizing the LHS of

equation 2.27 by applying finite differencing schemes spatially gives
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14π
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where, pV is the volume of the control volume, A and B are the surface areas of the

control volume. The subscripts - e , w , n and s are the compass directions that indicate

quantities at the boundaries of the control volume, while p indicates the center of the

control volume. The angular direction coefficients α are used to approximate the

angular intensity distribution and are evaluated from

mmmm wµαα −= −+ 2/12/1 (2.30)

where, the first 2/1−mα is taken as zero at each ξ level. Details about the direction

cosines and the weights for the S-6 method can be found in Modest (1993). The set of

equations from equation 2.29 has more unknowns than equations. The solution would

require weighted relationships of the intensities at the control volume centers and the

control volume edges. These equations take the form

( ) mpmemw III ... 1 =−+ λλλ for 0<µ (2.31)
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( ) mpmnms III ... 1 =−+ λχχ for 0<ξ (2.32)

( ) mpmpmp III .2/1.2/1. 1 =−+ −+ λκκ (2.33)

where, λ , χ and κ are the spatial differencing weights. These weights are calculated

based on a scheme derived by Jendoubi (1991) to result in positive intensity values.

Equation 2.33 is valid in all directions, while equations 2.31 and 2.32 need to rewritten

when the direction cosines change sign.

The boundary conditions for the RTE, which are applied to the side walls are

given as
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In all the cases solved here, the surroundings are considered to be at 300 K and the

emissivity of the surroundings was taken to be unity. The RTE equations are solved

iteratively till the normalized intensity values at each grid point changes by less than 10-5 

from one iteration to the next. Once the intensities are known at all the grid points, the

divergence of the radiation heat flux is calculated using the expression:
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(2.35)

This divergence of the radiative heat flux vector is then plugged into the total enthalpy

equation (equation 2.23).

In this study, radiation from CH4, CO, CO2, H2O and soot are considered. The

absorption coefficients for CH4, CO, CO2 and H2O are calculated using the correlations

from Barlow el al (2001). The absorption coefficient for soot is calculated as suggested

by Atreya and Agrawal (1998). Table 2.3 lists the absorption coefficients correlations.

The use of a DOM radiation model as compared to applying an optically thin

approximation increases the computational effort. However, since the interest of this

study is to understand the soot reduction mechanisms in strongly forced flames, and since



39

soot participates strongly in the radiation heat loss off the flame, the DOM radiation

model helps us to predict the local temperatures more accurately. This should provide a

more accurate representation of the local chemistry which in turn will give us a better

understanding of the forced flame.

Table 2.3: List of the absorption coefficient correlation.

Species Absorption Coefficients (m-1)

CH4 6.6334-0.0035686T+1.6682x10-08T2+2.5611x10-10T3-2.6558x10-14T4
4

CO 4.7869+T(-0.06953+T(2.95775x10-4+T(-4.25732x10-7+ 2.02894x10-10T)

for 750≤T

10.09T(-0.01183+T(4.7753x10-6+T(-5.87209x10-10+-2.5334x10-14T)

for 750>T

CO2 -0.23093-1.12390(1000/T)+9.41530(1000/T)2-2.99880(1000/T)3

+0.51382(1000/T)4-1.86840E-05(1000/T)5

H2O 18.741 -121.310(1000/T)+ 273.500(1000/T)2-194.050(1000/T)3

+56.310(1000/T)4-5.8169 (1000/T)5

C Tfv1186 ( vf in ppm)

2.4: EQUATION OF STATE

Once the species mass fractions and the temperatures are known at each cell, the

density at each cell is calculated by using the equation of state
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∑
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Y
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Pρ (2.36)

where, P =1.0133×105 Pa and R =8.314 kJ/kmol K.
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2.5: CONSERVATION OF MOMENTUM EQUATION

Based on the density at each cell, the axial and radial momentum equations can be

solved. The QUICKEST (Quadratic Upstream Interpolation for Convective Kinematics

with Estimated Streaming Terms) scheme is used for discretization of the momentum

equation and the pressure projection method is used to couple continuity and the velocity

field through the pressure. The axial momentum equation in cylindrical coordinates can

be written as (Katta el al., 1994)
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while, the radial momentum equation is given as
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The axial momentum equation involves the buoyancy term on the RHS. For the

isothermal calculations this term reduces to zero.

2.6: PRESSURE-VELOCITY COUPLING AND MASS CONSERVATION

2.6.1: Pressure Velocity Coupling

The momentum equation involves pressure gradient terms and the pressure field

is unknown at this point. The pressure projection method (Peyret and Taylor, 1983) is

used for resolving the pressure field. This method involves splitting the momentum
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equation into two parts - the first part handles the effects of the convective, body force

and viscous terms, and the second part handles the effects of the pressure gradient.

Discretizing the time derivative term in the momentum equation and

consolidating all the other terms except the pressure gradient term on the RHS, the

momentum equations can be rewritten as

( ) ( ) ( )VRHSP
t
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nn

+∇=
∆
−

+
ρρ

1

(2.39)

Let ∗V
r

be the velocity component without the effect of the pressure gradient, and

V ′
r

be the velocity component due to the pressure field for the 1+n instant. Thus we

have

VVV ′+= ∗
rrr

(2.40) 

Separating out the terms in equation 2.39 gives
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Equation 2.41 is solved iteratively. For the isothermal calculations presented in

Chapter 3, the ADI (Alternate Direction Implicit) scheme is used to solve equations 2.42.

The convergence criterion used was

5
old

old

10−≤
−

ϕ
ϕϕ new

or 5old 10−≤−ϕϕ new (2.43) 

where, is the velocity component. For the combustion calculations (chapters 4 and 5),

the Gauss Seidel iterative scheme is used to solve equation 2.41, since it was simpler to

convert this algorithm for parallel computing. The convergence criterion used for the

combustion calculations was
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The results obtained with both the criterion did not differ, however the previous

criterion was computationally more expensive.

2.6.2: Conservation of Mass Equation

The continuity equation is used to resolve the velocities due to the pressure

gradient. The continuity equation in cylindrical coordinates is given as
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vr

rt

ρ ρ
(2.45) 

Discretizing the time derivative term and putting uuu ′+= ∗ and vvv ′+= ∗ gives:
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Substituting the RHS with the pressure gradient terms from equation 2.43 gives

( ) ( )PtVρ
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+ r
(2.47) 

This is the pressure Poisson equation. All the terms on the LHS are already known, and

so the pressure field can be calculated by using this equation. For solving the pressure

Poisson equation, Neumann boundary conditions (zero gradients) are applied at all faces,

except the top right corner point of the computational domain (e.g. figure 2.7), where the

Dirichlet boundary condition is applied to handle the compatibility requirement. This

grid point is far away from the area of interest in the calculation domain. The pressure

Poisson equation is solved directly using the Lower-Upper (LU) decomposition method.

Once the pressure field is determined, the velocities are corrected based on the pressure

gradient using equation 2.41.

2.7: TIME STEP SIZE

The time-step size in the calculations is limited by the CFL (Courant-Friedrichs-

Levy) condition ( 1≤∆∆ xtu ) based on the stability requirement. The time steps sizes

obtained due to this limitation are important in performing the cold-flow simulations
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(Chapter 3), while in the combustion simulations, the time-step sizes are further limited

by the chemistry time-scales (order of microseconds).

2.8: MODELING THE INTERIOR OF THE NOZZLE

UNICORN allows us to model the nozzle so that we can understand the mixing

process occurring in the near nozzle and the interior of the nozzle. However, the

presence of the nozzle would require specific boundary conditions to be applied. For the

species equations, zero gradient boundary conditions are applied along the nozzle walls,

while constant temperature boundary conditions are applied for the energy equation. No

slip boundary conditions are applied for the momentum equation and for the pressure

Poisson equation, Neumann boundary conditions are applied along the nozzle walls.

In the code, the nozzle region grid points are marked by flags and during the

solver subroutines, these grid points are skipped and at the edge of the nozzle, the

boundary conditions are handled. For cases where the internal nozzle is not simulated,

the special boundary conditions are not applied. In the previous version of UNICORN

the pressure Neumann boundary condition along the nozzle wall was not handled. This

was detected during validation of the code, when tests were being performed to ensure

that mass entering the nozzle was the same as that leaving the nozzle. This bug was

corrected and the original proprietors of the code were made aware of the problem. The

modified code was also sent to them.

2.9: NON-REFLECTING BOUNDARY CONDITIONS

High amplitude forcing of jets results in the generation and convection of vortices

just outside the nozzle exit. These vortices then convect downstream and eventually need

to pass out of the computational domain. Application of the zero gradient velocity

boundary condition in the downstream does not allow these vortical structures to pass out
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of the domain, and instead reflects the velocity oscillations back into the domain. The

reflected velocity components interact with the original velocity solution to modify the

actual velocity filed leading to erroneous results. Figure 2.2 shows the effects of

applying both the zero gradients and non-reflecting boundary conditions on the structures

passing through the boundary.

Figure 2.2: Effects of non-reflecting boundary conditions and zero gradients boundary
condition on the structures passing through the boundary.

To handle this problem, the downstream boundary is kept far away from the

region of interest and the use of non-uniform grids allows for this without a significant

increase in the number of grid points. Also an extrapolation method using weighted zero

and first order terms is applied (Takahashi and Katta, 1995) to the top side of the

computational domain. The non-reflecting velocity boundary condition can be derived

by applying the wave equation at the boundary. The one dimensional wave equation is
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Discretizing equation 2.48 at the boundary gives

0
1

=
∂
∂

+
∆
−+

x

u
u

t

uu n
LIn

LI

n
LI

n
LI (2.49)

boundary

zero gradients non-reflecting



45

where the subscript LI is the final grid point and super script n is the time-step index.

Using Taylor series expansion n
LIu can be written as
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Putting equation 2.50 into equation 2.49 gives
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Neglecting the second order terms and rearranging equation 2.51 gives
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Using the Taylor series expansion, .n
LIu can also be written as
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Subtracting 2.53 from 2.50 gives
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Putting equation 2.54 into 2.52 gives
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Rearranging the terms in equation 2.55 gives
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Collecting the terms for n
LIu 1− and n

LIu 2− in equation 2.56 gives
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The non reflecting boundary condition in the UNICORN is therefore given as
n
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LI uuu 21
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+ −+= ωω (2.59)
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LI vvv 21

1 )1( −−
+ −+= ωω (2.60) 

The weight ω is a factor which basically depends on the local CFL number at the final

grid point. A value of unity for ω is used for the non-forced flames and this

corresponds to the zero gradients outflow boundary condition. For forced flame

calculations, a value of 0.8 for ω was used.

2.10: GRID CONVERGENCE STUDIES

UNICORN is 3rd order accurate spatially. This means that the leading term in the

truncation error scales as the third power of the grid spacing. Grid convergence studies

were performed for the isothermal calculations. This involved solving only the equations

for continuity and momentum. The computational domain consisted air flowing out of a

nozzle of length 2 cm, radius 0.55 cm and thickness (of nozzle wall) 0.05 cm into a space

with an air co-flow. The computational domain extended to 30 cm in the axial direction

and 10 cm in the radial direction. Air with a top-hat velocity profile at 7.9 cm/s entered

into the nozzle, while the co-flow had a velocity of 0.079 cm/s. The axial velocity (u) at

the point, x = 3 cm, r = 0 cm, was obtained using different grid spacing. The error for

each grid was calculated by comparing the values obtained for that grid, with the value

obtained using the finest grid. The time step was kept constant at 0.04 ms for the

calculations with the different grids. This ensured that truncation error terms associated

with the time discretization was the same over all the grids examined. A schematic of the

computational domain with the Boundary Conditions is shown in figure 2.3. Table 2.4

lists the details for all the grids used in the study. For all the calculations non-uniform

grids were used. This allows us to use closely spaced grid points in the region of interest

and then stretch the grids as we get closer to the side and downstream boundaries.
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Figure 2.3: Schematic of the Computational Domain.

Table 2.4: Grid sizes and error for the grid convergence study.

grid size H log(h) U Error Log(E)
625 x 241 0.375 0.124196
469 x 181 0.50 -7.60 0.1239361 2.09E-03 -6.1693193
391 x 150 0.60 -7.42 0.1237419 3.66E-03 -5.611298804
344 x 133 0.64 -7.36 0.1234526 5.99E-03 -5.118381984
313 x 121 0.75 -7.20 0.123352 6.80E-03 -4.991463747
251 x 98 0.95 -6.96 0.1225634 1.31E-02 -4.331687127
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Figure 2.4: Plot of the error as a function of grid spacing.

Use of non-uniform grids meant that the grid spacing can be changed over

different areas of the physical domain. For the domain shown above, fine grid spacing in

the axial direction is used in the mixing layer region i.e. the area just above the nozzle.

Similarly, in the radial direction, the area just outside of the nozzle walls had the finest

grid spacing to resolve the high velocity gradients expected here. Since we used non-

uniform grids, the value of h used in the grid convergence study was the largest grid

spacing upstream of the location used for the comparisons. This value of h would

dominate in the truncation error term.

Figure 2.4 is a plot of the errors for different grids on a log-log scale. For a third

order accurate spatial scheme, one expects a slope of 3 for the error-grid spacing plots on
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a log-log scale. A least squares fit on the data points gave a slope of 2.79, showing that

the code was “faithfully” coded to generate third order spatial variation.

Using non-uniform grids makes the grid convergence study quite complicated,

since changing from one grid to another results in different stretching in the grids.

Therefore, for doing this study one would need to use grids with the identical stretching,

and this is extremely difficult. A more practical approach is to refine the grid and

analyze the data for any noticeable changes in the results. If no qualitative change was

observed, the grid can be said to be well resolved. This approach was followed for the

grids used in the combustion calculations i.e. for the combustion calculations (Chapters 4

and 5), changes in the grid spacing did not result in any appreciable changes.

Further, the CH concentrations (which represent the reaction zone) in the radial

direction were captured with 14 grid points in the radial direction for the attached flames

and 18 grid points in the radial direction for the lifted flames.

2.11: TIME STEP CONVERGENCE STUDIES

Table 2.5: Time step convergence study data.

N ∆t log(∆t) T (K) log(Error)/N
1000 5.00E-06 1844.555
500 1.00E-05 -5.00E+00 1844.469 -7.03E+00
400 1.25E-05 -4.90E+00 1844.412 -6.71E+00
250 2.00E-05 -4.70E+00 1844.232 -6.15E+00
200 2.50E-05 -4.60E+00 1844.115 -5.92E+00

UNICORN is third order accurate temporally and the temporal error should scale

as the third power of the time step size. This study was performed on a 281 x 121 grid,

similar to that shown in figure 2.6. This calculation was a complete combustion

calculation. The CH4/N2 fuel stream consisted of 43% CH4 by volume at 300 K. The fuel

jet velocity was forced at 800% at 100 Hz using the axial velocity

function ( )( )ftASinUu π210 += . The time averaged jet velocity was 0.2 m/s with a top-
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hat profile. Air coflow had a velocity of 0.079 m/s with a top-hat profile and extended to

a radial distance of 5 cm. The nozzle internal diameter was 1.1 cm. The nozzle length

was 2 cm and the nozzle thickness was 0.05 cm. Temperatures obtained at x=100 mm;

r=6 mm from calculations with different time step were compared. The calculation was

done for a total time of 5 ms. Table 2.5 lists the details for the calculations. N is the

number of time-steps required for the calculation. The last column gives the logarithm of

the error divided by the number of iterations. This is done since in the time-dependant

calculations, the error due to time discretization grows linearly with the number of time-

steps. Normalizing the error by the number of time steps, helps us determine the time

accuracy of the discretization scheme.
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Figure 2.5: Plot the Error as a function of the time step size.
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Figure 2.5 is a log-log plot of the error per iteration as a function of the time step

size. A least squares fit through the data gives a line with slope 2.77. The expected slope

is 3, and as a result we can confirm that time steps sizes are small enough for capturing

the physics in the problem. As a result for all the combustion calculations a time step

size of 25 µs is used. Though this time-step size is larger than typical chemistry

timescales (1-2 µs), the implicit schemes allows for the use of a larger time-step size

without any loss in accuracy.

2.12: PARALLEL COMPUTING

Performing the complete CFD analysis of the forced diffusion flames with finite

rate chemistry required 36 equations i.e. 31 species equations, 1 particle number

concentration equation, 1 enthalpy equation, 2 momentum equation and the pressure

equation) to be solved at every grid point. For each computational time step of 25 µs, the

flame calculations on a domain with 281 x 121 grid points required 53 seconds on a 1.8

GHz Intel Xeon processor machine. The machine was running Linux operating system

and had a memory of 1 GB. Performing time resolved calculations over long time scales

would be quite prohibitive. To reduce the time to solution, parallel computing was used.

For this, the domain was decomposed or split up in the axial direction by the number of

processors used in the calculation. Message Passing Interface (MPI) was used for

communicating between the domains. The original code was modified in a step by step

manner and the results obtained with the original serial code matched those from the

parallel code.

Figure 2.6 is a plot of the wall clock time required for performing the calculations

with different number of processors. The calculation was over a time step size of 25 µs.

As the number of processors increase the wall clock time is expected to decrease, since

the number of grid points operated upon by each processor reduces. However, as the



52

number of processors increase, the communication between the different domains also

increases, and this slows down the computations. As a result, beyond a certain number of

processors, the code is not scalable i.e. the computational time does not reduce for an

increase in the number of processors. This can be seen in figure 2.2 where, for more than

7 processors, there was no appreciable reduction in wall clock time. Therefore, all the

calculations in Chapter 4 and 5 were done using 7 processors. The simulations were

performed on Dell Precision 530 workstations in the ME-HPC Laboratory. Each of these

machines has four 1.8 GHz Intel Xeon processors and 1 GB memory. The cluster

consisted of 25 machines running SuSE Linux 9.0 operating system.
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Figure 2.6: Plot of the wall clock time required for 1 time step for different number of
processors.
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2.13: CODE VALIDATION AND BENCHMARKING

Figure 2.7: Schematic of the computational domain (not to scale).

A steady CH4–air diffusion flame was set up based on the experimental data from

Shaddix et al. (1994) and computations results from Kaplan et al. (1996). The setup

involved a pure CH4 fuel stream at 7.9 cm/s area averaged velocity (fully developed

profile). The air coflow had a velocity of 7.9 cm/s (flat profile) and extended to 5 cm

radially. Symmetry boundary conditions were applied at the left side, while outflow

(zero gradients) boundary conditions were applied at the sides and the top sides. Figure

2.7 shows the computational domain. The domain extended 30 cm in the axial direction

and 10 cm in the radial direction. A non-uniform grid with 281 grid points in the axial
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direction and 121 grid points in the radial direction was used. The smallest grid spacing

was applied near the nozzle exit (0.01 cm axially by 0.008 mm radially) and was

stretched as we move away from the nozzle (bottom left corner).

2.13.1: Temperature Profiles

Figure 2.8 shows the temperature contours plot and the temperature profiles at

four elevations. The solid lines are the computational results, while the × marks denote

the experimental data from Shaddix et al. (1994). The computations show good

agreement with the experimental data. The peak (flame) temperatures as well as their

location are also predicted well. As the elevation increases, the flame sheet moves

towards the centerline due to diffusion. Kaplan et al. (1996) reported a visible flame

height of 7.9 cm, while Roper’s correlation (Roper, 1977) for the flame gives a flame

length of 9.3 cm. Our calculations showed a flame length of 8.22 cm based on the peak

temperature along the centerline.

Kaplan et al. (1996) used a fuel inlet temperature of 550 K in their computations.

This was based on an extrapolation of the flame temperature data to the exit plane of the

fuel nozzle. However, we have used 450 K as the flame inlet temperature in these

calculations, since the temperature profiles obtained with this boundary condition agreed

with the experimental data. Fuel inlet temperatures of 550 K gave a much shorter flame

length, and the temperature profiles did not agree with the experimental data at the higher

elevation point (70 mm). Kaplan et al. (1996) had used a mixture fraction model

assuming fast chemistry for modeling the chemistry and had used an empirical soot

model (Syed et al., 1990) for the soot chemistry.
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Figure 2.8: Temperature contour plot and temperature profiles at four elevations. (Solid
lines-computational results; ×-experimental data (Shaddix et al., 1994)).
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2.13.2: Soot Volume Fraction Profiles

Figure 2.9 is a similar plot of the soot volume fractions ( vf ). The soot volume

fraction is calculated as

)(

)(

sC

sC
v

Y
f

ρ
ρ

= (2.51)

The computational data (solid lines) is compared with the experimental data (×)

from Shaddix et al. (1994). At the lower elevations (30 mm), the soot model over-

predicts the soot concentrations considerably, while the experimental data and the

computations match very well over the middle part (50 mm) of the flame. This is the

region that shows peak soot volume fractions. At higher elevations (70 mm), the

centerline soot concentrations are not predicted very well. Guo et al. (2002) and

Kennedy et al. (1996) also experienced the problems with the peak soot levels at higher

elevations not being observed along the centerline. They attributed this to be a limitation

of the simplified soot model and the lack of modeling of PAH (polycyclic aromatic

hydrocarbons), which are said to be the precursors to soot formation in the flame.
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Figure 2.9: Soot volume fraction contour plot and soot volume fraction profiles at three
elevations. Solid line-comp results;×-expt data (Shaddix et al., 1994).
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2.13.3: Modified Soot Chemistry

Soot particles are aggregates of primary particles. This makes it difficult to model

the soot reaction rates since the soot reactions (apart from the nucleation step) are surface

area dependant and it is difficult to estimate the surface area of the soot particles. The

use of fractal geometry has helped in these calculations. Further soot particles are formed

from the hydrocarbons formed in the breakdown of fuel. Resolving all the species and

the physical morphology of the soot particles makes it very complicated to model soot.

In addition, the soot formed in different fuels is known to vary in structure and hence the

soot chemistry is highly fuel dependant.

Kennedy (1997) provides a review of the soot modeling approaches. The

simplified two equation soot model (Fairweather et al., 1992) used in this study is based

on semi-empirical analysis and provides a good estimate of the soot concentration levels

as well as the contribution of the different mechanisms (nucleation, surface growth and

oxidation) in the soot chemistry. However, the mechanism assumes that all soot comes

from C2H2, and does not account for soot from other higher hydrocarbon species –

primarily the PAH (Poly Aromatic Hydrocarbons) species. The soot model used by

Wang and Frenklach (1997) does account for soot growth from PAH by modeling C6

chemistry. The chemistry model has 99 species and 527 reactions steps and can account

for mass growth of PAH based on the HACA (Hydrogen abstraction –C2H2 addition)

mechanism. However, using this chemistry mechanism for our problem under

consideration would not be possible since the computational effort required would be too

large. On the other hand the simplified semi-empirical two equation model continues to

be used (Liu et al., 2006) even today and it can help us understand the mechanisms in the

soot evolution process.
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In the literature, the basic two equation model (Leung et al. (1991), Fairweather et

al., 1992)) has been modified by different groups. Kennedy et al. (1996) used the soot

nucleation rates of Fairweather et al. (1992), while using the NSC (Nagle and Strickland-

Constable, 1962) formula for oxidation from O2. They further included oxidation from

OH, and argued for increasing the soot surface growth rates of Fairweather et al. (1992)

by a factor of 2, to compensate for the fact that Fairweather et al. (1992) did not include

oxidation from OH. Liu et al. (2003) used the soot nucleation and surface growth rates of

Leung et al. (1991), while using the oxidation rates due to O2 from the NSC model and

due to OH from the Fennimore and Jones (1967) model. Ezekoye and Zhang (1997)

added the OH oxidation step as suggested by Moss et al. (1995) to the original soot

mechanism (Fairweather et al., 1992) to simulate acetylene-air microgravity diffusion

flames. They compared their modeling results with experimental data from Atreya et al.

(1995) and found that this approach over predicted the effects of OH oxidation. They

also found that reducing the rate expression of Moss et al. (1995) by an order of

magnitude showed a significantly better agreement with the experimental data.

Similar to the approach of Kennedy et al. (1996) and Ezekoye and Zhang (1997)

variations of the soot mechanism were used for modeling the benchmarking flame.

Figure 2.10 shows the soot volume fraction (in ppm) plots for four different flames at the

three elevations similar to figure 2.9 Flame A uses the complete soot model as described

earlier, while in flame B, there was no soot oxidation from OH. In, Flame C, the soot

surface growth rate was multiplied by a factor of 2, while the other reactions were kept

the same as flame A. In Flame D, the soot oxidation rate due to OH is suppressed by an

order of magnitude and the particle agglomeration process is turned off (similar to

Ezekoye and Zhang, 1997). Table 2.6 summarizes the different soot reaction

mechanisms examined.
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Table 2.6: Details of the variations of the soot mechanism.

Flame Nucleation Surface

Growth

O2

Oxidation

OH

Oxidation

Agglomeration

Flame A ON ON ON ON ON

Flame B ON ON ON OFF ON

Flame C ON 2X ON ON ON

Flame D ON ON ON 0.1X OFF

The soot volume fraction profiles in flame B does not differ much from flame A,

except at the highest elevation (70 mm). This is expected since soot oxidation from OH

is important near the flame tip. Flames C and D show higher soot levels than flame A at

all elevations. But neither of the flames (i.e. flames B, C and D), help improve the

accuracy of the computations at higher elevations, by pushing the peak soot concentration

level towards the centerline, or at lower elevations, by reducing the soot levels.

Improving the accuracy of the computational model at lower elevations would require

adjusting the soot nucleation rate. Any change in this rate requires precise knowledge of

the soot inception particle size and the number of carbon atoms in a primary soot particle.

Since this was outside the scope of study, we proceeded with soot model used in flame A.
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Figure 2.10: Soot volume fraction plots for different variations of the soot chemistry.
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2.13.4: Additional Validation of Soot and Acetylene Profiles

The simulations of the methane-air flame modeled by Smooke et al. (1999) and

Liu et al. (2004) were reproduced to validate the acetylene and soot concentration

profiles. The flame setup consisted of a burner with inner radius of 0.5556 cm and a wall

thickness of 0.0794 cm. The fuel jet velocity was 5.52 cm/s and the coflow air had a

velocity of 12.54 cm/s. The fuel jet and the air coflow had a temperature of 420 K and

the coflow region extends to 4.7625 cm.

Smooke et al. (1999) used a chemistry mechanism based on the GRI Mech 2.11,

while Liu et al. used a chemistry mechanism based on the GRI Mech 3.0. For the soot

modeling, Smooke et al. (1999) have modeled for soot inception from PAH and soot

surface growth from C2H2, while Liu et al (2004) have modeled soot inception and soot

surface growth based on C2H2 alone.

Figure 2.11 is a contour plot of the soot volume fractions as predicted by Smooke

et al. (1999) (left), Liu et al (2004) (middle) and our calculations. All the three

simulations show peak soot concentrations in the same region – near the sides of the

flame at distance of about 2.5-3 cm from the nozzle exit plane. The highest peak soot

concentration values are predicted by Liu et al. (2004) (0.63 ppm), the lowest

concentrations are predicted by Smooke et al. (1999) (value not stated, but peak soot

concentrations are under predicted by a factor of 3 as compared to experimental data,

which corresponds to about 0.157 ppm) and our peak soot concentrations lie in the

middle (0.261 ppm). The experimentally (McEnally and Pfefferle, 1996) observed peak

soot volume fraction for this flame is 0.47 ppm. As compared to the other two

calculations (Smooke et al (1999) and Liu et al (2004), our soot profiles are thicker near

the base of the flame and our soot profiles are thinner along the centerline near the tip of

the flame.
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Figure 2.11: Soot volume fractions (fv) for the flames simulated by Smooke et al. (1999)
(left), Liu et al. (2004) (middle) and our calculations (right). The volume
fraction units are in ppm for Liu et al. (2004) and our calculations.

Figure 2.12 shows the radial soot concentrations at 4 elevations in the flame. The

experimental results of McEnally and Pfefferle (1996) on the same flame set-up as

Smooke et al. (1999) and Liu et al. (2004) have also been shown for comparison. The

figure shows that the predicted soot concentrations are predicted well at lower elevations

in the flame, however, the rapid movement of the peak soot concentrations towards the

centerline at higher elevations is not captured very well. Also, the soot concentrations

along the centerline are under predicted at all elevations. Figure 2.13 is similar

comparison plot as presented by Liu et al. (2004). Their calculations over predict the soot

near the base of the flame, and also cannot capture the rapid movement of the peak soot
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concentrations towards the centerline. A similar comparison plot of Smooke et al. (1999)

showed that they under predicted the soot concentrations by a factor of 3.
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Figure 2.12: Soot volume fractions (fv) at 4 elevations in the flame. The solid lines are
our computational results, while the × marks denote the experimental data
from McEnally and Pfefferle (1996).
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Figure 2.13: Soot volume fractions (fv) results from Liu et al (2004). The solid lines are
the calculated profiles of Liu et al. (2004) and the experimental data is from
McEnally and Pfefferle (1996).
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Figure 2.14: Contour plots of acetylene (C2H2) mole fractions. Left - simulation of
Smooke et al. (1999) and right – our calculations.

Figure 2.14 shows the acetylene concentrations (C2H2 mole fractions) for the

flame as simulated by Smooke et al. (1999) and our calculations. Smooke et al. (1999)

observed much higher acetylene concentrations (factor of 2) above our calculations. Liu

et al. (2004) (not shown here) also observed higher acetylene concentrations than us by a

factor of 2. The acetylene concentrations observed by Smooke et al (1999) and Liu et al

(2004) peak along the centerline, while our calculations show peak acetylene

concentrations along the sides of the flame near the base. This was not an effect of
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modeling in the nozzle in our simulations, since calculations without the nozzle section,

too showed the same trends. However, the nozzle needed to be included in the

simulations so that the effect of the burner wall was included. Here, the nozzle is

modeled as an isothermal wall at the same temperature as the fuel and air coflow i.e. 420

K. The higher acetylene concentrations along the sides of the flame near the base of the

flame are responsible for the thicker soot regions near the base of the flame. Also, lower

C2H2 concentrations along the centerline, lead to a thinner soot band along the centerline.

The difference in the acetylene concentration profiles of our simulations with that of

Smooke et al. (1999) and Liu et al. (2004) was an effect of the different gas phase

chemistry mechanism that we used. We have used the Peters (199 chemistry mechanism

while Smooke et al. (1999) and Liu et al. (2004) have used GRI Mech based gas phase

chemistry mechanism. The difference in the acetylene concentrations between our

simulations and that of Smooke et al. (1999) and Liu et al. (2004) was not due to the soot

chemistry mechanism, since performing the same calculations with the soot chemistry

turned off showed the same trends i.e. acetylene concentrations peaking along the sides

near the base of the flame.
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Figure 2.15: C2H2 concentrations (left –computations of McEnally et al (2000), middle –
experiments of McEnally et al (2000), our computations).

Figure 2.15 shows the calculated acetylene concentration profiles for a lifted

methane-air flame (McEnally et al. (2000)). The experimental and computational

concentration profiles of Mcenally et al. (2000) have also been shown in the figure. Our

C2H2 concentration profile is qualitatively similar to those of McEnally et al. (2000). Our

simulation gives a larger flame than their computations and experiments, and so there is a

difference in the location of the peak acetylene concentrations. Acetylene peaks along

the centerline and concentrations decrease along the sides near the region where the

flame is established. The peak acetylene mole fraction for our calculation was 5644 ppm,
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while their peak acetylene mole fractions are 5460 ppm (computational) and 4910 ppm

(experimental). Comparisons of the chemical reactions involving acetylene in the Peters

(1993) chemistry mechanism and the GRI Mech 3.0 showed that the reactions as well as

the reaction rates in the mechanisms were different. The reactions involving acetylene

for the Peters (993) and GRI Mech 3.0 are listed in Appendix F.

The above validation studies shows that our acetylene based soot model shows

limitations which are consistent with the acetylene and PAH based soot models used in

the literature for modeling of steady two dimensional laminar flames. The acetylene

concentration profiles for attached flames differed from those observed in other

computations, however the acetylene concentrations were similar to other computations

and experiments for lifted flames.

2.14: TIME DEPENDANT FLAME CALCULATIONS

2.14.1: Low Coflow Flames

The validation done in sections 2.13 were done by performing steady calculations.

Here the time dependant terms in the conservation equations were turned off. The

validation of the Kaplan flame (section 2.13) was repeated by performing a time

dependant calculation, starting with the results from the steady calculation. Figure 2.16

shows the temperature profiles in the CH4-air diffusion flame at four flame elevations

after 0.5 s. The temperature profiles match the experimental data of Shaddix et al. 

(1994), similar to that observed with the steady calculations. The soot profiles were also

very similar to those obtained with the steady simulation (figure 2.9). The unsteady

calculation shows oscillations in the temperature and velocity field in the exhaust stream

(plume) of the flame. The flame height was found to be 82.15 mm based on the peak

temperature along the centerline and the flame structure is stable (1.8 % variation in the
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temperature values at r=5 mm and x= 96 mm location). The Froude number

( gDUFr 2= ) for the non-forced flame is 0.057, and so these flames are expected to be

buoyancy dominated. However, the presence of the coflow helps to stabilize the flame.

Katta et al. (2005) have shown that in performing comparisons of steady state

computations and experimental results, might not show the complete picture. They

compared steady-state calculations and time dependant calculations of a C2H4-air

diffusion flame, and showed that while the steady state calculation flame structure

predictions matched the long-exposure photographs of the experimental flame, the time

dependant calculations showed the presence of flame flicker effects. They observed that

for diffusion flames with low annular air coflow (<40 cm/s), the flame tends to flicker

with the development of buoyancy-induced vortices outside of the flame surface.

Further, the modeling results of triple flames by Azzoni et al. (1999) showed that

the flickering amplitude was very sensitive to the coflow velocity. They observed that

the flicker amplitude increases as the coflow velocity is reduced to less than the fuel jet

velocity – however, the flicker frequency is relatively insensitive to the coflow velocity.
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Figure 2.16: Temperature contour plot and temperature profiles at 4 elevations in the
flame using the time dependant computation. Solid lines- computational
results; ×- experimental data (Shaddix et al., 1994).
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Figure 2.17: Temperature contour plots at 4 instances (0% -top left, 30%-top right, 60%-
bottom left and 90% bottom right) for the time-dependant calculation with
the internal nozzle included in the domain.
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When time dependant computations were performed on the computational domain

which included the internal nozzle (figure 2.3), the non-forced flame flickered. Figure

2.17 shows the shows the temperature contour plots over 4 instances each separated by

0.020625 s (10% phase for a flicker frequency of 14.54 Hz is 6.875 ms). Buoyancy

induced vortices are generated outside the flame surface, and the top part of the flame

structure is modified. The flickering flame is now an unsteady flame – even though no

perturbations are introduced into the flow. A change from a stable flame (without the

nozzle in the computational domain) to a flickering flame (with the internal nozzle in

computational domain) is due to the change in the coflow. Moving the coflow to the

bottom of the computational domain (see figure 2.3) changes the coflow at the nozzle exit

plane, and as a result the buoyancy induced flame flicker effects are seen. A frequency

spectrum analysis of the temperature profiles at different locations in the domain was also

carried out, and the results are later presented in chapter 4.

2.14.2: High Coflow flames

The high coflow flames used by Mohammed et al. (1998) and Walsh et al. (2000)

were also simulated. These flames are lifted flames due to the high coflow. The set-up

consisted of a fuel stream (65% CH4 and 35% N2 by volume) surrounded by coflowing

air. The fuel velocity profile was fully developed with an area averaged velocity of 35

cm/s while the surrounding coflow had a flat profile at 35 cm/s. The fuel nozzle had an

internal diameter of 4 mm and a nozzle wall thickness of 0.4 mm. Mohammed et al.

(1998) did not include the internal nozzle in their computational domain. The domain

extended to 25 cm in the axial direction and 7.5 cm in the radial direction. Figure 2.18 is

a schematic of the computational domain. A non-uniform grid with 201 grid points in the

axial direction and 121 grid points in the radial direction was used. The internal nozzle

extending to 2 mm into the domain was also included. The fuel and air entered the
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domain at 300 K while the nozzle was also maintained at 300 K. Symmetry boundary

conditions were implemented on the left side, while zero gradients boundary conditions

were maintained at the top and the right side.

Figure 2.18: Computational domain for the high coflow flame (Mohammed et al., 1998).

Figure 2.19 is the temperature contour plot of the flame obtained after 0.25 s by

performing a time dependant computation. The flame is lifted and the flame lift-off

height based on the lowest elevations where local temperatures exceed 1000 K was 0.67

cm. Mohammed et al. (1998) reported a lift height of 0.66 cm for their computations

while the experimentally observed lift heights varied between 0.16 and 0.22 cm. Further,

our calculations show a flame length of 4.3 cm based on the peak temperature along the

centerline, while Mohammed et al. (1998) reported a flame length of 3.48 cm based on
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their computations. This case was done, so as to serve as a validation case for lifted

flames, which are later studied in chapter 5.

Figure 2.19: Temperature profile for the CH4-N2 flame (left - our calculations; right –
calculations of Mohammed et al. (1998).

2.14: SPECIES CONCENTRATION PROFILES

The detailed finite rate chemistry model allows us to examine the species

concentration profiles. Plots 2.15(a) and (b) shows the species concentration as a

function of the radial distance at a height of 30 mm from the nozzle edge. The major

species concentrations are shown in figure 2.20(a). These species include the fuel (CH4),
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oxidizer (O2), and the major combustion products like CO, CO2 and H2O. The reaction

zone is located at the radial distance of 4-5 mm. The plot shows the fuel and oxygen

concentrations reduce to minimum values in the reaction zone, where they are converted

to products.

Figure 2.20(b) shows some of the intermediate species formed during the

combustion process. Note here that the concentrations are plotted on a log scale. OH and

CH are good markers for the reaction zone, but the peak CH concentration level is far

lower (3-4 orders of magnitude) than the peak OH concentration levels. Further, the peak

CH concentration zone is comparatively thinner than the peak OH zones. CHO is

another species that can be used to locate the regions of peak heat release (Böckle et al.,

2000). Peak CHO concentration has been used in figure 2.15(b) to locate the reaction

zone. This shows that the reaction zone indicated by peak CH matches very well, while

OH, H and O peak on the air side. OH and H concentrations are very close on the fuel

side, while the levels diverge on the air side. On the air side, the H levels drop off earlier

than the OH levels. This can be attributed to the larger presence of more of the O radical

on the air side, which in turn consumes the H radical. On the other hand, fuel breakdown

(pyrolysis) products like CHCO and C2H2 are limited to the fuel side and decline sharply

beyond the reaction zone.
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Figure 2.19: Species Concentration plots as a function of the radial distance.
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Chapter 3

Numerical Study of the Evolution of Strongly Forced Axisymmetric
Laminar Cold-Flow Jets

Periodic jet forcing presents interesting opportunities for jet mixing for a variety

of applications. In this work (Barve et al., 2006a) simulations are performed to study the

effect of high amplitude forcing on laminar jets (Re=100) with net mass flux. Rarely in

jet simulations is the effect of the internal nozzle flow simulated. For the cases presented

in this work, we look at the effects of simulating the internal nozzle and show that

assumptions about the nozzle flow have a large effect on the downstream flow evolution.

Studies are performed on strongly forced axisymmetric jets in two geometries (i) jets

issuing perpendicularly from a flat wall, and (ii) jets issuing from a straight tube (nozzle).

The amplitude and frequency of the forcing function are varied to study vortex creation

and subsequent evolution downstream of the jet. For example, cases where the peak jet

velocity is 3-4 times the mean jet velocity are examined. The near-nozzle region was of

particular interest due to the strong mixing processes occurring there. We discuss how

nozzle flow processes modify the creation of downstream large scale vortical structures.

An interesting result of this work is that the strongest forcing cases possess some striking

similarities to synthetic jets. For such cases, the flow reversal processes at the jet exit

plane are investigated.

In this study, two exit flow conditions are examined in terms of their influence on

forced laminar jet evolution. We study forced laminar wall jets (issuing perpendicular to

the wall) with top-hat exit velocity profiles and with fully developed velocity profiles.

We also examine a jet flow issuing from a nozzle (i.e. a straight tube 5 diameters in
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length) embedded in the computational domain. For both types of problems, the forcing

frequency and the forcing amplitude are varied to examine their effects on jet evolution.

3.1: COMPUTATIONAL DOMAIN

Figure 3.1: Schematic of the computational domain. (Not to scale).

Two physical situations (domains) were modeled in this study. The first one,

shown on the left side of figure 3.1, involves a wall jet where the computational domain

stretched to 12 cm in the radial direction and 40 cm in the axial direction. A non-uniform

grid, with 410 points in the axial direction and 224 points in the radial direction, was

used. The grid lines were clustered in the shear layer region near the jet exit and varied

in size from 0.01 cm to 0.4 cm axially and 0.01 cm to 0.17 cm radially. Outflow (zero
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gradients) boundary conditions are applied at the right side and top boundaries, while

symmetry boundary conditions are applied along the centerline. The bottom side

incorporates the wall jet; an inlet velocity boundary condition is specified over the radial

extent of 0.5 cm and the wall boundary condition covers the remainder of the boundary.

The second domain (right side of figure 3.1) is an extension of the first domain to

explore the effects of a nozzle on the simulation results. Once again the diameter of the

jet is kept at 1 cm, but the nozzle extends 5 cm into the domain. The nozzle wall

thickness was 0.1 cm. The domain extends 40 cm from the nozzle tip in the axial

direction and 12 cm from the centerline in the radial direction. Once again, outflow

boundary conditions are applied to the top and left side boundaries and symmetry

boundary condition was applied at the centerline. In this case the jet velocity was

described at the bottom of the nozzle.

A steady state jet was simulated to benchmark the code and the numerical

scheme. This involved an air jet issuing out into quiescent surroundings (air). This

steady state jet solution then served as the initial condition for the forced jets. For all the

simulations, properties of air at 300 K and 1 atm were used. The baseline case is a steady

jet with a top hat velocity profile of magnitude 17 cm/s. The diameter of the jet was 1 cm

and the Reynolds Number (Re=U0D/ ) was 100. U0 is the jet exit axial velocity, D is the

jet diameter, and is the kinematic viscosity. The forcing cases involved using a velocityis the kinematic viscosity. The forcing cases involved using a velocity

function of the form ( )( )ftAUu π2sin10 += , where A is the amplitude of the forcing and f

is the frequency of forcing. This function gives a period averaged velocity of U0. Based

on the amplitude of forcing, there are two regimes for forced jets – the low forcing

regime, which has amplitudes less than or equal to 100% (A<1), and the high forcing

regime with amplitudes greater than 100% (A•1), and for which flow reversal occurs.1), and for which flow reversal occurs.

One expects the high amplitude forcing to produce effects quite different than those with



81

low forcing. For the forcing cases the simulations were terminated once time-periodic

solutions were obtained.

Table 3.1 lists the different cases examined in this study. The non-dimensional

frequency is the Strouhal Number, which is defined as St=fD/Umax, where f is the forcing

frequency and Umax=U0(1+A) is the peak velocity along the centerline at the jet exit.

Table 3.1: Table of different conditions (amplitude and frequency) and geometries
examined. FD indicates fully developed velocity profile, with the peak
velocity being listed. All the other cases have a top-hat velocity profile.

Geometry
U0

(m/s)

Re

(U0D/ ))

A

(%)

f

(Hz)

St

(fD/Umax)

Wall jet 0.17 100 200 2.5 0.049

Wall jet 0.17 100 200 5 0.098

Wall jet 0.17 100 200 10 0.196

Wall jet 0.17 100 200 16 0.314

Wall jet 0.17 100 200 50 0.98

Wall jet 0.17 100 200 100 1.961

Wall jet 0.17 100 200 200 3.922

Wall jet 0.17 100 200 500 9.804

Wall Jet 0.17 100 300 5 0.074

Wall Jet 0.17 100 300 50 0.735

Wall Jet 0.17 100 300 100 1.471

Wall Jet 0.17 100 300 200 2.941

Wall Jet 0.17 100 300 500 7.353

Wall Jet 0.17 100 1000 50 0.267

Wall Jet 0.51 300 200 50 0.327
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Wall Jet 0.51 300 200 500 3.268

Wall Jet 0.51 300 300 500 2.451

Wall Jet 0.34 (FD) 100 200 5 0.049

Wall Jet 0.34 (FD) 100 200 50 0.49

Wall Jet 0.34 (FD) 100 200 500 4.902

Nozzle 0.17 100 200 5 0.098

Nozzle 0.17 100 200 50 0.98

Nozzle 0.17 100 200 500 9.8

3.2: RESULTS

3.2.1: Low-Amplitude Forcing

The normalized axial velocity profile for the benchmark steady jet is shown in

figure 3.2. Although not shown in the figure, the results are similar to those obtained in a

similar computational study by Pai and Hsieh (1972). The axial velocity scales as x-1 in

the far field region as suggested by Schlichting (1979). The Schlichting solution,

adjusted for the point source of momentum as suggested by Andrade and Tsien (1937),

has also been shown in the figure.

In figure 3.2 the normalized axial velocity profile for the identical case as that

done by Marzouk et al. (2003) is included. The Marzouk case is a low amplitude forcing

problem (A=10%), with St=0.273 and the 25% phase has been shown. This particular

phase has the maximum jet exit velocity of all the phases. Consistent with Marzouk et al.

(2003) the forcing effects on the axial velocity along the centerline seem to disappear

beyond a distance of 8-10 diameters downstream of the orifice, and beyond this

downstream distance, the profile matches that of the steady state case. The varying
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velocity field along the centerline indicates the presence of vortical structures being

convected downstream. The decay of the oscillations in the velocity profile indicates that

the forcing seems to affect only the jet near field region, and as we move downstream, the

oscillations are attenuated.
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Figure 3.2: Validation of centerline velocity (u/U0) with axial distance (x/D) for steady
jets and low amplitude forcing laminar jets. The current steady jet data
(Re=100) is compared with the analytical solution given by Schlichting
(1979) and the low amplitude forcing case (A=10%) matches the data from
Marzouk et al. (2003).

3.2.2: High Amplitude Forcing

3.2.2A: Wall Jets (Without nozzle)

With higher amplitude forcing, one expects that the structures generated at the jet

exit plane to get larger and stronger. To examine this, computations with 200% and

300% forcing amplitude over a range of frequencies were performed. Figure 3.3 shows
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contour plots of the vorticity field along with the velocity vectors, for a steady jet and for

5 different phases for the forced jet at 200% amplitude forcing and 5 Hz frequency

(St=0.098). In the steady jet (top left), the vorticity peaks near the orifice (orifice radius

is 5 mm), due to the large velocity gradient at the jet exit plane associated with the top hat

profile. As expected, farther downstream, the vorticity magnitudes are reduced as the

vorticity diffuses radially outward. For the forced jet, as we move sequentially over the

forcing time period, the vorticity field reveals that vortices are being shed off the orifice

edge. The sequence shows generation of vortices at the orifice edge, followed by their

ejection from the near orifice region and their subsequent convection downstream. This

sequence suggests that this case exhibits similarities to an impulsively started jet because

the vortices grow in size with downstream distance and convect downstream without

interacting with each other. The sequence for a high frequency forcing case (f=50Hz,

St=0.98) at the same amplitude (A=200%) is shown in figure 3.4. Here too, the vortices

are ejected from the orifice edge, however these vortices do not get convected

downstream, and are instead pulled back into the orifice. This is in contrast to the low

forcing frequency case shown in figure 3.3, where the vortices are convected

downstream.
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Figure 3.3: Vorticity contour plots and the instantaneous velocity field for case with
forcing amplitude 200% at 5 Hz (St=0.098). The steady case (top left) and 5
different phases (0%- top right, 20% - middle left, 40% - middle right, 60%
- bottom left and 80% - bottom right) have been shown.
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Figure 3.4: Vorticity contour plots and the instantaneous velocity field for case with
forcing amplitude 200% at 50 Hz (St=0.98). The steady case (top left) and 5
different phases (0%- top right, 20% - middle left, 40% - middle right, 60%
- bottom left and 80% - bottom right) have been shown.
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Figure 3.5(a) shows the centerline axial velocities normalized by the average exit

velocity at 5 phases for a forcing amplitude A=200% and frequency f=5 Hz,

corresponding to St=0.098. The normalized time averaged centerline axial velocity

profile along the centerline has also been plotted. As expected, the increased forcing

amplitude transmits the forcing effects further downstream as compared to the low

amplitude forcing case (figure 3.2). The normalized time averaged centerline velocity is

larger than unity, over almost 20 diameters (20D) downstream, suggesting that the jet

volumetric flow rate is larger than that of the steady jet (Figure 3.2). Figure 3.5(b) shows

the same plot for a case with 200% amplitude forcing, but at a higher forcing frequency

of f=50 Hz corresponding to St=1. This forcing frequency is 10 times the forcing

frequency of the case in figure 3.5(a), and, the increase in frequency affects the region of

oscillating flow quite dramatically and shrinks this region closer to the orifice plane. The

distance over which the normalized time averaged centerline axial velocity exceeds unity

is slightly smaller (approximately 10D downstream) than the low frequency case and the

peak value of the normalized time averaged centerline velocity with St=1 is higher than

that with St=0.1. Also, from figures 3.5(a) and 3.5(b), one can make out a region near the

orifice plane where the axial velocities are negative. This region is larger for the low

frequency case (~ 0.4D - 0.5D) than for the high frequency case (~ 0.2D).
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Figure 3.5: Centerline velocity versus downstream distance for 200% Amplitude forcing
at (a) 5 Hz (St=0.1) for 5 different phases and (b) 50 Hz (St=1) for 5
different phases. Also, the time averaged velocity over the cycle has also
been plotted. The centerline axial velocity is normalized by the mean
velocity at the jet exit.
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Careful viewing of the velocity field time-sequences (figures 3.3 and 3.4) shows

that the region in the flow field where the axial velocity is zero (i.e. axial velocity

changes from negative to positive) is a stagnation point separating a region close to the

orifice plane, over which the flow reversal effects dominate the flow field, and another

region away from the orifice over which the flow reversal does not effectively control the

flow field. The velocity vectors in figure 3.3 at the 60% and 80% phase clearly show a

stagnation point near the nozzle. This stagnation point is only seen during certain phases

(60% and 80% phase) and is created and destroyed over the forcing period. This effect

was examined over a range of frequencies (effectively St) with a forcing amplitude of

200%. As the forcing frequency increased, the distance over which flow reversal was

observed reduced. This trend indicates that the forcing frequency appears to be a key

factor in the evolution of the velocity field.

On changing the forcing amplitude to 300%, the same trends were observed – an

increase in frequency led to a reduction of the region over which the forcing effects were

observed. Figure 3.6 shows the results for the time averaged centerline axial velocities

(normalized by the corresponding peak time averaged centerline velocity), for 300%

amplitude forcing and at 3 different forcing frequencies – 5, 50 and 500 Hz

(corresponding to St of 0.074, 0.74 and 7.4). We normalize by Umax, so that we can fit the

normalized values in the range of 0 to 1 and compare the different forcing frequency

cases. The steady state profile has also been plotted for comparison. The low frequency

case starts to decay much further downstream than the steady state case or the high

frequency forcing cases. Also, the high frequency forcing cases decay with downstream

distance almost like the steady state jet. This observation again reinforces the notion that

the high frequencies seem to localize the effects of the forcing in the near orifice region,

while in the far-field, the jet behaves similar to a steady jet.
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Figure 3.6: Time averaged centerline velocity as a function of axial distance with 300%
amplitude forcing for Strouhal Numbers of 0.074, 0.74 and 7.4. Shows the
decay of centerline velocity and the peak velocity is a function of St.

Figure 3.7 shows plots of time averaged normalized centerline axial velocity as a

function of downstream distance. The profiles have been normalized by their peak

values. Figure 3.7(a) shows the case of 200% and 300% forcing at 5 Hz forcing

frequency (St=0.098 and 0.074, respectively). As expected, the effects of the higher

amplitude forcing (300%) are felt farther downstream as compared to the low amplitude

forcing at this 5 Hz forcing frequency. For the same forcing amplitudes at higher

frequency (f=500 Hz) no such difference is observed (figure 3.7(b)), suggesting that

differences between 300% and 200% forcing are negligible for high frequency forcing.

Also, at this high frequency, the forced jets decay in a similar manner as the steady jet,

even though the normalizing parameter (Umax) for the two amplitudes and the steady case

is different.
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Figure 3.7: Plots of time averaged centerline velocity versus axial distance for (a) f= 5
Hz and (b) f=500Hz for different amplitudes (200% and 300%).
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In the 200% forcing cases discussed earlier (figures 3.3 and 3.4) the only

difference between the two cases is the forcing frequency. With high frequency forcing,

although the vortices are being generated, they do not seem to have sufficient time to

escape the near field region that exhibits reverse flow. A comparison of the timescales

for vortex generation and vortex convection helps us to explain these characteristics. The

vortices are generated essentially over the first half of the forcing cycle giving a vortex

generation time-scale of T/2 (or 1/2f). The time scale of the convection of the vortices

can be thought of as L*/V*, where L* is the length of the near nozzle region that the

vortex needs to escape with a characteristic velocity V*. From figures 3.2(a) and 3.2(b),

along the centerline, the negative velocities are observed over less than 0.5D. Taking

0.5D as the length scale L* and the peak velocity at the jet exit (Umax) as velocity scale V*,

gives a vortex convection time-scale of D/2Umax. Umax appears to be the best choice for the

velocity scale because the vortices are shed at the instant at which the velocity peaks.

After this peak the velocity at the jet exit starts to decrease, causing the vortex to separate

off the edge of orifice. The ratio of the two time scales, vortex generation versus vortex

convection, gives Umax/fD, which is just the inverse of the Strouhal Number.

If the St is greater than unity, the vortex generation time is less than the vortex

convection time, and the vortices are not shed fast enough to be convected downstream.

For St less than one, the vortex generation time is larger than the convection time and the

vortices have enough time to be convected downstream. Gharib et al. (1998) and

Rosenfeld et al. (1998) have used a similar scaling analysis in their study of impulsively

started jets and refer to the inverse of the St as a ‘formation time’. Using the terminology

of Gharib et al. (1998), a short stroke is detrimental to seeing vortex effects downstream

because first, (Umax/2f) will not create a fully formed vortex. Then, this poorly formed

vortex with weak circulation and thus weak induced velocity is at a distance/stroke
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L=Umax/2f from the nozzle that is smaller than the critical distance L* from the nozzle

required for a vortex to escape flow reversal. Thus, the two effects together of a weak

circulation (incompletely formed vortex) and reverse flow make it less likely that the

vortex effects will be felt downstream.

Holman et al. (2005) have defined jet formation in a synthetic jet as the

appearance of time averaged outward velocity along the jet axis. They found that the

value for the jet formation criterion ( KSt >/1 ) parameter K for axisymmetric jets is

approximately 0.5, when St is defined as the dimensionless stroke length:
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Extending this to forced jets and approximating that the positive forcing cycle
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Our expression for St is based on the peak axial velocity (Umax) and therefore their

(Holman et al., 2005) St scales as 2.63 and 2.78 times our St for A=2 and 3 respectively.

Taking 2.7 as the approximate scaling, the jet formation criterion for forced jets is

74.0<St . This is in agreement with our earlier scaling analysis of 1<St being the

analogous jet formation criterion. This shows that the jet formation criterion is similar

for the strongly forced isothermal jets and synthetic jets.

If the Strouhal number is the controlling parameter in periodically forced jets,

then at any given forcing frequency f, a sufficiently high jet exit velocity (Umax) should

exist such that the St is less than unity and the vortices would be convected downstream.

These higher velocities can be obtained at the jet exit by using stronger (higher

amplitude) forcing, regardless of the frequencies. To test this hypothesis, a case with the
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same forcing frequency (f=50Hz), as that shown in figure 3.4 and figure 3.5(b), where the

vortices are not convected downstream, but with a higher forcing amplitude of 1000%,

instead of 200%, was examined. The instantaneous vorticity contour plots for this case

are shown in Figure 3.8. This case gives a St of 0.267 and, the contour plots show that

the vortices were convected downstream of the near nozzle region, confirming our

hypothesis.

Amplitude and frequency modulation appear to control the creation and

convection of the vortices which might prove useful in controlling jet properties. Figure

3.9 is a plot of the normalized downstream distance (X/D) where the velocity oscillations

along the centerline decay to 5% of the time averaged value for different St. This

downstream distance is an indicator of the distance over which the forcing effects persist

for different forcing cases. The plot shows two distinct domains divided by St=1. In the

region where St is less than one, the downstream decay distance decreases with

increasing St and scales as x-0.85. Beyond St=1, the downstream decay distance does not

vary with St, reflecting the localization of the forcing effects in the near nozzle region.
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Figure 3.8: Instantaneous vorticity contour plots for the jet forced at 1000% amplitude at
50 Hz. 5 instantaneous phases (0%, 20%, 40%, 60% and 80%) as well as
the non-forced jet vorticity contour plots are shown.
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3.2.2B: Velocity Profile Effects

Another effect that was considered is the jet exit velocity profile. The 200%

amplitude forcing simulations with frequencies of 5, 50 and 500 Hz were repeated with a

parabolic (fully developed) profile at the orifice exit. The average flow rate was matched

to a steady jet with Re=100. The forcing function was of the form

( ) ( )( )ftArUu π2sin10 += where U0(r) is the fully developed Poisseuille velocity profile.

Note that in reality, the forcing frequency would have to be very slow to allow a fully

developed profile to exist at the orifice exit. However, we examine this profile as a

computational exercise. Figure 3.10 shows the normalized jet exit velocity (U/Umax) along

the centerline for three different forcing frequencies (5, 50, and 500 Hz) at 200%

amplitude forcing. Here the time averaged velocity is normalized by the peak value of

the time averaged velocity. As we discussed in the previous sections, for low frequency

forcing the oscillations persist further downstream, while with high frequency forcing

(high St) the effects are localized. Also, for the high frequency forcing cases, the

normalized velocity decays with axial distance just like the steady case. All these results

are similar to those observed with the top-hat profile suggesting that the forced jet

evolution is relatively insensitive to the exact character of the velocity profiles.
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Figure 3.11: Plot of the (a) axial velocity(u) and (b) the forced component (uf) of the
axial velocity versus the radial distance (r) at a cross section 2D distance
within the nozzle for 200% amplitude forcing at f=5Hz. (St=0.098).
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Figure 3.12: Vorticity (in s-1) contour plots and the instantaneous velocity field for 200%
amplitude forcing at 5 Hz (St=0.098) for the nozzle jet. The steady case (top
left) and 5 different phases (0%- top right, 20% - middle left, 40% - middle
right, 60% - bottom left and 80% - bottom right) have been shown.
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Figure 3.13: Vorticity (in m-1) contour plots and the instantaneous velocity field for
200% amplitude forcing at 50 Hz (St=0.98) for the nozzle jet. The steady
case (top left) and 5 different phases (0%- top right, 20% - middle left, 40%
- middle right, 60% - bottom left and 80% - bottom right) have been shown.
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3.2.2C: Nozzle Jets

The next step in the study involved modeling the presence of a nozzle in the

computational domain. This domain has been shown on the right hand side of figure 3.1.

Kim et al. (1993) reported the velocity profiles for an acoustically forced jet. They

observed from the velocity profiles at the nozzle exit and within the nozzle that the radial

velocity profile was relatively flat and that large gradients existed near the nozzle walls.

For our simulations, a top hat forcing velocity boundary condition was applied at the

bottom of the nozzle (i.e., at x=0).

Figure 3.11(a) shows the axial velocity profiles at a location two diameters (2 cm)

into the nozzle for a case with 200% amplitude forcing and 50 Hz frequency. An

unsteady component of the axial velocity field was also calculated by subtracting off the

corresponding steady-state velocity field. This unsteady axial velocity is plotted in figure

3.11(b). Consistent with Kim et al. (1993) the profiles show high velocity gradients near

the nozzle wall, whereas the profiles are flat over the rest of the cross-section. The

boundary layer thickness is approximately 1 mm which is consistent with a scaling

estimate for the Stokes layer at this frequency ( fνδ ~ ).

Figures 3.12 and 3.13 are the vorticity contour and velocity vector plots for 200%

amplitude forcing at 5 Hz and 50 Hz respectively for the nozzle resolved calculations.

The steady case contour plot is also shown. For the low forcing frequency case, the

vortices are generated and ejected from the nozzle tips and then convect downstream.

During later parts of the cycle, the negative velocities at the nozzle exit can be seen. The

axisymmetric geometry of the nozzle, results in the fluid being sucked into the nozzle,

mainly along the nozzle edge. As a result, during the first half of the cycle where the

nozzle exit velocities are positive, the fluid is pushed out over the entire face of the

nozzle exit, while over the second half of the cycle, the fluid is sucked into the nozzle
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primarily along the nozzle walls. Here too, the flow field generates a stagnation point

above the nozzle exit (80% phase case), separating the regions of negative velocity and

positive velocity. The high frequency (f=50 Hz) case shows similar results, although the

vortices are not convected downstream.

Figures 3.14(a) and 3.14(b) show the axial and radial velocity profiles at the first

(downstream) grid-point location after the nozzle exit location for forcing at St=0.098.

The axial velocity profiles at the different phases over the period of forcing show that the

effect of the forcing is first felt at the nozzle edge, and then the effects diffuse towards the

centerline. In other words there appears to be a lag along the cross-section, and the

forcing effects on the velocity in the center lag the effects at the nozzle edge/wall. The

steady state axial velocity profile has also been plotted as a reference. The steady state

axial velocity profile is essentially a fully developed profile based on the entrance length

(Le) estimate for flow through a pipe (Le~0.06ReD). The radial velocity profiles explain

the lag-effects seen in the axial velocity profile. Negative radial velocities indicate fluid

motion towards the centerline or whereas positive values indicate fluid motion away from

the centerline. During the 60% and 80% phases, the radial velocity is negative,

indicating fluid motion towards the centerline. Also the 0% phase radial velocity is

positive as was the 0% phase axial velocity indicating the jet outflow.

Figure 3.15(a) shows the normalized centerline axial velocity as a function of the

downstream distance for 200% amplitude forcing at 5 Hz frequency (St=0.098). The

steady state and the time averaged profiles have also been plotted for comparison. As has

been previously described, the axial velocity has been normalized by the mean axial

velocity of the forcing function at the bottom of the nozzle (x=0). Note that the nozzle

length is 5 diameters and hence, the centerline time averaged axial velocity increases

throughout the nozzle. This increase is simply the evolution of the top hat profile to a
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Poisseuille profile. The 60% phase velocity profile shows that the axial velocity turns

from negative to positive within the nozzle. Immediately downstream of the nozzle exit

the time averaged velocity is larger than the steady state velocity profile showing the

effect of the redirected ingested mass. Figure 3.15(b) is the corresponding plot for high

frequency forcing (St=0.98). Just as in the case with the wall jets, the high frequency

forcing limits the effects of the forcing to the near nozzle region. Also, the time averaged

velocity profile matches the steady state profile more closely.

In both (high and low frequency forcing) cases, the peak time averaged velocities

do not differ much from the peak steady state velocity. This is different from the earlier

wall-jet cases, where the nozzle was not modeled. Note that the peak centerline velocity

in the forced and the unforced cases occurs at the nozzle exit. The exit velocity profiles

from figure 3.14(a) show that the centerline axial velocity varies between about 0.65m/s

and –0.15 m/s, while the steady state velocity is about 0.35 m/s. Superficially, this

appears to be inconsistent with 200% amplitude forcing. One might believe that 200%

forcing of a steady flow with centerline velocity of 0.35 m/s would result in a range of

centerline axial velocities from 1.05 m/s to –0.35 m/s. This is not the case. We force a

top hat profile located at the bottom of the nozzle at 200%. The forcing velocity

boundary condition at the bottom of the nozzle has a top hat profile that varies from 0.51

m/s to –0.17 m/s for the case shown in figure 3.14(a). Since the profile is flat at the

bottom of the nozzle, the centerline axial velocity increases due to the no-slip condition

along the nozzle walls. This results in the increase of the positive centerline velocity

from 0.51 m/s to 0.65 m/s. However, the peak negative velocity only changes from –0.17

m/s to –0.15 m/s, since the strongest negative velocities are seen near the nozzle walls

(figure 3.12 – 60% and 80% phase).
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Figure 3.14: (a) Axial velocity and (b) radial velocity profile at the first grid point after
the nozzle exit for 5 different phases with 200% amplitude forcing at f=5Hz
(St=0.098) and the corresponding no-forcing (steady) profile.
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Figure 3.15: Centerline axial velocity versus downstream distance for 200% amplitude
forcing at (a) 5 Hz (St=0.098) and (b) 50 Hz (St=0.98) for 5 different phases.
Also, the time averaged velocity over the cycle, and the steady-state velocity
profile have been plotted. The centerline axial velocity is normalized by the
mean velocity at the bottom of the nozzle.



106

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0.01 0.1 1 10 100
x/D

u
/U

m
ax

5Hz
5Hz (nozzle)
50Hz
50Hz (nozzle)
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amplitude forcing.

A comparison of the velocity profiles of the forced jets, with and without the

nozzle is shown in figure 3.16 for a forcing amplitude of 200%. The centerline axial

velocity profile of the jets as a function of the downstream distance is plotted. In the case

of the jet with the nozzle, the downstream distance has been offset by the nozzle length,

so that the downstream distances in both the cases are from the jet exit plane tip. For the

low forcing frequency case, the velocity profiles with and without the nozzle match one

another beyond 10 diameters. This is because the vortices have decayed at these far

downstream locations and the jets now behave as steady jets. However, the high

frequency cases do not match one another over the domain considered. Earlier results

(without the nozzle) showed that at high frequency forcing the jet decays in a similar

manner to a steady jet. The steady state jet exit velocity profile in figure 3.14(a) shows
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that the jet, in the case with the nozzle, is close to fully developed. The steady centerline

axial velocity decay profiles for the top-hat and parabolic profiles are shown in figure

3.17. These profiles are very similar to those observed in the high frequency forcing

cases in figure 3.16. Thus, the difference in the high frequency axial velocity profiles can

be explained based on the spanwise exit velocity profile. Generally, jets with top-hat and

fully developed profiles develop differently, because of the top-hat profile jet has more

initial axial momentum than the fully developed jet with the same mass flux, and so

decays more slowly than the fully developed jet.
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Figure 3.17: Centerline axial velocity profiles for steady jets with parabolic profile and
top hat profile.
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amplitude forcing at St of 0.098, 0.98, 9.8.

3.3: JET SPREAD AND ENTRAINMENT

Figure 3.18 shows the half width of the jet as a function of downstream distance

for the steady jet and 200% amplitude forcing jets. The half width of the jet is the radial

distance at which the axial velocity is half of the centerline axial velocity. The steady jet

half width compares well with the half width in Pai and Hsieh (1972). The plot shows

that the forced jets do not spread as quickly as the steady jet. The lower spread rate is a

result of the higher peak Reynolds number of the pulsed jets, as it is well known that

laminar jets spread more slowly as the Reynolds number is increased. One can explain

this in terms of comparatively weaker viscous effects.
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The forced jets are expected to have higher flow rates than steady jets, because

the forcing action would bring in more fluid from the surroundings. In the current study

the entrainment is quantified by the ratio of the volumetric flow rate (Q) at a downstream

cross section to the volumetric flow rate at the nozzle exit (Qe). The volumetric flow rate

at a given cross-section was calculated as

( )∫
∞

=
0

2 drruQ π (5)

Figure 3.19, shows the entrainment as a function of downstream distance for the

200% forcing cases. The steady state case has also been plotted for comparison. In the

steady case, the slope of the entrainment curve flattens out with downstream distance.

This has been observed by Abdel-Hameed and Bellan (2002) in simulations of

rectangular jets with Reynolds number in the 400-600 range. The volumetric flow rate

calculations for the forced jets were made at the downstream distances at which the

unsteady effects have decayed. For the forced jet cases, the entrainment varies linearly

with downstream distance and at any downstream distance the entrainment in forced jets

is higher than that for the steady jet. Interestingly, the forced jets are narrower as

compared to the steady jet (figure 3.18) and have higher axial velocities (figure 3.5(a) and

(b)). The forcing action at the orifice edge causes fluid to be sucked into the orifice over

part of the forcing period and then pushed out over the remainder of the period.

Separation at the orifice plane causes the jet to have higher average axial momentum than

the equivalent steady jet with the same mass flux. Said differently, even though the time

averaged flow rate for the forced jets is the same as the flow rate for the steady jet, the

directional flow rate (flow rate of the fluid being pushed out) for the forced jets over the

time period is higher than the flow rate for the steady jet. This increased flow rate is seen

in higher volumetric flow rates for the forced jets.



110

1

2

3

4

5

6

7

8

9

10

11

12

0 5 10 15 20 25 30 35
x/D

Q
/Q

e
St=0.098

St=0.98

St=9.8

Steady

Figure 3.19: Entrainment as a function of downstream distance for 200% amplitude
forcing at St of 0.098, 0.98 and 9.8.

Also the slopes for forced jets are different as compared to the steady jet. These

slopes represent a nondimensional entrainment rate - D/Q0(dQ/dx). For steady laminar

jets, the volumetric flow rate at any downstream distance as given by Schlichting (1979)

is Q=8 xx. The entrainment rate for the Schlichting correlation is

πν8=
dx

dQ
, and non-dimensionally (3.5)
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Q

D ν
π

πνπν (3.6)

For Re=100, the Schlichting nondimensional entrainment rate is 0.32. In our

steady jet calculations, this corresponding value over x/D<10 is 0.324. For the forced

cases, the entrainment rates are higher as compared to the steady jets. The

nondimensional entrainment rates for the steady jet at x/D=25 is 0.18, while the
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corresponding values for the forced jets are 0.3, 0.27 and 0.265 for St of 0.098, 0.98 and

9.8 respectively.

3.4: SUMMARY

Cold flow modeling of strongly forced isothermal jets showed that the Strouhal

number is the critical parameter to understand the generation and convection of vortices.

For jets forced at St<1, vortices are generated just outside the nozzle exit and these

vortices are convected downstream. For jets forced at St>1, vortices are generated just

outside the nozzle exit, however these vortices are pulled back into the nozzle and these

forced jets look like non-forced jets in the far-field. Control over the generation and

convection of vortices allows us to control the mixing in jets. Forced jets also show

enhanced entrainment and higher entrainment rates as compared to non-forced jets.
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Chapter 4

Soot Production Rates in Strongly Forced Diffusion Flames

This chapter details the study performed on strongly forced diffusion flames

which remain attached. The non-forced flame based on the set-up of Shaddix et al.

(1994) was forced at amplitudes of 200% and 500% for a range of forcing frequencies.

Table 4.1 lists the cases examined and the corresponding Strouhal number (St) of the

forced flames.

Table 4.1: List of forced flame cases examined.

U0

(m/s)

Non-Forced

Re 

Fuel Mass

Fraction

(YF)

Amplitude

(%)

frequency

(Hz)

St

(fD/Umax)

0.079 26 1.00 200 10 0.464

0.079 26 1.0 500 10 0.232

0.079 26 1.0 500 20 0.464

0.079 26 1.0 500 100 1.16

0.079 26 1.0 500 50 2.32

0.2 142 0.3 500 100 0.92

0.2 142 0.3 500 20 0.18

0.2 142 0.3 500 10 0.092
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4.1: COMPUTATIONAL DOMAIN

A steady CH4–air diffusion flame was set up based on the experimental data from

Shaddix et al. (1994) and computations results from Kaplan et al. (1996). The setup is

similar to that described in section 5.12 – only here the internal part of fuel nozzle is

modeled. The set-up involved a pure CH4 fuel stream at 7.9 cm/s area averaged velocity

(fully developed profile). The air coflow had a velocity of 7.9 cm/s (flat profile) and

extended to 5 cm radially. The fuel and coflow were maintained at 300 K. Symmetry

boundary conditions were applied at the left side, while outflow (zero gradients)

boundary conditions were applied at the right side. For the top side, zero gradient

boundary conditions were applied for the unforced flame, while for the forced flame, the

non-reflecting boundary conditions were applied. Figure 4.1 is a schematic of the

computational domain. The domain extended 30 cm in the axial direction and 10 cm in

the radial direction. A non-uniform grid with 281 grid points in the axial direction and

121 grid points in the radial direction was used. The smallest grid spacing was applied

near the nozzle exit (0.01 cm axially by 0.008 mm radially) and was stretched as we

move away from the nozzle (bottom left corner). The fuel nozzle was 2 cm long and 0.05

cm thick. It was maintained at 550 K to model some of the fuel preheat effects due to a

warmer nozzle. 550 K was chosen based on the fuel stream temperature estimate of

Kaplan at al (1996). Another change from Kaplan et al. (1996) was that here the fuel

stream had a top-hat velocity profile as compared to a full developed velocity profile.

Note here, that Kaplan et al. (1996) did not model the internal nozzle. Since we have

modeled the internal nozzle we have used a flat profile at the base of the nozzle. Further,

our interest in this exercise is to study the effects of forcing and from that perspective the

flat profile is more appropriate.
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Figure 4.1: Schematic of the computational domain. (not to scale)

4.2: TEMPERATURE CONTOUR PLOTS

Figure 4.2 shows temperature contour plots along with superimposed velocity

vector fields in the near nozzle region for the 500% amplitude forcing case at 10 Hz.

(St=0.232). Five different phases as well as the non-forced flame are shown in the figure.

Figure 4.3 shows the temperature contour plots over 4 phases (0%, 30%, 60% and 90%)

for the same flame (500% amplitude forcing at 10 Hz, St=0.232) over a larger spatial

domain. The figures (4.2 and 4.3) show that low frequency forcing results in the

formation of reacting puff-like structures. As we move through the phases in increasing

order, the flame grows in size from a tiny region at the nozzle exit until it gets drawn
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back into the nozzle by the reverse flow and eventually clips off. In the 0% phase case,

the flame is at the nozzle exit and is very small. The thermal effects from the previous

puff can also been seen in the top part of the 0% phase figure. At the 20% and 40%

phases, the flame progressively grows in size. This is due to the increased fuel flow out

of the nozzle associated with forcing. The flow reversal effects can be seen particularly

well at the 60% and 80% phases. At these phases the flame is pulled back into the nozzle

causing the flame to neck until it eventually clips off leaving a bottom part that remains

anchored to the nozzle. The top part of the clipped flame convects away from the nozzle

resulting in discrete burning structures. These puffs are initially triangular in shape and

then get modified to look more like an arrowhead. Lewis et al. (1988) also observed the

creation of puffs in laminar flames forced with a loudspeaker.

Figure 4.4 shows the case of the same amplitude but at the higher frequency of

100 Hz (for which St=2.32). Temperature contour plots and velocity vectors fields are

shown. These plots show that the flame is not strongly affected by the forcing. Even

when the flow reversal occurs (60% and 80% phase), the flame does not react to the

forcing effects.

The differences in the two cases, low and high frequency, can be explained on the

basis of the Strouhal number for the forced flames. A Strouhal number can be thought of

as the ratio of the jet diameter to the stroke length (Lakshminarasimhan et al., 2006). At

low Strouhal number, the stroke is long and a fully formed vortex can form. At low St

the vortices are separated in space and do not interact. It is this case that leads to the

discrete puff-like structures. At high St, the stroke is short and the vortices do not fully

form before being drawn back into the nozzle. It is for this reason that the flow field is

not dominated by distinct coherent vortices in the higher frequency case.
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Figure 4.2: Temperature contour plots along with velocity vectors for a flame forced at
500% amplitude at 10 Hz. (St=0.232).
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Figure 4.3: Temperature contour plots over a larger spatial domain for the flame forced
at 500% amplitude at 10 Hz. (St=0.232)
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Figure 4.4: Temperature contour plots along with velocity vectors for a flame forced at
500% amplitude at 100 Hz. (St=2.32).
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4.3: AXIAL VELOCITY PROFILES

Figure 4.5 is a plot of the normalized axial velocity along the centerline as a

function of normalized downstream distance for the flame forced at 500% amplitude at

high frequency (f=100 Hz). The axial velocity ( u ) is normalized by the time averaged

axial velocity ( 0U ), while the distance in the axial direction ( x ) is normalized by the

nozzle diameter ( D ). The time averaged axial velocity has also been shown in the plot.

The plot shows that the axial velocity increases as a function of downstream distance due

to the buoyant acceleration. At distances less than 2D, the forcing effects can be seen in

the instantaneous axial velocity profiles. The nozzle length is ~2D, and the axial velocity

varies depending on the phase angle of the forcing function. For intermediate elevations

(2D-5D), the axial velocity increases with downstream distance without any oscillations.

However, at higher elevations (>5D), the instantaneous axial velocity fluctuates with

downstream distance. The time averaged velocity also shows these fluctuations. These

fluctuations appear to be at a frequency independent of the forcing frequency. Since the

instantaneous images cover one complete forcing cycle, the fluctuations appear to be at a

frequency much lower than the forcing frequency (100 Hz).

The fluctuations at higher elevations could be the buoyancy induced flame

flickering. The simulations of Ellzey and Oran (1990) on a transitional hydrogen-

nitrogen diffusion flame with an exit velocity of 10 m/s and a nozzle diameter of 1 cm

showed buoyancy to be responsible for the generation of the outer vortices which result

in flame flicker. They found the frequency of the outer instability to be in the 11-20 Hz

range. Similarly, the simulations of Davis et al. (1991) of a 12 cm/s buoyant propane

flames with a 2.2 cm diameter tube showed that buoyancy was responsible for flame

flicker and they found the flickering frequency to be 13 Hz.
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Figure 4.5: Plot of normalized axial velocity as a function of the normalized downstream
distance for the flame forced at 500% amplitude at 100 Hz. (St=2.32).

Hamins et al. (1992) have investigated the effect of jet diameter, fuel velocity and

gravitational acceleration on flame flicker. They have correlated the Strouhal number

and Froude number of the jets as ( ) 5.01 FrSt ∝ . Malalasekera et al. (1996) have used the

correlation ( ) 505.0152.0 FrSt = for relating the Strouhal number of flickering flames and

the Froude number. Expanding out the terms where 0UfDSt = and gDUFr 2
0= , and

using 0.5 instead of 0.505 in the power term gives
5.0

2
00

52.0 







=

U

gD

U

fD
(4.1)

Note here that we are trying to estimate the flickering frequency of the non-forced

flame and so the non-forced velocity 0U is used in the above calculations. Simplifying

equation 4.1 gives:
5.0

52.0 





=

D

g
f (4.2)
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Figure 4.6: Temperature profiles and frequency spectrum at 4 elevations at a radial
distance of 5mm for the flame forced at 500% amplitude at 100 Hz.
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Using this correlation, the flame flickering frequency for this case is expected to

be 15.53 Hz. This is consistent with the frequency range (11-20 Hz) obtained by Ellzey

and Oran (1990) and Davis et al. (1991). Shaddix et al. (1994) have suggested that
5.05.1 Df = gives a good approximation of the flickering frequency. This relationship

gives a flicker frequency of 14.3 Hz for our set-up.

A frequency spectrum analysis of the temperature profiles at a radial distance of 5

mm from the centerline and elevations of 0.18D (2 mm), 0.9D (10 mm), 4.55D (50 mm)

and 9.09D (100 mm) from the nozzle edge showed that the dominant frequency was

approximately 14 Hz, confirming that the oscillations in the velocity field were due to

flame flicker. The temperature profile and the frequency spectrum for the flame forced at

500% amplitude at 100 Hz have been presented in Figure 4.6. At the lowest elevation

(0.18D), the frequency spectrum shows that the most dominant frequency is the forcing

function frequency (100 Hz). This elevation is close to the nozzle exit and one expects

the forcing frequency to dominate here. The temperature profiles show the temperature

here (i.e. at x=0.18D) is in the range of 1000-1600 K indicating that the flame does not

completely extend to this elevation. Typical flame temperatures at higher elevations for

the flame are in the 1900-2000 K range. This can be seen in the temperature profile for

0.9D and 4.55D, where the flame sheet is present. At these elevations (0.9D and 4.55D),

the most dominant frequency is 14 Hz. For the elevation of 0.09D, the temperature

profile varies over a wide range (1300-2100 K). Note that this elevation is close to the

flame length and one expects the flame tip to be present in this region. Due to flame

flicker, the flame tip would rise and grow, and then eventually get clipped off. Once the

tip is clipped, the flame size reduces, while the clipped part travels downstream. Since

there is a vortex associated with the baroclinic torque generated by the buoyancy induced

flickering, the vortex would bring in cooler surrounding air and thus we see a wide
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temperature range. The frequency spectrum also shows that the most dominant

frequency at this elevation (9.09D) is closer to 30 Hz. This frequency is associated with

the small dip seen in the temperature profile between 0.03 and 0.05 s. Similar frequency

spectrum analysis of the temperature profiles at locations near the flame sheet for

transitional jet flames by Katta et al. (1994) showed the presence of a high frequency

component (~350 Hz). Since the jet flames examined here are laminar (non forced flame

Re=26), the high frequency component characteristic of transitional jets is not expected

here, nor is it observed.

These observations indicate that the forcing frequency does not control the

dynamics of the flame as we move away from the nozzle edge. At these higher

elevations, buoyancy induced instabilities are most dominant. In other words the forcing

effects seem to be confined to the nozzle and near nozzle region (downstream distance of

less than 2D).

Further, a similar frequency spectrum analysis of the temperature profiles at the

same elevations for the non-forced flame also revealed that 14 Hz was the dominant

frequency. Note that in this case, no forcing is applied at the base of the nozzle.

However, buoyancy induced instabilities develop in the flame, and the flame starts to

flicker. The Froude number ( gDUFr 2
0= ) for the non-forced flame case is 0.057

showing that these flames are buoyancy dominated and flame flickering would be

expected.
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Figure 4.7:  Plot of normalized axial velocity as a function of the normalized downstream
distance for the flame forced at 500% amplitude at 10 Hz. (St=0.232).

Figure 4.7 is the corresponding plot of the axial velocity along the centerline for a

low frequency (10 Hz) forcing case at the same forcing amplitude (500%). Here the

instantaneous axial velocity varies from phase to phase at all downstream locations. This

shows that in contrast to the high frequency forcing case, the forcing effects in the low

frequency forcing are felt in the downstream of the nozzle. The time averaged axial

velocity has also been shown in this case. The time averaged axial velocity increases

with increasing downstream distance for this case, while for the high Strouhal number

case, the time averaged velocity shows oscillations in the far field. Further the amplitude

of the oscillations in the axial velocity increase with downstream distance. This is in

contrast with the cold-flow calculations, where the oscillations in the velocity field decay

with downstream distance. Buoyancy could be the most plausible explanation for this

observation, since the buoyant acceleration would serve to accelerate the vortices
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generated due to forcing action, thus not allowing them to decay quickly. Further

downstream, one expects these oscillations to decay.

The temperature profiles and frequency spectrum for the low frequency forcing

case (500% amplitude at 10 Hz) at four elevations in the domain have been shown in

figure 4.8. The dominant frequency for this case is the forcing frequency (10 Hz) at all

elevations. The 20 Hz frequency component is an effect of the same structure passing

though the data collection point and all the elevations here show a large range in local

temperatures (from 400 to 1800 K). This is an effect of the flame structure being

completely modified by the forcing, and as a result we have puffs which are convecting

downstream. In this case, the forcing frequency is lower than the expected flame

flickering frequency and the high amplitude forcing at sub-flickering frequencies does

not allow the buoyancy induced instabilities to dominate.
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Figure 4.8: Temperature profiles and frequency spectrum at 4 elevations at a radial
distance of 5mm for the flame forced at 500% amplitude at 10 Hz.
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Figure 4.9: Fuel mole fraction as a function of downstream distance along the centerline
for the flame forced at 500% amplitude at 10 Hz (top) and 100Hz (bottom).
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4.4: FUEL MOLE FRACTION PLOTS

Figure 4.9 is a plot of the fuel (CH4) mole fraction as a function of the

downstream distance along the centerline for the case of 500% forcing at 10 Hz (top) and

at 100 Hz (bottom). The plot for 10 Hz forcing frequency shows the fuel mole fraction

has a value of unity within the nozzle, where pure fuel is present. The fuel mole fraction

gradually decreases as we move downstream due to the mixing processes. The plots

show the profiles for five different phases (0, 20, 40, 60 and 80% phase) of the forcing

cycle and the time-averaged value. The fuel mole fraction for a non-forced flame also

decreases monotonically from 1 to 0. For the instantaneous fuel mole fraction profiles

shown, the fuel mole fraction drops down to 0, comes back up above 0, and then once

again drops down to zero. This indicates pockets of fuel moving downstream with

relatively sharp interfaces (large gradients) between fuel rich and fuel lean zones. Also

note that the fuel average mole fraction drops down below unity at a distance less than

2D (nozzle length) showing strong mixing into what otherwise would be a potential core.

A check of the temperature contour plots for the same case (figure 4.2), suggests that the

mixture is reacting within the nozzle during the part of the forcing cycle where negative

axial velocities are present. The corresponding 100 Hz forcing frequency plot shows that

the fuel concentration profiles do not vary from phase to phase and drop from 1 to 0

without any fluctuations. These profiles are similar to what is observed in non-forced

flames. Also, for distances less than 2D, the mole fraction does not drop to below 1,

indicating a pure fuel in nozzle stream (i.e. no premixing occurring in the nozzle or near

nozzle region).
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4.5: OH MOLE FRACTION PLOTS

Figure 4.10 is a plot of the peak OH mole fraction over a complete forcing cycle

as a function of downstream distance, for the low St case (St=0.232) and the high St case

(St=2.32). Ten instances are shown for each St. Peak levels of OH concentration are a

good marker of the reaction zone. The figure shows that the reaction zone for the low St

forced flame extends from a distance of less than 2D to more than 10D, while for the high

St forced flame, the OH mole fraction peaks over a narrow region at about 10D. Also

note that the peak OH mole fraction is significantly higher for the low St cases. CEA

(Chemical Equilibrium with Applications), the equilibrium chemistry code, gives an

equilibrium OH mole fraction of 0.00287 for a methane-air mixture. This suggests that

the St=0.232 flame, shows super-equilibrium OH concentrations.
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Figure 4.10: Peak OH mole fraction along the centerline for flames forced at 500%
amplitude and 10 Hz (St=0.232) and 100 Hz (St=2.32).
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4.6: SOOT VOLUME FRACTION AND ACETYLENE CONCENTRATIONS

Figure 4.11 shows the peak soot volume fraction (in ppm) as a function of the

Strouhal number for the forced jets. The peak soot levels for the non-forced flame are

also shown in the figure. Here, all the peak soot volume fraction data has been resolved

through the complete flicker frequency for cases, where the forcing frequency is higher

than the flicker frequency. The flame flicker affects the instantaneous soot volume

fraction – based on the phase in the flicker cycle (e.g. for the non-forced flame the

instantaneous peak soot volume fraction varies in the range of 0.25 ppm to 0.36 ppm).

The plot shows the effect of forcing on the peak soot volume fraction levels. The flames

forced at Strouhal number of less than 1, show an appreciable drop in the peak soot

volume fractions. This can be explained by examining the flame structures generated in

the forced flames. Forcing at Strouhal number of less than 1 results in puff-like
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structures while, the higher Strouhal number forced flames do not differ greatly from

unforced flames. Therefore, the future comparisons will be of the low Strouhal number

flames with the non-forced flames.

The soot particles are assumed to be created from C2H2, and therefore one expects

high soot nucleation and soot surface growth rates in the regions of high C2H2

concentration. Figure 4.12 shows the C2H2 mole fraction contour plots for the flame

forced at low Strouhal number (5 individual phases) and the non-forced flame. The

velocity vectors are also superimposed. The non-forced flame C2H2 contour plot does not

change much over the lower half of the flame during the flicker frequency cycle, since

the buoyancy induced vortices mainly affect the top half of the flame. As a result the plot

shown in figure 4.12 (bottom right) is a good representation of the C2H2 concentrations

for the non-forced flame.

The C2H2 mole fraction contour plots for the forced flame show the development

of the forced flame. The 0% phase shows the presence of the puff formed from the

previous forcing cycle. The 20% phase shows the flame growing out of the nozzle (not

shown in the figure since the nozzle extends to x=20 mm), while the 40% and 60% phase

show the further growth of the flame. The flow reversal effects can be seen at the 80%

phase instant.

For the non-forced flame, the C2H2 concentrations reach a maximum near the fuel

nozzle edge at lower elevations in the flames. This allows soot to nucleate at lower

elevations and grow as the particles travel though the reaction zone. The pathway (based

on the velocity vectors) suggests that the soot particles nucleated at the bottom in the

non-forced flame, would pass through an environment where soot surface growth would

be favorable due to presence of high C2H2 concentrations.
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Figure 4.12: C2H2 mole fraction contour plots for flame forced at 500 % at 10 Hz
(St=0.232) and the non-forced flame. 5 individual phases for the flame
forced at 500% amplitude at 10 Hz are shown in the figure (0% phase - top
left, 20% phase - top-right, 40% phase - center left, 60% phase - center right
and 80% phase - bottom left)
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In contrast, the low Strouhal number forced flame shows higher C2H2

concentrations near the flame tip (40% and 60% phase). This means that a comparatively

lower number of soot particles would be nucleated at lower elevations in the forced

flame. Also, there does not appear to be a region of continuously high C2H2

concentrations in the flame, indicating that the local environment for soot growth might

not be as conducive as in the non-forced flame.

Figure 4.13: Soot volume fraction (in ppm) contours for flame forced at 500 % at 10 Hz
(St=0.232) and the non-forced flame.

The comparison of the C2H2 concentration profiles for the non-forced flame and

the flame forced at 500% amplitude at 10 Hz suggests that lower soot levels should be

seen in the forced flame as compared to the non-forced flame. This result is seen in

Figure 4.13, which shows the soot volume fraction contour plots for low Strouhal number

forced flame (500% amplitude at 10 Hz) and the non-forced flame. For the forced flame,
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five phases - 0%, 20%, 40%, 60% and 80% have been shown, while for the non-forced

flame only the 0% phase is shown. Once again, the soot concentrations do not vary

greatly within the flicker cycle for the region shown, since the flame flicker mainly

affects the upper half of the flame. For the forced flame, the soot volume fraction peaks

at the side corners of the puff, whereas for the non-forced flame, the soot volume fraction

peaks at the higher elevations in the flame. A comparison of the two cases in figure 4.13

also brings out the difference in the flame lengths. Shorter flames allow for lower

residence time and therefore lower soot concentrations.

4.7: SOOT PARTICLE TRACKING

Soot particle tracking was carried out to understand the soot particle evolution in

the low Strouhal number forced flames. Figure 4.14 (top) shows the soot volume fraction

for the non forced flame and a forced flame (500% amplitude at 10 Hz) for the tracked

soot particle as a function of the residence time. The soot particles tracked here have

peak volume fractions very close to the peak levels seen for the respective flame. As

expected the soot volume fraction initially increases with residence time, and then drops

eventually. The soot reaction rates (in kg/m3-s) at the corresponding instances are shown

in figure 4.14 (bottom). In Fig. 4.14 (bottom), “SN” denotes the soot nucleation rate,

“SSG” denotes the soot surface growth and “SO2” denotes the oxidation due to O2. The

soot oxidation due to OH is not shown here, since the values for these rates are

comparatively lower than the other rates at low residence times, and the rates are much

higher once the soot particles traverse out to the edge of the reacting zone, where they get

oxidized. Open symbols correspond to the non-forced flame while closed symbols

correspond to the forced flame. The average soot particle size diameter for the

corresponding cases has also been shown in figure 4.15, while the number density is

plotted in figure 4.16.
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Figure 4.15: Average particle size diameter for the tracked soot particle.
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Figure 4.16: Soot particle number density (1/m3) as a function for residence time.
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For the soot particle in the forced flame, the increase in the soot volume fraction

seen in figure 4.14 is associated with the time integration of a soot particle traversing the

nearly constant soot surface growth rate environment. This also implies that over this

time, a soot particle is tracing through a zone where there is sufficient C2H2 for soot

surface growth. As the soot volume fraction increases, the soot number density decreases

down showing that the soot particles are agglomerating into larger particles. Thus the

number density is decreasing, while the volume fraction is increasing. This continues till

about 70 ms. It is not clear why the soot volume fraction seems to peak at 70 ms when

both the oxidation rates are much lower than the soot surface growth rate. The number

density (figure 4.16) goes down initially, showing that the particles here are

agglomerating to form larger sized particles. At about 70 ms, one sees a significant

increase in the oxidation rates especially due to OH, indicating that the fluid particle is at

the edge of the reaction zone. At the final instant, the fluid particle has crossed over the

reaction zone and so the oxidation rates due to OH and O2 are larger than the other rates.

The average soot particle size (based on a spherical particle shape and monodisperse

distribution;
3/1

16








=

s

s

s
p N

Y
d

ρ
ρπ

) peaks at 70 ms, consistent with the peak soot volume

fraction. Accordingly, the soot volume fraction and number density drops showing that

the soot is being consumed in the oxidation process. The number density also decreases

showing the consumption of the soot particles.

For the non-forced flame, the soot volume fraction peaks at 40 ms. The particle

size also peaks at 40 ms while the number density is minimum at this instant. The

reaction rate plots show that all the rates decrease from 10-40 ms following which the

surface growth rate drops while the nucleation and oxidation (from O2) rates grow. With
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increasing residence time, all the reaction rates drop off since the soot particles are

oxidized as can be seen from the soot volume fraction plot.
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Figure 4.17: Plot of the soot addition rates (in kg/m3-s) as function of the residence time
for the particles tracked.

In comparing the forced and non-forced cases, the non-forced case shows shorter

residence time than the forced flame case. However, the peak soot volume fractions in

the forced case are lower than the non-forced case. Based on the longer residence time

argument, it would appear that the forced soot particle should have higher peak soot

volume fractions. The relative environment with reference to soot chemistry might

explain this observation. In the forced case, all the soot rates show lower values as

compared to the non-forced flame. Further, the nucleation and oxidation (from O2) rates

almost match each other, while the oxidation (from O2) rates are significantly lower than

the nucleation rates in the non-forced particle. Figure 4.17 shows the net soot addition

rates, i.e. soot nucleation rate (SN) + soot surface growth rate (SSG) – soot oxidation rate
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(SO2), as a function of the residence time. The plot shows that though the residence time

in the forced flame is longer than the residence time in the non-forced flame, the net soot

addition rates for the forced flame are lower as compared to the non-forced flame. The

combined effect of the two (longer residence times with lower net soot addition rates),

results in a shorter residence time with conditions favorable for soot growth for the forced

flame as compared to the non-forced flame. The lower net soot addition rates for the

forced flame are due to the reduced acetylene concentrations along the soot pathways

(section 4.6) in the forced flame. Although, the two mechanisms (lower acetylene

concentrations and longer residence times) have opposite effect on soot growth, the effect

of the lower acetylene concentrations dominates for the forced flame. As a result, the

forced flame has a shorter “favorable” residence time, and therefore lower soot

concentrations.

It can also be possible in certain forcing cases, the local environment can be

favorable to soot growth, and this might result in increased soot production in certain

flames. The simulations of Kaplan et al. (1996) also showed increased residence time

(for soot particles) in methane–air flames forced at 75% and 10 Hz (St=0.37). However,

their simulations showed that the soot volume fraction increased four fold in the forced

flames and they attributed this to the increased residence times. Our simulations of the

same conditions (flame set-up without fuel nozzle as described in section 2.13) showed a

13% increase in the peak soot volume fraction levels as compared to the non-forced case.

The differences in our simulations and the simulations of Kaplan et al. (1996) could be

due the chemistry model used. Kaplan et al. (1996) used a mixture fraction model with

an empirical soot model (Syed et al., 1990) in their study, while we have used a finite rate

chemistry model and a semi-empirical two equation soot model in our calculations.
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It should also be noted that the residence time as presented here differs from that

presented by Kent and Wagner (1984). Their residence times are calculated based on the

axial distance from the nozzle exit plane and the local axial velocity, and provide for the

total time that the particles have traveled in the flame. On the other hand, our residence

time estimates are based on setting residence time=0 as the instant where a small soot

concentration is observed (believed to be nucleated) and then tracking the soot particle as

it passes through the flame.

4.8: EFFECT OF PREMIXING ON SOOT CHEMISTRY

To examine the effects of premixing on the combustion chemistry, the fuel was

“cooked” with varying amounts of air. This was done by integrating the species

conservation equations over the typical residence time of the soot particles (90 ms),

without any diffusion or convection effects. The initial mixture (of fuel and air) was

varied and a constant temperature was maintained. A small amount of OH, O and H

(0.0005 mass fraction of each) was also present initially to start (ignite) the chemical

reactions. The idea behind the exercise was to get an understanding of the relative

chemical environment the soot particles pass through and the effect of this environment

on soot concentration levels.
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Figure 4.18: Mass Fraction of soot and C2H2 obtained by premixing varying amounts of
O2 with the fuel after a time period of 90 ms.

The results of this study are presented in figure 4.18. The figure shows the C2H2

and soot mass fractions for varying amounts of premixing of air (O2 shown) with the fuel.

The equivalence ratio for the starting mixture is also shown in the figure. The

temperature was maintained at 1525 K and the gas-phase chemistry was allowed to

evolve for 90 ms. The exercise was repeated at the temperature of 1726 K. These two

temperatures were chosen since the soot particles tracked earlier existed over this

temperature range. The plot shows that with small amount of premixing of fuel and air,

C2H2 and soot concentrations peak, and then with further premixing the C2H2 and soot

concentrations drops off, especially near stoichometric conditions (φ =1).
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These observations are similar to the observations of Hura and Glassman (1988).

They performed experiments to measure the soot production in counter flow diffusion

flames with varying amounts of oxygen in the fuel stream. They observed that for

propane flames, the presence of small amount of oxygen reduced soot concentrations. A

further increase in the amount of oxygen resulted in an increase in soot levels. For

mixtures closer to φ =1, the soot concentration drops off to zero. The initial decrease in

soot levels for small oxygen concentrations was explained on the basis of oxygen

behaving as a diluent. The presence of oxygen in the fuel stream is expected to enhance

the pyrolysis of the fuel – which would cause the fuel to break down to soot precursors

and therefore actually increase the soot concentration levels. With a small amount of

oxygen, the dilution effect of the oxygen in reducing the local fuel concentrations seems

to be stronger than the increase in pyrolysis rate. The increase followed by a sharp

decrease in soot concentration levels for higher oxygen concentrations was explained by

Hura and Glassman (1988) on the basis of the formation of a double flame in the reaction

zone, The double flame consisted of an independent inner premixed flame and an outer

diffusion flame. With increasing oxygen concentrations, the inner premixed flame zone

cannot yet exist independently, however it provides a source of pyrolysis products which

lead to increased soot formation in the outer diffusion flame. With further oxygen

content, the inner flame becomes an independent premixed flame, where the oxidation

reactions are stronger than the pyrolysis reaction rates, and as a result, a lower

concentration of soot precursors enters the diffusion flame. This results in a sharp

reduction of soot levels.

On the other hand Gülder (1995) observed a reduction in soot concentrations with

premixing in the case of methane flames. He has explained his observations on the basis

of a combined dilution and chemical effect. The presence of oxygen dilutes the local fuel
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concentrations, and also the local temperatures. The presence of oxygen can have two

counteracting effects on soot chemistry - it can increase the pyrolysis of the fuel which

result in more soot precursors, and can also oxidize the soot precursors. Gülder argues

that for methane flames, oxygen presence increases the oxidation rates of the soot

precursors and hence the observed soot reduction with increasing premixing.

Another issue discussed by Glassman (1998) and Gülder (1995) is that the

premixing affects the local thermal diffusivity of the mixture and this might lead to

smaller high temperature region in the flame. The smaller high temperature region would

translate to lower residence times for soot particles. This would result in lower soot

concentrations.

For turbulent flames, which are normally lifted, one imagines that this forcing

mechanism being studied could cause a large amount of premixing of the fuel and air in

the near nozzle region. Further, these trends indicate that fuel stream forcing offers a

new method of active control for burners where the amount of premixing and therefore

properties such as luminosity can be actively controlled. For certain burner applications

high luminosity is required to enhance radiation heat transfer for materials processing.

On the other hand soot production needs to be reduced in applications such as flares.

Based on the applications on hand, the burners can be operated in low or high Strouhal

number range.
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Figure 4.19: OH mole fraction contour plots close to the nozzle exit for the flame forced
at 500% at 10 Hz (St=0.232). Here the 90% (left) and 0% (right) phase data
is shown.

4.9: VORTEX FLAME INTERACTIONS

A focus on the near nozzle region for the low Strouhal number forcing cases

shows the presence of a vortex just downstream of the nozzle. Figure 4.19 shows the

contour plots of the OH mole fraction for the 500% amplitude forcing at 10 Hz

(St=0.232) just when the flame is being clipped (90% phase) and after the flame has been

clipped (0% phase). The peak OH mole fraction is a good indicator of the flame sheet.

The figure shows that the vortex generated due to the forcing action pushes the flame

sheet towards the centerline (90% phase) and then eventually clips the flame (0% phase).

The flame clipping breaks the original flame in two flames – an upper flame which gets

convected away along with vortex and a lower flame, which stays close to the nozzle

exit.
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The flame clipping occurs since the high strain rates (~100 s-1) generated by the

vortical motion push the flame towards the centerline. A stagnation point is created at

x~25 mm. This stagnation point acts as a separation point, where the reacting zone on the

nozzle size is pulled back into the nozzle, while the reaction zone on the opposite side of

the stagnation point is pushed upwards by the vortex motion.

4.9.1: Lower Flame and Flame Stability

The lower flame acts as an ignition source for the flame generated during the

subsequent forcing cycle. The 0% phase represents the beginning of the following

forcing cycle. The 90% phase image shows the presence of an OH bridge which in a

sense connects the two consecutive forced flames. The forced flames grow to their full

size and then clip off from the bottom, once they have ignited the flame corresponding to

the next forcing cycle. Experimental evidence of Lakshminarasimhan et al. (2006) too

points to the presence of a similar OH bridge being formed in strongly forced jets.

However, if the flame clipping process is such that the flame does not ignite the

flame associated with the next forcing cycle, the flame would be extinguished. The flame

clipping process can be explained based on the local straining of the flames. If the

forcing action is too strong, the strain rates might be high enough to locally extinguish the

lower part of the flame. This would mean that there would be no ignition source for the

following cycle and a blow-off would occur.

The cases examined (listed in table 4.1) with fuel mass fraction of 0.3 had higher

non-forced jet velocities of 0.2 m/s. This translated to a non-forced Reynolds number

(Re= νDU 0 ) of 142. The purpose of examining these cases was to understand the

effects of forcing on flames with higher fuel jet velocities. The fuel stream was diluted

with N2, to limit the size of the flames, so that they could be studied without changing the

computational domain. The case where the flame was forced at 500% amplitude at 20 Hz
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(St=0.184) showed that the flame periodically lifts off during the first half of the forcing

cycle and then reattaches during the latter half of the forcing cycle. This was similar to

the experimental observations of Mueller and Schefer (1998), where they observed

periodic lifting and reattachment in acoustically forced methane flames.

On the other hand, the flame forced at 500% amplitude at 10 Hz (St=0.092)

showed blow-off. The forced flame here results in puffs over the initial forcing cycles,

however after subsequent forcing cycles the lower flame is not formed during the flame

clipping action. The upper flame convects away and the lack of an ignition source means

that the fuel exits the nozzle and just mixes with the surrounding air, without reacting

with it. The fact that fuel stream is diluted could also responsible for the blow-off, since

the diluted flames have lower flame extinction strain rates. However, one can certainly

imagine that, for sufficiently high velocity jets, high strain rates generated by the forcing

vortices would completely extinguish the lower flame.

It could be said that there exists a flame stability range based on the Strouhal

number of the forced jets where the puffs can be found. The stability range would be

dependant on the forcing Strouhal number and also the non-forced fuel jet velocity. At

the upper limit would be St=1 while the lower limit would be specific to the local

straining conditions. For St higher that the upper limit, the flame structure would not be

modified, while for St lesser than the lower limit, the flame would blow-off.

4.9.2: Upper Flame and Puffs

The vortex action of bringing the flame towards the centerline and the upwards

results in a triangular shaped puff like structure. Lewis et al. (1988) to observed similar

structure for laminar flames forced using a loudspeaker. Figure 4.20 shows the contour

plot of OH mole fraction for one such puff which is tracked over four phases. The puff is

convecting downstream and so, is at different downstream locations at the different phase
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instances shown. The forced flame case examined has forcing amplitude of 500% at a

forcing frequency of 10 Hz. The velocity vectors are also superimposed in the contour

plots. The contour plots show the changing morphology of the upper flame or puff, as it

convects downstream. The plots also show that the reaction zone extends to the bottom

of the puff too.

At 0% phase, the shape of the puff is more like a triangle with smooth edges. By

20% phase, the shape looks more like an arrowhead. This is the effect of presence of the

vortex located near the side edges of the puff. As the puff moves downstream, the shape

of the puff evolves based on the vortex flame interaction. The bottom part of the puff is

pushed up and this results in the lower part of flame also closing into the puff. Since the

velocity amplitudes closer to the center of the vortex are lower than the velocity

amplitude at the periphery of the vortex, the side edges of the flame move slowly relative

to the rest of the puff. This vortex action coupled with the buoyant acceleration modifies

the original triangular structure into an arrowhead shape.
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Figure 4.20: Contour plot of the OH mole fraction while following the upper flame (or
puffs) over four phases (0%-top left, 20% top right, 40% bottom left and
60% bottom right) for the flame forced at 500% amplitude at 10 Hz.
(St=0.232). The velocity vectors are also superimposed.
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Figure 4.21: Contour plot of the soot reaction rates in kg/m3-s for the flames forced at
500% amplitude at 10Hz. (St=0.232). ‘SN’-Soot Nucleation; ‘SSG’-Soot
Surface Growth; ‘SO2’-Soot Oxidation due to O2; ‘SOH’-Soot Oxidation
due to OH.
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The side edges of the puff lie in the region close to the center of the vortex. These

edges are also the areas which show the highest soot volume fractions. This is expected

since these regions show relatively lower, velocity gradients and therefore lower strain

rates. This allows for higher soot residence times and therefore higher soot volume

fraction levels.

As the puff moves downstream, the size of the puff also reduces due to the

combustion consuming the fuel within the puff. The reduction in size can be seen when

comparing 40% and 60% phase instant images.

The soot volume fractions seen in the flames forced at 500% at 10 Hz frequency

are about 24% lower than the peak soot levels seen for the non-forced flames. This can

be explained on the basis of the formation of puffs for flames forced at low forcing

frequency. A comparison of the soot nucleation, soot surface growth and oxidation due

to O2 and OH shows that the oxidation process especially by OH is much larger than the

other processes. This suggests strong oxidation of soot in the puffs. Also this oxidation

process occurs over the entire surface area of the puff – even at the bottom of the puff.

Figure 4.21 shows the contour plots of the rates of soot nucleation (‘SN’, extreme left),

soot surface growth (‘SSG’, middle left) and oxidation due to O2 (‘SO2’, middle right)

and OH (‘SOH’, extreme right). The rates have units of kg/m3-s.

A check of the magnitudes of the reaction rates indicates that the soot oxidation

rates are larger than the other processes- the peak soot oxidation rate due to O2 is about

two times the peak soot nucleation or soot surface growth rates, while the peak rate of

oxidation due to OH is an order of magnitude larger than the peak soot nucleation and

surface growth rates. All the four soot reaction mechanisms stretch to the bottom of the

puff. Among these, soot oxidation rate due to O2 peaks at the bottom of the puff, and the

reaction zone at the bottom is the thickest. This is interesting, since, the bottom of the
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puff lies in the exhaust stream of the lower flame, and one expects a lack of O2 in this

region. However, the vortex, which is present close to the lower edge puff helps to bring

in cold air from the surroundings and allows for the burning at the bottom of the puff.

The vortex action thus sustains the combustion process at the bottom puff. As compared

to a situation where the same amount of fuel was burning in an attached flame form, the

puff combustion process has larger reacting surface area.

4.10: SUMMARY

Strongly forced laminar CH4-air diffusion flames were simulated. The strongly

forced flames, show a reduction of approximately 28% in peak soot volume fraction. The

reduction in soot levels could be explained based on the environment that the soot

particle passes through – especially in terms of soot chemistry. Further, the acetylene

concentration profiles in forced flames differ from those seen in non-forced flames – and

this supports lower soot growth. It was also observed that for very low St, strong forcing

results in blow-off and this suggest the presence of a stability range for strongly forced

flames.
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Chapter 5

Soot Reduction in Strongly Forced Lifted Laminar Flames

The computations in the previous chapter indicate that premixing might explain

the changes in luminosity seen in the experiments of strongly forced diffusion flames

(Lakshminarasimhan et al., 2006 and Bisetti et al., 2000). In this chapter the

computations are performed on jets with higher non-forced jet velocities. This was done

so that we can examine the forcing effects on flames which are “lifted” or “non-

attached”. The idea here is that the lifted region provides space, where the fuel and air

could mix, and this might help explain the soot reduction observed in strongly forced

flames.

5.1: COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS

The jet velocities in the cases examined in this chapter are high enough, such that

with strong forcing, the forced flames are non-attached. The computational domain for

this study was similar to the set-up of Shaddix et al. (1994) described in Chapter 2 – only,

here the fuel nozzle had an internal diameter of 6 mm and extended 10 mm into the

computational domain. For the calculations of the forced flames at 50 Hz with 300% and

400% amplitude forcing, the nozzle length was increased to 20 mm, since the forcing

action for these two cases resulted in fuel boundary condition (at the bottom of the

nozzle) interfering with the solution. The nozzle wall thickness was 0.2 mm and was

maintained at 550 K. The non-forced jet velocity was set to 0.5 m/s (flat profile). The

fuel used was CH4 and the fuel stream was diluted with N2. The mass fraction of CH4 in

the fuel stream was 0.3 and the fuel stream was maintained at 300 K. This gave a
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Reynolds number (Re= νDU 0 ) of 178. The Froude number (Fr) for the non-forced

flame was 0.485, showing that the flames were buoyancy dominated. The air co-flow

had a velocity of 0.079 m/s with a flat profile and was kept at 300 K. The set-up also

gives a flickering flame for the non-forced case with a flame length of 8.66 mm based on

the peak flame temperature along the centerline. Roper’s correlation (1979) for this setup

gives a flame length of 7.36 cm. Table 5.1 is a list of the cases of forced flames

examined. The peak soot volume fraction concentrations for the forced flames have also

been listed in the table. Some of the forced flames examined here show a large reduction

in the peak soot volume fraction e.g. the flame forced at 400% amplitude at 50 Hz

(St=0.12) shows a peak soot volume fraction reduction by 93% as compared to the non-

forced flames. The soot reduction observed for some of the forced flames here is much

higher than those observed for the forced flame calculations done in the previous chapter.

Based on the observations from the previous chapter, premixing and flame lifting are

examined as possible mechanisms to explain soot reduction in some strongly forced

flames.
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Table 5.1: List of the cases of forced flames examined.

U0

(m/s)

A

(%)

f

(Hz)

St

(fD/Umax)

Soot

(ppm)

Type

0.5 Non-forced - - 0.098 Attached

0.5 200 100 0.4 0.0821 Attached

0.5 300 50 0.15 0.0226 Lifted

0.5 300 100 0.3 0.0401 Lifted

0.5 300 200 0.6 0.0454 Lifted

0.5 300 400 1.2 0.0698 Attached

0.5 400 25 0.06 - Blow-off

0.5 400 50 0.12 0.006 Lifted

0.5 400 100 0.24 0.0114 Lifted

0.5 400 200 0.48 0.016 Lifted

5.2: STRAIN RATES AND LIFTED FLAMES

For the cases examined in this chapter, the non-forced flame was attached to the

jet nozzle however some of the forced flames cases examined were lifted. Table 5.1 also

gives the type of the forced flames – whether these flames were attached or lifted. For

the flame forced at 300% amplitude at 400 Hz, the flame was attached. Reducing the

forcing frequency to 100 Hz while maintaining the same forcing amplitude resulted in a

lifted flame. Examining the strain rates for both the cases helps to explain why the

flames are either lifted or attached. Since the forcing amplitude for both the cases

mentioned above is the same, the peak maximum and peak minimum velocities for both

cases are identical. This should translate to both the flames having the same



155

characteristic – either attached or lifted. Du et al. (1988) have suggested 380-400 s-1 as

the critical strain rate band for methane-air flames, above which flame extinction can be

expected. The strain rates are a measure of the chemical kinetics, since high strain rates

imply shorter time-scales for the fuel and oxygen to react. The ratio of the convective

time scales (inverse of the strain rates) and the chemical reaction time scale is given by

the Damkohler number ( chemchemconv UDDa τττ == ). For large Da, the chemical time

scales are small as compared to the convective time scale – and fast chemistry can be

assumed and the system is mixing (or convection) limited. On the other hand, for small

Da (or larger strain rates), the system is limited by the chemistry time scales. Since the

fuel stream is diluted, one expects the critical strain rates for the flames examined in this

study to be lower than the 380-400 s-1 range. Based on the peak velocities, the strain rate

is calculated as

D

UU

D

u
s minmax −=

∆
= (5.1)

For 300% amplitude forcing, the global strain rate is 500 s-1. This is greater than

the extinction strain rate as suggested by Du et al. (1988), and one expects the flame to be

locally extinguished near the nozzle, irrespective of the forcing frequency.

The Strouhal number (St) for the forced flames has also been given in table 5.1.

Strouhal number gives the ratio of the vortex formation time-scale ( maxUD ) to the

forcing time-scale (1/f). If the forcing St is smaller than 1 then the vortices would be

fully formed (Lakshminarasimhan et al., 2006 and Barve et al., 2006a), while for St

greater than 1, the forcing does not greatly affect the flow characteristics.

Since the St for the 300% amplitude forcing case at 400 Hz is greater than 1, the

vortices here are not fully formed and the so the forcing effect is not convected

downstream. In another sense the forcing effects are localized to the nozzle, and do not

affect the flame. On the other hand the St for the 300% amplitude forcing case at 100 Hz
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is less than 1. Here, the vortices formed due to forcing are fully formed and are

convected downstream. As a result, the effect of the forcing is not limited to the nozzle

region and extinguishes the flame in the region of high strain rates. Further downstream

from the nozzle exit plane, the vortices loose strength and strain rates reduce. This

allows for the reaction zone to be established.

Figure 5.1: Contour plots of the strain rate (in s-1) and the OH mole fraction for the flame
forced at 300% amplitude at 100 Hz (left) and 400 Hz (right).
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Figure 5.1 shows the instantaneous OH mole fraction (left side of axis of

symmetry) and the strain rate (right side of the axis of symmetry) contour plots for the

flames forced at 300 % amplitude at 100 Hz (left) and 400 Hz (right). The instances

shown here are typical for the entire forcing cycle. The peak OH mole fraction is a good

marker for the reaction zone, and it can be seen that the for the flame forced at 400 Hz,

the reaction zone extends all the way to the nozzle exit – apart from a very thin (~1 mm)

quench layer close to the nozzle. This quench layer is seen due the constant temperature

boundary condition (550 K) maintained for the nozzle. Practically too, one expects to see

such a quench layer, since the nozzle would act as a heat sink and thus extinguish the

flame at the nozzle boundary. The high strain rates (>500 s-1) for this case are limited

to the near nozzle region or in the nozzle quench zone. For the flame, forced at 100 Hz,

the reaction zone sits about 10 mm above the nozzle exit plane. The strain rate contour

plot shows that the high strain rates are prevalent in the non-reacting zone above the

nozzle exit. There is a region of very strain rates (~700 s-1) just below the region where

the reaction zone sits. The high strain rates close to the reaction zone might be an effect

of the buoyant acceleration experienced in this region. The buoyant acceleration leads to

large velocity gradients and thus high strain rates.

It is not unusual to have “lifted” laminar diffusion flames. The laminar CH4-air

diffusion flames studied by Mohammed at al. (1998) and Walsh et al. (2000) are also

lifted flames.
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Figure 5.2: Normalized axial velocity along the centerline as a function of downstream
distance for the flame forced at 400 % amplitude at 100 Hz (top) and 200 Hz
(bottom).
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5.3: AXIAL VELOCITY PROFILES

Figure 5.2 (a) and (b) are plots of the normalized axial velocity along the

centerline for the flames forced at 400% amplitude at 100 Hz and 200 Hz. 5 individual

phases (0, 20, 40, 60 and 80% phase) as well as the cycle averaged values are shown

here. Both these cases have St<1 and result in lifted flames. The lift height (i.e. the

distance above the nozzle exit to the elevation where temperatures reach 1000 K) is 16

mm (or 2.7D) for the flame forced at 100 Hz and 2.7 mm (or 0.45D) for the flame forced

at 200 Hz. Note here that the nozzle exit plane is at 10 mm (1.67D). The plot shows that

in both cases, the effect of the forcing is observed within the nozzle and just downstream

of the nozzle exit plane. The forcing action generates vortices just outside the nozzle exit

plane and these vortices convect downstream. As a result we observed oscillations in the

axial velocity field along the centerline. The amplitude of the oscillation decays with

downstream distance since the vortices loose strength as they convect downstream.

However, the oscillations in the axial velocity field persist for a longer distance

downstream in the flame forced at 100 Hz (St=0.24) as compared to the flame forced at

200 Hz (St=0.48). This is because the St for the flame forced at 100 Hz is lower (by

50%) than the St for the flame forced at 200 Hz. These results are similar to those

observed for the cold flow calculations. Note that the region where the oscillations in the

velocity field are observed (2D-8D) is relatively cold. As a result the time averaged

velocity does not change considerably with downstream distance and no buoyant

acceleration is observed. Once the oscillations in the axial velocity field die out, the axial

velocity increases quite rapidly due to buoyant acceleration indicating the presence of the

reaction zone.

The oscillations in the velocity field further downstream (>10D) are due to flame

flicker. This is expected since the non-forced flame has Fr of 0.485, indicating that the
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flames are buoyancy dominated. Adjusting for the forcing amplitude of 400% gives Fr

of 2.425. As a result the forced flames too are buoyancy dominated and flame flicker is

expected.

5.4: MIXTURE FRACTION

5.4.1: Mixture Fraction Plots

The mixture fraction plots for the flames forced at 300% amplitude forcing at 100

Hz (St=0.3), 200Hz (St=0.6), and 400 Hz (St=1.2) are shown in figure 5.3. The mixture

fraction Z is an indicator of the mixing of fuel and air (oxygen) and is calculated as

2

2

OF

OZ
ββ
ββ
−

−
= (5.2)

where,
22

2

OO

O

FF

F

M

Y

M

Y

νν
β += (5.3)

The subscripts O2 and F denote the air (oxidizer) and fuel streams respectively,

while ν is the stoichometric coefficient. For CH4 fuel, the single step complete reaction

is given as OHCOOCH 2224 22 +→+ . This gives Fν =1 and
2Oν =2. Based on this

construction of the mixture fraction, a value of unity for the mixture fraction indicates the

fuel stream and a value of zero indicates the air (oxidizer) stream. Note here that the fuel

stream is diluted with N2 (57% by volume) and this gives the stoichometric mixture

fraction as 0.16.
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Figure 5.3: Plots of mixture fraction as a function of downstream distance for flames
forced at 300 % amplitude at 100 Hz (top), 200Hz (middle) and 400Hz
(bottom).
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Figure 5.3 shows the effect of forcing frequency on the fuel-air mixing process.

For the three cases shown here, the forcing amplitude was maintained at 300%. For the

low forcing frequency case (100 Hz), the plot shows that the mixture fraction varies from

phase to phase. This indicates that the vortices generated by the forcing action serve to

mix the fuel and oxygen by bringing in oxygen from the surroundings into the fuel

stream. The nozzle extends to 1.67D and mixture fraction at the nozzle exit is below

unity indicating that the premixing is occurring within the nozzle close to the exit plane.

The flame here is lifted and sits at ~1.5D above the nozzle exit. This cold region

allows for the fuel and oxygen to further mix before the combustion process.

Beyond 11D, the oscillations in the mixture fraction field are not observed and the

individual phase mixture fractions match those of the cycle-averaged value. This is

consistent with the observations of the axial velocity field which also shows that the

forcing induced oscillations in the axial velocity along the centerline also die out at

distances greater than 11D.

For a forcing frequency of 200 Hz, (middle plot) the mixing process is still

occurring. However, the extent (<5D) and the strength of the mixing are diminished as

compared to the low frequency case (top). This flame is also lifted and sits 0.5D above

the nozzle exit. The smaller lift length means that the fuel and air have a shorter “cold”

distance to mix as compared to the low frequency forcing case. As a result the mixing

here would not be as strong as the low frequency case. This can be seen by the mixture

fraction dropping to 0.5 at x=4D for this case, while for the low frequency forcing case,

the mixture fraction drops to 0.2. Also, the mixture fraction within the nozzle (x<1.67D)

does not drop below unity in this case, showing that the premixing is restricted to the near

nozzle region only.
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A further increase (to 400 Hz) in the forcing frequency continues the trend that

the fuel-air mixing is suppressed with increasing forcing frequency. The flame here is

attached and as a result less oxygen can premix with the fuel. The mixture fraction does

show a small increase just downstream of 10D – this is an effect of flame flicker which

affects the upper half of the flame. Also, the mixture fraction now does not vary from

phase to phase and so agrees well with the cycle averaged value. The same profile is

expected in a non-forced flame. As a result, the high frequency forcing does not result in

premixing within the nozzle or in the near nozzle region. Further, the high frequency

forcing does not change the flame structure.
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Figure 5.4: Normalized axial velocity for the forcing case of 400% amplitude at 100 Hz.
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5.4.2: Stroke Length and Penetration Distance

Lakshminarasimhan et al. (2006b) observed that in strongly forced turbulent non-

reacting jets, the penetration distance of the air into the nozzle scales as the stroke length.

The stroke length can be calculated as ( )dttuL
t

t

s ∫=
2

1

where 1t and 2t are the phase

instances between which the axial velocity u is negative. For the strongly forced jets in

Lakshminarasimhan et al. (2006b), the stroke length reduced to the ratio of the maximum

jet velocity to the frequency of forcing ( fULs max= ). This scaling should work well for

calculating both the penetration distance inside the nozzle as well as on the outstroke of

the forcing cycle, if the peak velocities are large as compared to the non-forced velocities.

In our simulations, we can theoretically integrate the forcing function i.e.

( )( )ftAUu π2sin10 += ) to calculate the penetration distance. First, the time scale over

which the axial velocity u is negative has to be determined. This can be done by plotting

out the forcing function for the different cases and locating the phase instances ( 1t and

2t ) between which axial velocity is negative. Figure 5.4 shows the forcing cycle for the

flame forced at 400% amplitude at 100 Hz. The area under the curve (marked in hash

marks) represents the penetration distance.
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Figure 5.5: Instantaneous mixture fraction contour plots along with the velocity vectors
for the flames forced at 400% amplitude at 100 Hz (left) and 300%
amplitude at 200 Hz (right).

The penetration distance for the forced flames simulations can be determined by

measuring the distance from the nozzle exit plane, at which non-zero mixture fraction is

observed. A non-zero mixture fraction signifies the presence of fuel and would thus

mark the distance till which the air from the surroundings penetrates the fuel nozzle.

Figure 5.5 shows the instantaneous (0% phase) mixture fraction contour plots for the

flames forced at 400% amplitude at 100 Hz (left) and 300% amplitude at 200 Hz. The

two cases have St of 0.24 and 0.45 respectively. The 0% phase instant is close to the
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instant where the axial velocity would change direction from into the nozzle to out of the

nozzle, and therefore analyzing this instant would be most representative from the point

of determining the penetration distance. The theoretical penetration distance s for the

400% amplitude forcing at 100 Hz case is 4 mm, and this agrees well with the mixture

fraction plot. For the flame forced at 300% amplitude at 200 Hz, the penetration distance

is 1.3 mm, and this also scales well with the mixture fraction plot.

The penetration distance is a good measure of the premixing occurring in the

forced flames. For larger penetration distances, more fuel and air mixing inside the

nozzle is expected. The mixture fraction contour plots (figure 5.5) also show the mixing

action of the vortices generated due to the forcing. For the flame forced at 400%

amplitude at 100 Hz (figure 5.5; left), two vortices are seen – a counterclockwise rotating

vortex inside the nozzle and, a clockwise rotating vortex just downstream of the nozzle

exit plane. The clockwise rotating vortex shows almost uniform mixture fraction,

indicating that the fuel and air are well mixed. The clockwise vortex action brings in air

from the surroundings and pushes it into the mass of fuel close to the centerline. The

counterclockwise rotating vortex on the other hand, does not show mixed fluid, and tends

to push up the fuel along the nozzle walls, while pulling down the air along the

centerline.

For the flame forced at 300% amplitude at 200 Hz (figure 5.5; right), the vortices

do not appear to be fully formed. Also, the premixing seems is limited to a region near

the nozzle edge. The Strouhal number for this case (300% amplitude at 200 Hz; St=0.45)

is almost double that of the earlier case (400% amplitude at 100 Hz, St=0.24), and so this

is not unexpected.
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Figure 5.6: Contour plots of C2H2 concentration for the non-forced flame and the flame
forced at 400% amplitude at 100 Hz (St=0.24).
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5.5: ACETYLENE CONCENTRATIONS

Contour plots of C2H2 concentration for the non-forced flame and the forced flame

(A=400%, f=100 Hz) are shown in figure 5.6. Since soot is formed from C2H2, examining

the peak C2H2 concentrations might explain the observations for soot concentration levels.

The forced flame case chosen here shows a reduction of 88% in the peak soot volume

fraction measurements as compared to the non-forced case. Based on the reduced soot

production observed in the forced flame, lower C2H2 concentration levels are expected in

the forced flame. However, for the forced flame, the peak C2H2 concentration is higher

than the levels seen in the non-forced flame. In addition, these peak C2H2 concentrations

occur at the tip of the forced flame. In the contour plots shown in figure 5.6 the C2H2

mole fractions are shown for the same levels. The high C2H2 concentrations for the

forced flame occur throughout the reaction zone, as compared to the non-forcing case

where, the peak levels are observed near the bottom of the flame. The increased C2H2

concentration over large parts of the forced flame is consistent with the computational

observations of Mohammed et al. (1998). In their computations of laminar methane

diffusion flames forced at low amplitudes (50% amplitude), they observed an increase in

the peak acetylene concentrations as well as an increase in the spatial extent of the high

acetylene concentrations.

Experimental observations (Mishra et al. (2006), Bennett et al. (2000), McEnally

and Pfefferle (2001), Tseng et al. (1996)) have shown that acetylene concentrations

reduce with premixing in methane flames. However, the computations Tseng et al.

(1996) and Bennett et al. (2000) show the opposite trend .i.e. acetylene concentrations

increase with premixing in methane flames. Bennett et al. (2000) have suggested that this

might be due to the underprediction of acetylene oxidation rates in their chemistry

mechanism (GRI Mechanism). Our understanding is that we observe an increase in
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acetylene concentrations for the lifted flames due to a similar underprediction of the

acetylene oxidation rates.

Another difference between the forced and non-forced flame is that the forced

flame is lifted, and sits at about 16 mm above the nozzle exit plane, while the non-forced

flame remains attached to the nozzle. However, the forcing does not greatly affect the

absolute flame length which is about 80 mm, but since the forced flame is lifted, the

effective burning distance or the high temperature reacting zone for the forced flame is

reduced. The reduced burning distance coupled with increased momentum from the

forcing action should result in lower residence times for the soot particles. This might be

one of the reasons for the soot reduction in the forced flame. A check of the axial

velocity in the high C2H2 concentration regions of figure 5.6 showed that the local axial

velocities varied from 0.8 to 1.3 m/s for the forced flame and from 0.4 to 1.9 m/s for the

non-force flame. A simple average gives an approximate axial velocity of about 1.05 m/s

and 1.15 m/s for the forced and non-forced flames. The high C2H2 concentration region

in the non forced flame stretches through about 70 mm, while this value for the forced

flame is about 50 mm. On an approximate sense, this gives a residence time of about 48

ms and 61 ms for the force flame and non-forced flame.

Another possible reason for the soot reduction could be the premixing that occurs

in the lifted forced flame. As we have seen from figure 4.13, large amounts of premixing

results in reduced soot levels.
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5.6: SOOT VOLUME FRACTION

5.6.1: Soot Volume Fraction Contour Plots

Figure 5.7 shows the instantaneous soot volume fraction contour plots for the

non-forced flame (left) and the forced flame (right; 400% amplitude forcing at 100 Hz;

St=0.24; 0% phase shown). The figure shows that the soot concentrations are reduced by

almost an order of magnitude for the forced flame shown here. The region with high soot

concentrations for the non-forced flame is thicker as compared to that in the forced flame.

Note here, the levels shown for the forced flame are an order of magnitude lower than

that for the non-forced flame. The non-forced flame shows sooting regions starting from

5 mm above the nozzle exit plane and the region broadens considerably at higher

elevations (50-70 mm). In contrast, the forced flame shows a thinner soot region which

starts at a higher elevation (30 mm) and the concentrations shown here are an order of

magnitude lower than the values shown in the non-forced flame. The higher elevation for

the sooting region in the forced flame is due to the flames being lifted from the nozzle

exit plane. As a result, the reaction zone is established at the higher elevations and this

result in soot formation occurring at the higher elevations.
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Figure 5.7: Contour plots of the soot volume fraction (in ppm) for the non-forced flame
(left) and the forced flame (right) at 400% amplitude at 100 Hz.
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Figure 5.8: Plots of the soot volume fraction (in ppm) and the soot reaction rates (in
kg/m3-s) for the non-forced flame (top) and forced flame (bottom) at an
elevation of 40 mm above the nozzle exit plane.
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5.6.2: Soot Reaction Rates

To understand and compare the soot chemistry for the forced flame and non-

forced flames, the soot volume fractions and the soot reaction rates for the forced and

non-forced cases were compared at an elevation of 40 mm from the nozzle exit. This

elevation corresponds to x=50 mm in the contour plots shown in figure 5.7. At this

elevation, the soot profiles for the non-forced flame have not thickened due to the flame

flicker effects, while at the same time the soot concentrations for the forced flames are

relatively high. As a result, examining the soot reaction rates at this elevation might give

us an indication of the soot chemistry for the forced and non-forced flame. Figure 5.8 is

a plot of the soot volume fraction and soot reaction rates for the forced (top) and non-

forced (bottom) flame as a function of the radial distance. The soot volume fractions are

plotted in (ppm) while the reaction rates are in (kg/m3-s). For the forced flame, the soot

volume fractions have been scaled by a factor of 0.5 to fit on the same scale as the rates.

Similarly, the soot volume fraction for the non-forced flame is scaled by a factor of 0.1.

The plot shows that the soot region in the non-forced flame is thicker than the soot region

in the forced flame. The soot region in the non-forced flame peaks at a location closer to

the centerline as compared to the forced flame. The most interesting observation is that

the regions of soot nucleation and soot surface growth rate are thicker in the non-forced

flame, and these extend towards the centerline as compared to the non-forced flame. This

is expected since the fuel side is closer to the centerline and soot is the product of the fuel

decomposition. A comparison of the peak soot reaction rates for the forced and non-

forced flames reveals that

1) nucleation rates are about the same for both the flames;

2) soot surface growth rates for the forced flames are about a quarter of the rates

for the non-forced flame
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3) soot oxidation from O2 is higher for the forced flames than the non-forced

flames

4) rates of soot oxidation from OH for the forced flames are about one-half the

rates of soot oxidation from OH for the non-forced flames.

With the exception of observation (4), all the other reaction rate comparisons

point to reduced soot production for the forced flame. The observation for the soot

surface growth rate is of significance, since surface growth is most important mechanism

for high soot volume fraction concentrations. The lower soot oxidation rate from OH in

the forced flame might be due to increased oxidation due to O2 and therefore a lack of

sufficient soot particles for attack from OH.

5.7: OXYGEN ENTRAINMENT AND PREMIXING

The flame forced at 400% amplitude at 100 Hz shows a reduction in peak soot

volume fraction levels of 88% as compared to the non-forced flame. Figure 5.9 shows

the O2 mole-fraction contour plots for 5 phases of the forcing cycle (0% (top left), 20%

(top right), 40% (middle left), 60% (middle right) and 80% phase (bottom left)) in the

near nozzle region. The O2 contour plot for the non-forced flame is also shown in the

figure (bottom right) and the velocity vector has also been superimposed in all the

images. In the forced flame contour plots, the low oxygen region in the x>25 mm, is the

flame region, while in the region x<5 mm within the nozzle, the oxygen concentration is

low in the fuel stream. In the non-forced flame, the O2 concentrations are zero in the

internal part of the flame, since here the flame is attached and no oxygen penetrates the

reaction zone.
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Figure 5.9: O2 mole fraction contour plots for 5 phases (0%-top left, 20% top right, 40%
middle left, 60% middle right and 80% bottom left) over the forcing cycle
for the flame forced at 400% amplitude at 100 Hz (St=0.24). The contour
plot for the non-forced flame is also show (bottom right).
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All the forced flame images show that the O2 concentration in the internal part of

the flame is non-zero as compared to the non-forced flame, where no O2 is observed in

the internal part of the flame. This shows that in the forced lifted flame, the O2 and fuel

are premixed in the cold lifted region.

Going through the complete forcing cycle reveals that the forcing action serves to

premix the fuel and air. The vortices generated by the forcing action bring in the cold air

from the surroundings into the fuel stream, and thus premix the fuel and air. The reaction

zone or the flame forms a cylinder, which surrounds the fuel-air mixture. The presence

of oxygen in the internal part of the flame serves to oxidize the soot particles and thus

result in dramatic soot reduction.

At the beginning of the forcing cycle (0% phase), we can see the presence of

oxygen in the internal part of the nozzle near the nozzle exit. This is because the 0%

phase is also the end of the negative velocity part f the previous forcing cycle. There is a

sharp gradient in the oxygen concentrations further inside the nozzle (x~5 mm) where the

oxygen concentration reduces to zero in the fuel stream. This interface of fuel and air

allows for some premixing of the fuel-air. As the axial velocities increase (20% phase),

the nozzle contains only the fuel as the fuel air mixture is pushed out of the nozzle. The

imparted momentum serves to generate a vortex just outside the nozzle exit plane (40%

phase). As the axial velocities turn negative, the fluid is pulled towards the centerline

(60% and 80%). Since the St for this case of the forced flame is lower than unity, it is

expected that the vortex escapes the negative velocity action and does not get pulled back

into the nozzle. As the vortex convects downstream, the vortex action continues to churn

and mix the fuel-air mixture. Simultaneously, the vortex loses strength as it is convected

downstream. The presence of the flame (x~27 mm), alters the velocity field since the

buoyant acceleration increases the local velocities in such a way that the velocity



177

gradients do not sustain the vortices. As a result, the vortices generated by the forcing

action are not observed beyond the reaction zone.

It can be argued that any lifted flame should show little to no soot production, if

premixing were the mechanism for soot reduction. However, in the case, of a lifted non-

forced flame, the vortices generated at the nozzle exit are not strong enough to bring in

air from the surroundings into the fuel stream and all the premixing would be dependant

on the diffusion of air into the fuel stream. As a result, one would not see a premixed or a

partially premixed flame for a non-forced lifted flame

The idea of using fuel jet forcing to modify the flame characteristics offers

interesting applications. The concept offers a method of having a premixed flame with

actually premixing the fuel and air. This offers all the advantages of premixed

combustion – lower flame temperatures and little to no soot production in the combustion

processes, without the safety concern s of having a premixed fuel-air mixture.

5.8: REACTION INDEX

A reaction index (RI) parameter defined was calculated to understand if mode of

combustion for the forced flame (e.g. if it can be classified as premixed or non-

premixed). The reaction index parameter was based on the product of the gradients of the

fuel and oxygen and is defined as
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A positive RI parameter indicates a premixed flame, since this points to both the

fuel and oxygen spatial gradients having the same direction and the combustion would

then be kinetically limited. On the other hand a negative RI parameter points to the

spatial gradients of the fuel and oxygen having opposing directions which is

characteristic of non-premixed or diffusion flames. The magnitude of the fuel and
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oxygen gradients is used to normalize the quantities. The local CH concentration helps

us decide if the combustion reactions were occurring locally.

Figure 5.10: Contour plots of the Reaction Index (RI) for the non-forced flame (left) and
the flame forced at 400% amplitude at 100 Hz. Magnification of the
reaction zones have been shown in the middle.

This reaction index parameter was calculated over the entire domain. Figure 5.10

shows the reaction index contour for the non-forced flame and the flame forced at 400%

at 100 Hz (St=0.24; 0% phase instant). The reaction zone has been magnified for clarity

in the figure. In the non-forced flame, the RI parameter is always negative. This is

expected since the non-forced flame is a diffusion flame. For the forced flame, the RI

parameter is positive at the base of the reaction zone and on the inside part (fuel side) of

the reaction zone. It turns negative on the outer part (air side) of the reaction zone. This
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indicates that the flame burns in the premixed mode at the base of the reaction zone. Due

to oxygen entrainment into the internal part of the flame, the fuel side of the reaction

zone burns in a premixed mode, and as we move to the air side, the reaction transitions to

a non-premixed mode. This suggests that though oxygen is being entrained and mixed in

the forced flame, the system is still fuel rich. As a result, a non-premixed reaction zone is

established on the air side.

The flame structure observed here is slightly different than that seen in triple

flames, where fuel rich and fuel lean premixed flames are separated by a diffusion flame.

Here, the fuel lean premixed flame does not seem to be established, as in triple flames,

suggesting that all the fuel is consumed in the diffusion flame.

5.9: SIMULATIONS WITH NO SOOT OXIDATION MECHANISM

To isolate the effects of increased soot oxidation due to O2 entrainment, the

computations for the non-forced flame and the flame force at 400% amplitude forcing at

100 Hz (St=0.24) was performed, this time by switching off the soot oxidation steps in

the code. This was done by reducing the reaction rates for soot oxidation from O2, OH

and O to zero. Once the soot oxidation mechanism is turned off, the soot particles would

continue to grow so long as soot surface growth rates are non-zero. At the instant where

the soot surface growth reduces to zero, the soot volume fraction is expected to peak, and

the soot particles are then just be convected away with the other gases. The idea behind

this exercise is that, if soot-oxidation due to premixing is the most important mechanism

in the soot reduction observed in forced flames, then the forced flames with zero soot

oxidation rates will not show soot reduction to the scale observed in the earlier

calculations, where the soot oxidation mechanism is modeled.
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Figure 5.11: Contour plots of the soot volume fraction (in ppm) results with the soot
oxidation chemistry turned off. The figure on the left is for the non-forced
flame and the one on the right is the flame forced at 400% at 100 Hz
(St=0.24).
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The Figure 5.11 shows the contour plots of the soot volume fraction (in ppm) for

the non-forced flame (left) and the forced flame (right). The non-forced flame shows

peak soot volume fractions above 90 mm (i.e. 80 mm above the nozzle exit plane) and the

values peak above 0.11 ppm. The peak volume fraction for the instant shown is 0.14

ppm. The non-forced flame soot volume fraction peaks above 130 mm, and the peak

value for the instant shown is 0.073 ppm. For both the cases, the peak soot volume

fraction is observed at the edge of the reaction zone, where the soot surface growth rates

would reduce to zero due to the lack of C2H2. If one compares the soot volume fraction

data in the reaction zone or the flame region (i.e. x<90 mm), the forced flame shows a

reduction in the soot produced. The typical soot reduction observed in the forced flame

over this region (x< 90 mm) is of the order of 50%. This is significant however, with the

soot oxidation mechanism turned on, the soot reduction in the flame forced at the same

amplitude (400%) and frequency (100 Hz) shows 88% reduction in soot.

These observations clearly show that the soot oxidation occurring due to the fuel-

air premixing in the forced lifted flames drives down soot levels down from about 50%

all the way down to 88%. On the other hand, the modified environment for the soot

particles in terms of changes in the regions of the flame where C2H2 concentrations peak,

too contributes significantly to soot reduction in forced flames. The combined effect of

the modified soot chemistry environment and fuel-air premixing results in lower soot

levels in the forced flames.

5.10: SOOT REDUCTION AS A FUNCTION OF STROUHAL NUMBER

Based on the observations of the preceding chapters, the forcing Strouhal number

(St) appears to be the critical parameter to understand the response of the flames to

varying forcing amplitudes and frequencies. Figure 5.12 is a plot of normalized peak

soot volume fraction concentrations for the different forced flames as a function of St.
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The data points shown here include all the cases examined in this study. The peak soot

volume fractions for the forced flames have been normalized by the corresponding non-

forced peak soot volume faction of the non-forced flame. The plot shows the amount of

soot reduction observed for the forced flame. All the data points do not show any clear

relationship. In general, the soot volume fraction reduces with decreasing St. The plot

indicates that the St alone cannot explain the soot reduction observed in some of the

strongly forced flames. The cases examined have been categorized into the attached and

lifted categories and further the lifted category has been split based on the forcing

amplitudes. The highest soot reduction among the attached flames was 23%. In

comparison, the lifted forced flames show soot reduction levels in excess of 50%.

The 400% amplitude forcing lifted flames show higher soot reduction than the

300% amplitude forcing lifted flames. The corresponding lift heights of the lifted forced

flames have also been shown in figure (bottom). The 400% amplitude forcing achieves

higher lift heights than the 300% amplitude forcing cases, and this is expected, since the

higher the forcing amplitude, the longer the distance required for the local strain rates to

reduce down to levels for the flame chemistry to begin. However, all the lift heights data

points too do not collapse on the Strouhal number plot.



183

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.1 1 10

St

f v
/f

v(
n

o
n

-f
o

rc
ed

)

Attached

A=300%

A=400%

0

2

4

6

8

10

12

14

16

18

0.1 1 10

St

L
if

t
H

ei
g

h
t

(m
m

)

A=300%

A=400%

Figure 5.12: Plot of the peak normalized soot volume fraction as a function of St. The
peak soot volume fraction has been normalized by the corresponding non-
forced soot volume fraction measurements.
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Since the study identified premixing as one of the primary mechanism for the soot

reduction, the amount of oxygen entrained by the lifted flames was examined. For this,

the oxygen mass fraction at the base of the reaction zone of each flame was examined.

The base of the reaction zone is the lift height elevation of the corresponding flame,

established as the lowest elevation, where temperatures greater than 1000 K were

observed. Figure 5.13 is the plot of the cycle averaged O2 mass fraction (top) and the

cycle averaged temperature (bottom) as a function of the transverse distance at the base

of the reaction zone. The O2 mass fraction gives an indication of the amount of O2

entrained into the internal part of the flame, while the temperature profile helps us to

locate the reaction zone. The dips in the O2 mass fraction for the different forced flames

over the region 4<r<6 mm coincides with the high temperature zone. This is expected,

since the high temperature zone is an indicator of the reaction zone and the reaction

(combustion) processes consume O2.

The O2 mass fraction plot clearly shows, that the St=0.24 flame is entraining more

oxygen into the flame and in that sense is more premixed than the St=0.3 flame. The O2

mass fraction over the cross-section at the flame lift height from r=0 to r=4 mm was

integrated to calculate the amount of O2 entrained into the flame. The calculations

showed that St=0.24 flame entrained 28% more O2 than the St=0.3 flame.

No clear deductions can be drawn from the O2 mass fraction plot apart from the

fact, that among the cases shown, the high St forced flames (i.e. St=0.48 and 0.6) have the

lower O2 mass fraction concentrations, especially close to the centerline. To get an

estimate of the amount of O2 entrained by each of these flames, an O2 mass flow rate
2Om&

was calculated. This was done by integrating the O2 mass flow rate over the cross-section

of the internal part of the flame. The cross section was defined by the radius (r>4 mm),

where the local O2 concentration is minimum. The minimum O2 concentrations are
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Figure 5.13: Plot of the O2 mass fraction (top) and the temperature (bottom) at the
bottom edge of the reaction zone for the lifted forced flames.
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indicative of the flame sheet and thus the area would encompass the internal part of the

flame. This cross section region would encompass the entire internal part of the flame,

and based on the temperature profiles, this region is relatively cold.

( ) ( ) ( )drrurYrm
R

r

OO ∫
=

=
0

22
2 ρπ& (5.2)

where, rR = if ( )( )rYY OO 22
min= ; r>4mm. For the calculation shown above, the cycle

averaged values for all the term i.e. ( )rρ , ( )rYO2
and ( )ru are used.

The condition r>4 mm has been applied since, for the high St forced flames

(St=0.48 and St=0.6), the O2 mass fraction is minimum along the centerline. Table 5.2

lists the
2Om& for the lifted forced flames.

Table 5.2:
2Om& for the different forced lifted flames.

St 2Om& (kg/s)

0.12 0.0000069

0.15 0.0000048

0.24 0.0000051

0.3 0.0000044

0.48 0.0000044

0.6 0.0000026

Figure 5.14 is a plot of the peak soot volume fraction (in ppm) as a function of the

O2 mass flow rate (
2Om& in kg/s) in the core of the jet for the forced lifted flames. The

data points here have been classified based on the lift heights. Scaling analysis for forced

jets reveals that the size of the vortex generated by the forcing typically scales as the

nozzle diameter (D). In the cold lifted zone, it is the vortex action brings in the
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surrounding air into the jet core, which allows for premixing of the fuel and air. For

complete mixing of the fuel and air, the lift height of the forced flame should be greater

than 1D. Only then can the vortex action bring in the surrounding air to the centerline.

This can be seen in figure 5.13 (top), where for the forced flames with St=0.48 and 0.6,

the O2 concentrations near the centerline are much lower than the other cases. This is

because these two cases (St=0.48 and St=0.6) have lift heights less than 1D.
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Figure 5.14: Plot of the peak soot volume fraction as a function of the O2 flow rate in the
internal part of the flame.

The plot (figure 5.14) shows that for the lifted flames, with lift heights greater

than 1D, the soot volume fractions reduce as the O2 mass flow rate (
2Om& ) in the jet core

increases. This shows that premixing of fuel and air can explain the reduction in soot

levels in forced flames. The plot shows that the soot volume fraction reduces at a faster

rate for
2Om& <6×10-6 kg/s., while the rate flattens out for

2Om& >6×10-6 kg/s. The flattening

out effect could just be due to already low levels of soot (almost 1/10th of the non-forced
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flame), and therefore further reduction in soot levels could be unrealistic. The data point

s for the flames with lift height less than 1D too show a reduction in soot volume fraction

with increase in the O2 mass flow rate (
2Om& ) in the jet core.

5.11: TEMPERATURE IN THE INTERNAL PART OF THE FLAME
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Figure 5.15: Plot of the temperature profile along the centerline for the flames forced at
100 Hz with amplitudes of 300% (St=0.3) and 400% (St=0.24).

Among the cases examined, the temperatures of the internal part of the flames

forced at 100 Hz with forcing amplitudes of 300% and 400% were compared. This was

done, since local reaction rates are a function of local species mass fraction of the

reactants and the local temperatures. Based on all the observations above, it can be

established that O2 entrainment is occurring in the lifted forced flames and the flames

burn in an effectively partially premixed mode. A check of the local temperatures would

tell us if the forcing helps to keep the flames cooler or warmer, since this would affect the
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local flame chemistry, and the previous premixing observations would completely

explain the effect of the forcing on the reaction chemistry.

Figure 5.16: Instantaneous (0% phase) temperature contour plots for the flames forced at
300% at 100 Hz (St=0.3; left) and 400% at 100 Hz (St=0.24, right)
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Figure 5.15 is a plot of the temperature profile along the centerline for the flame

forced at 100 Hz forcing frequency at 300% and 400% forcing amplitude. The plot

shows that the temperature for the St=0.3 is higher over a larger region than the St=0.24

flame. The instantaneous (0% phase) temperature contour plots of the forced flames at

300% amplitude at 100 Hz (St=0.3) and 400% amplitude at 100 Hz (St=0.24) are shown

in figure 5.16. The contour plots brings about the relative ‘coolness’ of St=0.24 forced

flame as compared to the St=0.3 flame. These observations points towards a thinner

reaction zone, which would translate to shorter residence times for the soot particles. A

possible explanation for the St=0.24 flame to be relatively cooler, is that the increased

entrainment of cold air reduces the local temperatures. Further, based on lower St, the

distance downstream till which the mixing induced due to forcing would be prevalent

would also be increased (Figure 3.8). Also, thermal diffusion of the heat from the

reactions on the fuel side too would be reduced for the flames forced at St=0.24 due to

higher fuel jet momentum as compared to the St=0.3 flame. Since reaction rates depend

on local species concentrations and the local temperatures, the observations on lower

local temperatures and increased O2 concentrations indicates that the St=0.24 flame

should show lower soot concentration levels. This is consistent with the simulations.

5.12: LIFTED NON FORCED FLAME

A lifted non-forced flame was also simulated to investigate the effects of flame

lifting on soot concentrations. The lifted flame had the same mass flow rate of fuel and

the same composition (YF=0.3) as the forced lifted flames. This flame had a nozzle

diameter of 2.45 mm and a jet velocity of 3 m/s. The flame length was found to be 108

mm and the flame lift height was of the 15.6 mm. Roper’s correlation (1977) for this

flame gave a flame length of 104 mm.
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The flame showed a peak soot volume fraction of 0.042 ppm. This was 57% less

than the attached non-forced flame with same fuel mass flow rate. However, a forced

flame having similar lift height (forcing amplitude of 400% at 100 Hz; St=0.24; lift

height 16.1 mm) showed a peak soot volume fraction of 0.0114 ppm i.e. a reduction of

88%. This shows that forced lifted flames show greater soot reduction that the non-

forced lifted flames of similar lift heights, indicating that soot reduction is independent of

the flame lift height. Further the mass of oxygen entrained for this non-forced lifted

flame was found to be 0.00000175 kg/s. This value is less than that calculated for any of

the forced lifted flames (table 5.2). The mass of oxygen entrained comparison of the

non-forced lifted flames with the forced lifted flames shows that more oxygen is

entrained in the lifted forced flames. The forcing action in the lifted forced flames

generates vortices near the nozzle exit which bring in air from the surroundings into the

jet. A check of the Reaction Index term for the lifted non-forced flame showed that

premixed combustion was limited only to the region where the flame was established and

did not extend into the flame as was seen in the forced lifted flames. The reaction index

comparison also indicates increased premixing observed in forced lifted flames as

compared to non-forced lifted flames.
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Figure 5.17: C2H2 mole fraction contour plots for the non-forced attached flame (left) and
the non-forced lifted flame (right). Both flames have the same mass flow
rate of fuel.

The lifted non-forced flame showed peak acetylene mole fractions of 0.0029

which is comparable to the peak acetylene mole fraction (0.003) in the attached non-

forced flames. The acetylene concentration contour plots for the non-forced attached and

lifted flame have been shown in Figure 5.17. The contour plot shows that in the lifted

non-forced flames, the acetylene concentrations peaks along the sides of the flame near
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the base, and in a region near the tip of the flame. In contrast, the attached non-forced

flame shows peak acetylene concentrations only along the side of the flame. The

computations of McEnally et al. (2000) showed that acetylene peaks along the centerline

near the flame tips for lifted (non-forced) methane-air flames. Our reproduction of the

flame from McEnally et al. (2000) also showed the same trend. This suggests that the

lifting seems to result in the acetylene concentrations peaking along the centerline near

the flame tips. This observation is further strengthened by comparing the acetylene

concentration contour plots for the lifted forced flame (figures 5.6) and the lifted non-

forced flame (figure 5.17). Both these lifted flames show peak acetylene concentrations

near the flame tip. The comparison also suggests that the forcing action seems to reduce

the acetylene concentrations along the sides. This could be an effect of the local straining

produced by the forcing action while helps to reduce the acetylene concentrations. Böhm

at al. (2001) showed that C2H2 concentrations reduced with increase in global strain rates

for methane-air flames. The contour plots for the attached forced flames (Figure 4.11)

also supports this observation that forcing tends to reduce the acetylene concentrations

along the sides near the base of the flame.

5.13: PARTICLE TRACKING AND RESIDENCE TIME

Soot particle tracking (similar to that undertaken in section 4.7) was undertaken

for the lifted forced flames as well as the non-forced flames (both lifted and attached).

Soot particles which show concentrations close to the peak soot concentrations for the

corresponding flames were tracked to get an estimate of their residence times, and study

their soot reaction rates.

Figure 5.18 (top) is a plot of the soot volume fraction (top) and the temperature

(bottom) as a function of the residence time. The soot volume fraction plot (figure 5.18

(top)) clearly shows that the residence time for the forced lifted flames is shorter than the



194

non-forced flames. Among the non-forced flames, the lifted non-forced flame has shorter

residence time as compared to the attached non-forced flame. Soot concentrations are

expected to reduce as residence time reduces, since with shorter residence times, the soot

particles do not have sufficient time for surface growth. The soot concentration in all the

cases initially increases and eventually drops off. The decrease in the soot concentrations

is accompanied by an increase in the temperatures (figure 15.18 (bottom)), since the soot

particle is oxidized as it moves through the high temperature reaction zone. Figure 5.18

(bottom) shows that the soot particle temperatures for the forced flames are initially

lower than the temperatures of the soot particles in the non-forced flames. Subsequently,

the forced flame soot particles show temperatures that are higher than the soot particle

temperatures for the non-forced flame at the same residence time.

The reaction rates for soot nucleation, surface growth, oxidation due to O and

oxidation due to OH, for the tracked soot particles have been shown in Figures 5.19, 5.20,

5.21 and 5.22 respectively. The soot nucleation and surface growth rates do not vary

much over the entire residence time ─ only dropping off when the soot particle

concentration drops off from its highs. Also, soot surface growth rates are expected to be

higher than the nucleation rates, but figures 5.19 and 5.20 show that the soot surface

growth rates have the same magnitude as the soot nucleation rates. This is because the

soot surface growth rate is dependant on the concentration of soot particles and the local

acetylene concentrations already present, while the soot nucleation rate is dependant only

on the acetylene concentrations. Since the soot concentrations examined in this problem

are low (<0.1 ppm), the soot surface growth rates are low and have the same magnitude

as the soot nucleation rates. The soot oxidation rate due to O2 remains constant over the

residence time, however the soot oxidation rate due to OH increases with residence time.
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Figure 5.18: Soot volume fraction (top) and soot temperatures (bottom) plotted as a
function of the residence time for the soot particles tracked.
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Figure 5.19: Soot nucleation rates plotted as a function of the residence time.
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Figure 5.20: Soot surface growth rates plotted as a function of the residence time.
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Figure 5.21: Soot oxidation due toO2 rates plotted as a function of the residence time.
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Figure 5.22: Soot oxidation due to OH plotted as a function of the residence time.
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This is because as the soot particles get closer to the reaction zone, the OH concentrations

increase, and result in increased soot oxidation. This trend is not observed in the

oxidation rates due to O2, since the large increase in the O2 concentrations comes beyond

the reaction zone, however by this time, the soot has already been consumed.
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Figure 5.23: Plot of the residence time (in ms) as a function of the mass of oxygen
entrained in the flame (in kg/s).

Figure 5.23 is a plot of the residence time for the lifted, forced and non-forced

flames as a function of the mass of oxygen entrained in the flame (
2Om& ). The plot shows

that the residence time decreases linearly with the increasing mass of oxygen entrained in

the flame. The mass of oxygen entrained in the flame increases due to increased

premixing, and it this increased premixing results in a shorter residence times. This is

expected since increased premixing results in increased soot oxidation rates which inhibit

soot growth, and therefore, the soot particles have shorter residence times. The reduced
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acetylene concentration profiles along the soot pathways (explained in the previous

section) for the lifted flames (both forced and non-forced) also contributes to reduced

soot concentrations for the lifted flames. The combined effect of the shorter residence

time and the reduced acetylene concentrations is a shorter “favorable” residence time.

However, the linear decrease in residence time with the mass of oxygen entrained in the

flame suggests that premixing is the dominant mechanism which results in shorter

“favorable” residence times, and therefore reduced soot concentrations.

Although there is no reason to expect the linear behavior to extend beyond the

range of values examined in figure 5.23, an extrapolation of the line formed by the data

points in figure 5.23, suggests that when the mass of oxygen entrained in a flame is

greater than 7.54×10-6 kg/s, there would be no soot produced in the flame. On the other

hand, when no oxygen is entrained in the flame the residence time would be 45 s, and

residence times longer than 45 s would lead to favorable conditions for soot growth.

5.14: COMPARISON WITH EXPERIMENTAL OBSERVATIONS

5.14.1: Flame Luminosity

The plots of the soot volume fraction shown earlier (figures 5.12 and 5.14) show

the instantaneous peak soot volume fraction in the flame. The forced flames here too

show effects of flame flicker – and thus to get a global understanding of these flames, one

needs to examine the flame over the entire flicker time period. Based on equation 4.2 the

flame flicker frequency is expected to be 20.21 Hz. Assuming a flicker frequency of 20

Hz, the instantaneous flame data for 10 instances in the forcing cycle was captured.

Based on the instantaneous data, the time averaged soot volume fraction could then be

calculated. The time averaged data removes some of the instantaneous flicker effects –

especially near the flame tips and would give us the overall flame soot levels over time.
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The observations of experimentally forced flames (figure E.2) showed that the forced

flames show lower luminosity. In order to get an estimate of the luminosity of the

computational forced flames, the soot volume fraction over the entire flame was

calculated. This was done by integrating the local time averaged soot volume fraction as

( )∫ ∫
∗ ∗

= =

=
X

x

R

r

avgvtotv rdrdxxrff
0 0

,, ,2π (5.3)

where, ∗X =138 mm and ∗R =27 mm. The integration was limited to the region from 0

to 27 mm in the radial direction and 0 to 138 mm in the axial direction, since this region

was large enough to encompass all the flames.

Figure 5.24 is a plot of the volume integrated soot volume fraction totvf , (in ppm

m3) for the different forced flames as a function of the St. The non-forced flame value

integrated soot volume fraction data has also been plotted for comparison. The lifted

forced flames show much reduced volume integrated soot volume fraction levels as

compared to the non-forced flames. For the forced lifted flames, the totvf , values vary

from 2% to 27% of the non forced totvf , values. To make an experimental analogy, it

would appear than the forced lifted flames show little to no luminosity as compared to a

luminous non-forced flame. On the other hand, the attached forced flames show totvf ,

values to be 80% of the non-forced flame totvf , value. As a result these attached forced

flames would not show a very dramatic difference in luminosity. The forced flames

shown in figure E.2 are attached flames and show a slight decrease in luminosity as

compared to the non-forced flame. The forced flame cases investigated by Bisetti (2002)

and Lakshminarasimhan (2006) are lifted flames, and the changes in luminosity are more

dramatic. The results of our simulations indicate that partial premixing in the near nozzle

region might be able to explain the changes in luminosity.
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Figure 5.24: Plot of the volume integrated soot volume fraction totvf , as a function of St

of the forced flames.

5.14.2: Flame Height

The flame heights for the forced flames can also be calculated by using the time

averaged temperature data. The flicker effects which affect the tip of the flame are

averaged out – and the flame length can be calculated by examining the peak temperature

along the centerline. Figure 5.25 is a plot of the normalized flame length (Lf/D) as a

function of the St for the forced flames. The flame length of the non-forced flame has

also been shown for comparison. The flame length for the forced flames is slightly

higher as compared to the non-forced flame. The experiments of the forced laminar

flames (figure E.2) did not show huge changes in flame length, and the computations

seem to suggest that too.
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Figure 5.25: Plot of the flame height as a function of the St for the forced flames.

Experimental observations of Martin (2002) on acoustically excited laminar

diffusion flames showed that flame height increased with the electrical power to the

speaker. In our simulations, forcing amplitude represents the speaker power, and

therefore the data points have been classified based on the forcing amplitude. Comparing

the computational flame heights for cases for flames forced at 300% and 400% at the

same frequency does not show that the flame length increases with forcing amplitude. A

possible explanation for this behavior could be that these forced flames are lifted flames,

and therefore the forcing amplitude effects are more dominant in the near nozzle region

in parameters like lift height and in the premixing of the fuel and air. As a result, the

forcing amplitude effects cannot be clearly identified in the flame length parameter. Also

no clear trend of the flame length with the St or the forcing frequency is apparent.
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The transitional-turbulent flames investigated by Bisetti (2002) and

Lakshminarasimhan et al. (2006) showed a dramatic reduction in flame length. These

cases are shown in figure 1.1 and it seems like the flame length reduction in those forced

flames could be due to turbulence.

5.15: EFFECT OF FUEL NOZZLE WALL TEMPERATURE BOUNDARY CONDITION

For all the computations above, the nozzle wall was maintained at the temperature

of 550 K. The temperature of 550 K might be a good estimate for attached flames due to

the heat transfer from the flame to the nozzle. However, the strongly forced flames result

in lifted flames and one expect the nozzle wall to be at temperatures lower than 550 K

due to the reduced heat transfer from the flame. To examine if the nozzle valve boundary

condition was affecting the soot formation in the forced flames, a forced flame

calculation (400%amplitude forcing at 100 Hz, St=0.24) was done while maintaining the

fuel nozzle wall at the temperature of the fuel stream (300 K). The forced flame showed

soot volume fractions of 0.013 ppm as compared to the earlier calculation of 0.0114 ppm.

Also the flame lift off distance for the cold nozzle case was 19.25 mm as compared to the

16.1 mm for the warmer nozzle calculations. These results show that the nozzle

temperature boundary condition did not affect the overall result of a reduction in peak

soot volume fraction levels for the forced flames.
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Figure 5.26: Instantaneous soot volume fraction (in ppm) contour plots for the acetylene
fuel flames. The flame on the left is the non-forced flame and the flame on
the right is the flame forced at 400% amplitude at 100 Hz (St=0.24).
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5.16: ACETYLENE FUEL FORCED FLAMES

A forced flame case with acetylene as the fuel was also tested. This exercise was

performed to examine if similar reduction in soot concentration levels can be observed in

acetylene flames too. For this exercise an acetylene flame was simulated using the same

set-up as the methane fuel flame (section 5.1). The boundary conditions were identical to

those used for the methane flame, except that acetylene replaced methane as the fuel.

The radiation subroutine had to be adjusted for convergence, and it was assumed

that acetylene (C2H2) had the same absorption coefficient as methane (CH4). We have

made this approximation, since we had problems with convergence of the radiation

subroutine. This approximation will induce an error in our calculations - however, we do

not expect this approximation to greatly affect the overall solution especially the soot

production trends.

One forced flame case – 400% amplitude at 100 Hz (St=0.24) was also simulated

to examine if the forcing affects the overall soot production in acetylene fuel flames.

Figure 5.26 shows the instantaneous soot volume fraction (in ppm) for the non-forced

flame (left) and the forced flame (right). The flame flicker effects can be seen in the non-

forced flame with the soot volume fractions peaking near the tip (x=80-100 mm).

Comparing the soot levels in the non-forced flame the forced flame does not show any

reduction n soot levels for the forced flames. In fact soot levels peak at much lower

levels as compared to non-forced flames – suggesting that over longer time, the soot

levels in the forced flames might also be higher than those of the non-forced flames.

The corresponding forcing case for methane fuel flame was shown in figure 5.7.

Acetylene fuel flames are expected to produce more soot than methane fuel flames. This

can be seen in the peak soot levels for the non-forced flame – 0.07 ppm for the methane

flame and 1.6 ppm in the acetylene flame. However, the forced methane fuel flame
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showed close to an order of magnitude reduction in soot levels – while this is not

observed in the acetylene flame. This suggests that the forcing affects the C2H2

production from CH4 and supports our earlier observations (section 5.5).

The acetylene forced flame is also attached to the nozzle, while the corresponding

methane flame was lifted. The strain rates required for local extinction for acetylene

flames are expected to be different than those for methane, and 400% amplitude forcing

might not be sufficient to put ff the flame chemistry in the near nozzle region.

This indicates that the effects of the forcing parameters varied in this study (like

forcing amplitudes, forcing frequencies and the St) on the flame characteristics are

strongly fuel dependant. This is not completely unexpected since the soot production is

also strongly fuel dependant.
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Chapter 6

Conclusions and Future Work

This study was carried out to understand and clarify the mechanisms responsible

for changes in flame luminosity in forced diffusion flames. Towards this goal a detailed

computational study of strongly forced cold-flow jets and CH4-air diffusion flames was

carried out. For the simulations, a higher order finite volume CFD code – UNICORN

was used. Grid refinement and time step independence studies were carried out. The

Navier Stokes equation solver was benchmarked by modeling an isothermal steady wall-

jet and low amplitude forcing jets. A detailed finite-rate chemistry model (Peters, 1993)

with 30 species and 101 reaction steps was used to model the combustion process. A S-6

DOM (Discrete Ordinates Method) was added for modeling the radiation heat transfer.

The species and enthalpy solver along with the radiation sub-model was validated by

modeling a steady CH4-air flame and comparing the temperature profiles with

experimental data. A simplified 2 equation acetylene based soot chemistry model was

also added to the CFD code. Validation of the soot concentrations predicted by the code

showed that the limitations of the soot model were consistent with those observed in the

literature (Smooke et al. (1999) and Liu et al. (2004)), while the gas phase chemistry

mechanism did not correctly predict the acetylene concentrations in the attached flames.

The validation studies also showed that it was not apparent that using a more

sophisticated chemistry and soot model would eliminate the deficiencies in the present

model. Therefore, the study was performed with the acetylene based soot model coupled

with the reaction mechanism of Peters (1993). Parallel computing was also implemented

in the code to speed up the computations.
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To understand the important fluid mechanics parameters controlling strongly

forced isothermal jets, cold flow modeling of strongly forced isothermal jets was carried

out. A wide range of forcing amplitudes and frequencies was examined. This was

followed by performing combustion calculations, where the CH4-air flames were forced

over a range of amplitudes and frequencies and the important mechanisms affecting soot

production in forced flames were studied.

Figure 6.1: Schematic summarizing the study.
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6.1: CONCLUSIONS

6.1.1: Cold Flow Modeling

The finite volume CFD code was benchmarked by simulating a steady jet and low

amplitude forcing jets. The forced jets were simulated by using a periodically varying jet

axial velocity boundary condition. The peak velocities for the forced jets were 3-4 times

the mean velocity and the forcing frequencies varied from 5-500 Hz. The creation and

convection of vortices from the orifice and nozzle exit planes were studied. The results

showed that the Strouhal number was a critical parameter for the downstream evolution

of the forced jets. For jets with St less than unity, the vortices were found to convect

downstream, while with higher St, the forcing effects were localized to the near exit

region. Also, for jets forced at high St, the far-field centerline axial velocity scales with

the downstream distance similar to the scaling of a steady jet. The jet exit velocity

profile (fully developed or top-hat) did not affect these trends and similar trends were

observed for jets issuing from a nozzle (tube 5 diameters in length). The forced jets were

seen to spread slower than steady jets of equivalent mass flow rate. The entrainment

calculations showed an increase in volumetric flow rate and entrainment rates for forced

jets.

6.1.1: Combustion Modeling

The non-forced CH4-air diffusion flame was forced over a range of forcing

amplitudes and forcing frequencies. The results of the high amplitude forcing are

outlined in the chart in Figure 6.2.

Flames forced at high St did not show any effects on the flame structure or soot

concentration levels as compared to non-forced flames. On the other hand, low St forced

flames showed the formation of puff like structures for low mean jet exit velocity and
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resulted in lifted flames for high mean jet exit velocities. The vortex-flame interactions

due to the vortices generated by the low St forcing are responsible for the creation of puff

like structures and for the lifted flames. The attached low St forced flames showed 30%

reduction in peak soot concentrations as compared to non-forced flames. In contrast, the

lifted low St forced flames showed more than 80% reduction in soot levels.

Figure 6.2: Chart outlining the results of the study.

Explanations provided in the literature to explain the changes in soot

concentrations in forced flames were examined. The mechanisms examined were

premixing, residence time and changes in acetylene concentrations (also associated with

premixing and residence time/strain rates).

Soot particle tracking revealed that for the attached low St forced flames, the

residence times increased as compared to the non-forced flames. Longer residence times

should result in higher soot concentrations, however, the attached low St forced flames

High Amplitude
Forcing

St<1 St>1

Attached/
Puffs

Lifted No changes
in Flame
Structure

30%
Reduction in
Soot Conc.

No changes
in Soot
Conc.

80%
Reduction in
Soot Conc.



211

showed a 30% reduction in peak soot concentration as compared to non-forced flames.

For the low St attached forced flames, the particle tracking also revealed that the soot

addition mechanism rate (i.e. nucleation rate + surface growth rate – oxidation rate) was

lower as compared to the non-forced flame. As a result, though the actual residence

times in the low St forced flame was longer than that in the non-forced flame, the

residence times “favorable” to soot growth was shorter. The reduced addition rates were

primarily due to suppressed nucleation and surface growth rates on account of the

modified acetylene concentrations in the flame. Acetylene is the precursor to soot and

the reduced acetylene concentrations near the base of the flame in the low St forced

flames led to fewer soot particles being nucleated near the base. Further, an overall

reduction in acetylene along the soot particle pathways resulted in the lower soot surface

growth rates. The two mechanisms ─ reduced acetylene concentrations and longer

residence times are competing effects, but the effect of reduced acetylene concentrations

is more dominant here, and results in shorter “favorable” residence times, and therefore

lower soot concentrations.

Soot particle tracking for the low St lifted forced flames showed reduced

residence times as compared to the non-forced flames. The reduction in soot

concentrations for the low St lifted forced flames was consistent with the reduced

residence times. The low St lifted forced flames also showed increased amounts of

oxygen being entrained into the flame. The residence time for the lifted flames decreased

linearly with increasing mass of oxygen entrained into the flame, showing that the

residence time was reduced due to the premixing of fuel and air. Comparison of the mass

of oxygen entrained, in a non-forced lifted flame with a forced lifted flame of similar lift

heights showed that increased levels of oxygen is entrained in the forced lifted flames.

This showed that the forcing action increases the premixing of fuel and air. Further,
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reduced acetylene concentrations were observed for the low St lifted forced flames along

the sides of the flame (near the base) as compared to non-forced flames. The reduced

acetylene concentrations along the soot pathways also results in lower soot

concentrations. The two effects ─ reduced acetylene concentrations coupled with the

lower residence times due to premixing, cumulatively result in shorter “favorable”

residence times for the soot particles and the linear dependence of the residence times to

the mass of oxygen entrained suggests that the premixing effects are dominant for the

lifted low St forced flames.

Comparison of the soot reduction mechanisms in the attached low St forced flame

and lifted low St forced flames showed that reduced residence times are required for large

(>80%) reductions in soot concentrations for forced flames. Premixing of fuel and air in

lifted low St forced flames provides a mechanism for reduced residence times, and

coupled with reduced acetylene concentrations along the soot pathways, these flames

show greatly reduced soot concentrations.

The study however was limited by the simplified acetylene based 2 equation soot

model and therefore could not show that low amplitude forcing (or flicker inducement)

can result in 3-4 fold increase in soot concentrations. Since, acetylene was the precursor

to soot, inaccuracies in predicting the acetylene concentrations in the attached flames was

a limitation. Also, the study did not address the effects of other precursors to soot

production (like PAH) and the effects of straining on soot production from PAH (Du et

al., 1988) due to the deficiencies in the simplified soot model.

6.2: FUTURE WORK

Strongly forced flames which have little to no soot production can be used in

industrial flames. For example a smokeless flare would be environmentally very

attractive device. High amplitude fuel jet forcing gives us the advantages of premixed



213

combustion without the safety concerns of having a premixed fuel and air line. To

examine this application and also to scale up the burners, the future work would be to

extend this study to computationally examining turbulent jets and also studying the

effects of strong forcing on NOx emissions.

6.2.1: Large Scale Turbulent Calculations

6.2.1A: Cold Flow Simulations

The first step in performing turbulent flow calculations would be performing

isothermal calculations to study the effect of forcing on the jets. This would require a 3

dimensional domain to be modeled, since the forcing effects are not expected to be

axisymmetric. Based on the observations regarding the Strouhal number being the

important parameter in generation and convection of vortices gives us a fairly good idea

about the amplitudes and frequency combinations that need to be examined. Further one

would need use a Large Eddy Simulation (LES) calculation for this process since a

Reynolds Averaged Navier Stokes (RANS) simulation would only provide us with mean

time averaged data and one would not be able to study vortex generation and convection.

6.2.1B: Combustion Simulations

Performing time-dependant detailed finite rate chemistry with turbulence

calculation on a full scale 3 dimensional grid would not provide us with a solution in a

reasonable amount of time based on today’s computing ability. Combustion modeling

based on an assumed Probability Density Function (PDF) would be more reasonable

approach, however the fast chemistry assumption means that the strain rate effects,

necessary to show lifted flames are not possible. A laminar-flamelet model with an

extinction model might be better suited, however, that too may significantly increase the

computational cost.
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Another important consideration would be modeling the internal part of the

nozzle. Since the boundary conditions on the nozzle (isothermal or adiabatic) affect the

chemistry near the nozzle walls, it might be necessary to use a Detached Eddy Simulation

(DES) approach near the nozzle walls.

6.2.2: NOx modeling

Partially premixed combustion and premixed combustion are known to offer

advantages in terms of lower NOx production based on lower flame temperatures.

However, the presence of hot-pockets in the strongly forced flames might be conducive

to higher NOx production. To understand the effects of strong forcing on the NOx

production, NOx chemistry can be included in the calculations.

A post-processing method of calculating NOx might not be appropriate, since

these calculations are unsteady calculations. NOx chemistry is computationally

expensive – especially modeling of the prompt NOx mechanism and hence performing

the entire simulation with detailed chemistry might not be feasible. NOx species are

present in trace amounts and they do not broadly affect the overall results. Also, NOx

reaction mechanism is generally slower than the other combustion reactions and so it

might be possible to perform the NOx calculations once every 10-20 time-steps. This

would reduce the computational effort, while allowing us to understand the effects of the

strong forcing of the flame on NOx production.
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Appendix A

Computations of Time-varying Flame Properties for Laminar,
Methane-Air Diffusion Flames

In this study, we computationally examine the effects of pulsations on a flame

system very similar to the one examined by Kaplan at al (1996). We increase the forcing

amplitude to determine if negative velocities exist and also to examine if such velocities

would be capable of accounting for the extent of partial premixing that would modify the

soot field in the experimental systems where soot formation was modified by pulsations.

These observations have earlier been presented in Barve and Ezekoye (2004). 

A.1: MODEL AND APPROXIMATIONS

The governing equations for mass, momentum, energy and species were satisfied

in a two dimensional axisymmetric domain. The energy and species equations were

solved using a conserved scalar formulation.

( ) 0=⋅∇+
∂
∂

Vρ
t

ρ
(A.1)
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Equations A.1, A.2 and A.3) are the conservation equations for mass, momentum

and the conserved scalar (Z) respectively. The conserved scalar denotes the mixture

fraction and is correlated to the species concentration using the intermediate variable asas
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where, the subscript F stands for the fuel stream and the subscript A stands for the air

stream and subscript o for oxygen. The equations were closed using the ideal gas law:
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where, the pressure was taken to be 1 atm over the entire domain. The dynamic viscosity

was taken as 5.061022389.1 T−×=µ kg/m-s, while the diffusion coefficient was taken as

662.1910786.1 TD −×= m2/s. The heat of combustion was taken as 50 MJ/kg of methane

and the heat capacity was taken as 1165 J/kg-K. This gave a stoichometric value, for the

conserved scalar, of 0.05.

Two different physical systems were simulated (figure A.1). In the first system a

fuel nozzle is assumed to be flush mounted in a co-flow burner. The fuel flow is either

constant or is oscillatory and satisfies the equation

( )( )ωtAUu sin10 += (A.6)

Axisymmetric laminar jets are known to have a characteristic flickering frequency

of approximately 1.5/d0.5 Hz, where d is the diameter of the jet nozzle in meters. This

scaling gives a characteristic frequency of 14.3 Hz. Since, the frequency of forcing in this

problem (10 Hz) is close to the characteristic frequency of the jet, we expect the forcing

frequency to dominate the dynamics of the problem. Kaplan et al. (1996) performed

simulations with 75% amplitude forcing at 10 Hz frequency. By increasing the amplitude

to 200%, we would like to examine, now the higher amplitude forcing and changes in the

flame structure.

Acoustic forcing amplitudes (A) of 75% and 200% at 10 Hz frequency were

examined. The fuel tube radius was 0.55 cm and the fuel flow had a parabolic profile

with an area averaged velocity of 7.9 cm/s. The air co-flow had a velocity of 7.9 cm/s and

was extended to 10 cm radially. The steady jet system had a Reynolds Number of 26.6,

while the 10 Hz frequency gave a Strouhal Number of 1.39. A free slip boundary
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condition was applied to the side boundaries and symmetry conditions were applied along

the centerline. An outflow BC was applied to the top surface.

In the second domain, we examine the near-nozzle effects in detail by extending

the fuel nozzle further into the flow field. Here, the fuel nozzle protrudes 3 cm above the

air co-flow. The same boundary conditions are applied as those for the first system.

For the forced flame simulations, a time step of 0.005 s was used. A converged

solution is required for each time step before the overall solution is advanced in time. The

computations were extended to 4 seconds, which corresponds to 40 periods for the

system.

Figure A.1: Schematic of the computational domains. (not to scale)
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A.2: COMPUTATIONAL RESULTS

The steady flame calculations are used to benchmark our simulations relative to

Kaplan et al. (1996). The steady flame calculation in the first system indicates a flame

length of 8.65 cm. For the second system, the flame length was 8.8 cm. Kaplan et al.

(1996) observed a flame length of 7.9 cm. Roper (1977) suggested the following

formulation for calculating the flame lengths for laminar diffusion flames:
( )

( )/sπD
/TTQ

L
o

.
flA

f 11ln4

670

+
= (A.7)

where, the subscript fl stands for the flame. This formulation gives a flame length of 6

cm. Figure A.2 is a plot of dimensionless temperature contours at 2 elevations – 7 and 50

mm from computations using the first system. The temperatures have been made non-

dimensional by dividing the actual temperature by the peak flame temperatures. The

corresponding experimental results of Shaddix et al. (1994) have been plotted on the

graphs. The peak temperature at each elevation indicates the position of the flame sheet.

The computational results of the flame length and flame sheet position match well with

the experimental results.
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Figure A.2: Comparison of the temperature profiles at two different distances from the
nozzle from the computations (•) and from experimental results ( ) listed in) and from experimental results ( ) listed in) listed in
Kaplan et al. (1996).
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A.3: 75% FORCING GLOBAL

Figure A.3 shows the axial and radial velocity profiles at an axial distance of 0.16

mm from the jet nozzle for 4 different phases. Note that the time-averaged jet exit

velocity has a parabolic profile with a peak at 0.158 m/s. This profile closely matches

those obtained at 0 and 50% phase. Also, as we would expect, the 25% phase shows the

maximum jet exit velocities, while the 75% phase shows the minimum. The radial

velocity profiles show negative values for all phases in the region just outside the nozzle

(i.e. at the radial distance greater than 5.5 mm), and positive velocities in the region less

than 5.5 mm. The corresponding steady state radial velocities also show the same

characteristics. This means that the flow, just outside the nozzle is directed towards the

nozzle, while that within the nozzle is directed outwards, leading to the creation of a

stagnation streamtube. Also, note that the fluid within the nozzle region would mainly be

fuel and that outside would mainly be air. The generation of a stagnation streamtube

along with the forward bulk motion of the fluid would lead to the creation of a shear layer

with fuel on one side and air on the other. This shear layer would be a good indicator of

the position of the flame sheet. The radial velocity plots also reveal that the largest

variation of magnitude over different phases occurs around the nozzle. This would mean

that the shear layer in this region too would be unsteady over the different phases.
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Figure A.3: Axial and radial velocity profiles for 75 % amplitude forcing at x=0.16 mm
distance.
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For sufficiently strong forcing relative to the mean flow, the flow will eventually

go towards a synthetic jet limit. While 200% amplitude forcing does not satisfy this

limiting condition, we gain insight into the 200% case from considering the dynamics in

the synthetic jet limit. In the synthetic jet limit, the flow is zero net mass and as such we

would expect that the mixture fraction at the exit plane would achieve an average value

that depended on the fuel mean flow rate and the forcing amplitude. For the lower

amplitude forcing case that we examine here we would anticipate that at the exit we

would no longer have a pure fuel (i.e. mixture fraction of unity). In the case with 200%

amplitude forcing, the phenomena seen with the 75% amplitude forcing are expected to

be magnified. Also, with 200% amplitude forcing, the axial velocity would negative over

33% of the time period and would be most negative at the 75% phase. These

characteristics can be seen in the axial velocity profiles for the 200% amplitude forcing

case in Figure A.4. The radial velocity profiles once again show the presence of negative

values in the near nozzle region. For the 75% phase, the negative axial and radial

velocities within the nozzle region, leads to a sucking-in of the flow into the nozzle. Here

too, the radial velocity profiles are affected by the phase mainly near the nozzle. Also, the

magnitude of oscillations in the radial velocity are greater for the 200% amplitude forcing

than for the 75% amplitude forcing and this would further lead to an unsteady shear layer.
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Figure A.4: Axial and Radial velocity profiles at x=0.16 mm for 200 % amplitude forcing
at x=0.16 mm.
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A.4: 200% FORCING GLOBALLY

Figure A.5 shows the contour plots of the vorticity magnitude for the steady flame

and for 4 phases of the 200% amplitude forcing case. Also, the flame sheet location

(Z=0.05) has also been plotted. The plots for 75% amplitude forcing are similar 200%

amplitude forcing case shown. The figure shows the vortex shedding occurring at the

nozzle and it’s subsequent effect on the flame sheet. The forcing, changes the structure of

the vortices observed in the steady flame and these vortices are convected along by the

bulk flow. A check of the velocity vectors shows that the vortices have a clockwise

direction, resulting in the flow being directed towards the centerline. As these vortices

traverse axially, the flame gets clipped in the region of high vorticity as can be seen in the

25% phase figure. This is consistent with Shaddix et al. (1994), who also observed flame

clip-off. A calculation based on the movement of the center of the vortex structures

indicates that the vortex structure move at about 0.6 m/s. The flame geometry gives a

Froude number ( ugLFr = ) of 4.158, indicating that these flames are buoyancy

dominated. Also, for all the phases and the steady flame, the region near the nozzle shows

high vorticity, which would cause high strain rates.
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Figure A.5: Contour plots of vorticity magnitude and flame sheet for the steady flame
and for 4 different phases for the 200% amplitude forcing

A.5: NEAR NOZZLE EFFECTS

The 200% amplitude forcing case was solved over the extended domain and with

a refined grid in the near nozzle region. Figure A.5 is the contour plot of the mixture

fraction in the near nozzle region for the steady flame and the 0% phase for the 200%

amplitude forcing. Recall that a mixture fraction of 0.05 denotes the flame sheet. The

steady flame is anchored on the air co-flow side of the nozzle, at a distance of 1 mm from

the nozzle tip. The Peclet Number ( ScPe Re= ) in this region is of the order of 1, which

means that diffusion plays an important role in setting the location of the stoichometric

mixture fraction. However, one does not expect the flame to actually be present at the

nozzle surface since, physically the nozzle wall would act as a heat sink and would
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consequently lead to flame quenching. The high vorticity in the near nozzle region

would lead to high strain rates and if finite-rate chemistry were considered, the flame

would extinguish. The earlier analysis of the varying radial velocity profiles in the near

nozzle region, coupled with the limitations of finite chemistry and flame quenching in the

near nozzle zone indicate that there would be mixing of fuel and air in the near-nozzle

region and as the shear layer develops, a flame sheet would be established. Also one

expects that as the forcing increasing, a more intense mixing over a larger region would

occur. In comparing the mixture fractions with no forcing and 200% forcing in the near

nozzle region suggests the effect of the partial premixing that occurs in the near nozzle

region. The presence of mixture fractions, other that unity, within the nozzle shows the

extent of the partial premixing. This supports the hypothesis that, the changes in the

characteristics of forced flames is due to partial premixing occurring in the near nozzle

region.
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Figure A.6: Contour plots of the mixture fraction for the steady case (top) and the 0%
phase for the 200% amplitude forcing case (bottom).

A lag is observed, in the extent of partial premixing at the nozzle exit. Among the

0%, 25%, 50% and 75% phase, the extent of partial premixing is most clearly defined in

the 0% phase, though the 75% phase has the most negative axial and radial velocities.

This indicates a time (phase) lag between the instant at which maximum fluid is being

sucking into the nozzle and the instant at which the mixture fractions within the nozzle

reflecting the highest amount of mixing. This is due to forcing function having the nature

( )( )ωtAUu mean sin1+= . One would expect the extent of mixing to be the highest for the
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phase between 75% and 0%, where the velocity becomes 0, since this would be the end

of the negative velocity part of the cycle and the subsequent phase would once again start

pushing the fluid out of the nozzle. The reverse flow during part of the period can be

used to get an estimate of the equivalence ratio. Assuming that, during this duration, the

fluid sucked into the nozzle is air and that the fuel flow rate is the same as the mean flow

rate, a first order approximation of the fuel to air ratio is:

( )( )∫ +








=

2

1

sin1
217 τ

τ mean

mean

o

f

dtωtAU

τU

ρ
ρ

.φ (A.8)

where, the limits of integration 1 and 2 are the times where the forcing velocity crosses1 and 2 are the times where the forcing velocity crosses2 are the times where the forcing velocity crosses

into negative values. Fig 2.7 shows the variation of the forcing function for different

amplitudes. For extremely large amplitudes (A=10 i.e. 1000%), where the peak

velocities become much greater than the time-averaged velocity, the forcing function

resembles a synthetic jet. In the case of a synthetic jet, where the flow reversal occurs

over half the period, a first order approximation of the equivalence ratio would have the

form:

Aρ
ρ

.φ
o

f 1
1854 








= (A.9)

The effective equivalence ratios predicted by equations 7 and 8 are shown in Fig.

2.8. In the high amplitude limit these two equations predict the same value. This figure

also shows the average nozzle mixture fraction associated with the oscillating flow under

the assumptions previously specified. For the case of 200% forcing amplitude, the

effective equivalence ratio is approximately 45 and the average mixture fraction is

slightly larger than 0.7. Looking back at figure A.6 we see that the average mixture

fraction at 75% phase is slightly smaller than 0.5 suggesting that over the entire period an

average value lower than that for the unpulsed flow would exist.
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A.6: CONCLUSIONS

We performed simulations to study the effect of fuel jet forcing on laminar

diffusion flame properties. We computed the flow and conserved scalar fields for an

axisymmetric methane-air co-flow diffusion flame using a fast chemistry combustion

model. Forcing of the fuel jet was simulated by applying a periodic, time varying fuel jet

exit velocity. By focusing on the near nozzle exit region, our simulations support the

experimental evidence, which has shown that for sufficiently high forcing amplitudes,

laminar diffusion flames can burn in an effectively partially premixed mode. Of the

various explanations that have been provided for the modified properties of the flame we

see that flow reversal and air inducement at the fuel nozzle exit appears to be a consistent

mechanism.



231

Appendix B

Enthalpy and Specific Heats Validation

In UNICORN, the enthalpy and specific heats of each species is calculated from

polynomial expressions. The values obtained using the polynomial expressions are

compared to the values obtained using the Shomate equations from Chase (1998).

B.1: SPECIFIC HEATS

The expressions in UNICORN are polynomial curve fits over the temperature

range of 300-5000 K. Table B.1 lists the expressions for specific heats of the species

CH4, N2, O2, CO2 and H2O.

The relationship of the species specific heats (in kJ/kmol-K) of the 5 species over

the temperature range has been plotted out in figure B.1. Also, the specific heats

variation over temperature as presented by Chase (1998) is also provided for comparison.

Chase (1998) uses the Shomate Equation, which has the form

2
32

t

E
DtCtBtAc p ++++= (9)

where, t = T/1000.
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Table B.1: Expression for specific heats of elements.

cp/R
Species

300 -1000 K 1001 – 5000 K

CH4

0.7787415+0.01747668T-

2.783409x10-5T2+3.049708x

10-8T3-1.2239307x10-11T4

1.683478+1.0237236x10-2T-

3.875128x10-6T2+6.785585x10-

10T3-4.503423x10-14T4

N2

3.298677+1.4082404x10-3T-

3.963222x10-6T2

+5.641515x10-9T3

2.444854x10-12T4

2.926640+1.4879768x10-3T-

5.68476x10-7T2+1.0097038x10-

10 T3-6.753351x10-15T4

O2

3.212936+1.1274864x10-3T-

5.756150x10-7T2

+1.3138773x10-9T3

8.768554x10-13T4

3.697578 + 6.135197x10-4T-

1.2588420x10-7 

T2+1.775281x10-11T3-

1.136435410-15T4

CO2

2.275724+9.922072x10-3T-

1.0409113x10-5T2+6.866686

x10-9T3 2.117280x10-12T4

4.453623+3.140168x10-3T–

1.2784105x10-6 

T2+2.393996x10-10T3-

1.669033310-14T4

H2O

3.386842+3.474982x10-3T-

6.354696x10-6T2

+6.968581x10-9T3-

2.506588x10-12T4

2.672145+3.056293x10-3T-

8.730260x10-

7T2+1.2009964x10-10 T3

6.391618x10-15T4
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Figure B.1: Variation of specific heat over temperature.

B. 2: ENTHALPY

The expressions for total enthalpy are calculated by integrating the equation,

dTcHd p=
∧

. These expressions have been listed in table 2.

The NIST correlation has the form, F
t

EDtCtBt
AtH +−+++=

432

432

. Figure

B.2 has the plots for total enthalpy of the elements (O2 and N2), while, figure B.3 has the

plots for the compounds (CH4, H2O and CO2).
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Table B.2: Expressions for calculating the total enthalpy.

H/RSpecies

300 -1000 K 1001 – 5000 K

CH4

0.7787415T+0.01747668T2/2-

2.783409×10-5T3/3 +3.049708×10-

8T4/4-1.2239307×10-11T5/5-

9.825229×103

1.683478T+1.0237236×10-2T2/2-

3.875128×10-6T3/3+6.785585×10-

10T4/4-4.503423×10-14T5/5-

1.0080787×104

N2

3.298677T+1.4082404×10-3T2/2 -

3.963222×10-6T3/3+ 5.641515×10-

9T4/4-2.444854×10-12T5/5-

1.0208999×103

2.926640T+1.4879768×10-3T2/2-

5.684760×10-7T3/3+1.0097038×

10-10T4/4-6.753351×10-15T5/5-

9.227977×102

O2

3.212936T+1.1274864×10-3T2/2-

5.756150×10-7T3/3 +1.3138773×10-

9T4/4-8.768554×10-13T5/5-

1.0052490×103

3.697578T+6.135197×10-4T2/2-

1.2588420×10-7T3/3+ 1.775281×10-

11T4/4-1.1364354×10-15T5/5-

1.2339301×103

CO2

2.275724T+9.922072×10-3T2/2-

1.0409113×10-5T3/3 +6.866686×10-

9T4/4-2.117280×10-12T5/5-

4.837314×104

4.453623T+3.140168×10-3T2/2–

1.2784105×10-6T3/3+2.393996x10-

10T4/4-1.6690333×10-14T5/2-

4.896696×104

H2O

3.386842T+3.474982×10-3T2/2-

6.354696×10-6T3/3+6.968581×10-

9T4/4-2.506588×10-12T5/5-

3.020811×104

2.672145T+3.056293×10-3T2/2-

8.730260×10-7T3/3+1.2009964×10

-10T4/4-6.391618×10-15T5/5-

2.989921×x104
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Figure B.2: Variation of total enthalpy of the elements (N2 and O2) over temperature.
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Appendix C

Soot Enthalpy and Specific Heats Expressions

The specific heats and enthalpy expressions of soot was derived by performing a

curve-fit on the (H/RT) data available for Carbon from Chase (1998). The derived

expression for soot enthalpy is

H/RT=2.53187-0.0000747824T+0.0000000412011T2-0.000000000002216564T3 -

2.492845x10-16T4

Figure C.1 is plot of cp/R based on the above derived expression as a function of

temperature T. The values for cp/R using the Shomate expressions from Chase (1998) are

also shown in the plot. There is a slight divergence in the values obtained using the curve

fit expression and the values obtained from the Shomate expressions for T< 500 K,

however we do not see soot at such low temperatures in our computations.
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Appendix D

Validation of the S-6 Discrete Ordinates Subroutine

The S-6 DOM (Discrete Ordinates Method) scheme is used for calculating the

radiation heat transfer in the combustion calculations.

The S-6 scheme was validated by comparing the results obtained using the S-6

scheme with the results obtained by Jendoubi et al. (1993) using the S-14 DOM scheme.

The problem involved calculating the intensities along the walls in a cylindrical chamber

filled with hot gas. A schematic of the cylinder geometry has been shown in figure D.1.

The cylinder has a radius R and an axial distance of 2H with an aspect ration (R/H) of 1.

The walls of the chamber are cold and black ( 1=ε ). The medium (hot gas) is isothermal

and gray. The hot gas absorbs, emits and anisotropically scatters the radiative energy.

The scattering albedo ( βσ ) is 0.8 and the optical radius RR ×= βτ , is equal to 1.

Figure D.2 is a plot of the normalized average incident radiation on the side walls

using the S-6 DOM scheme and the results obtained by Jendoubi et al. (1993) using the

S-14 DOM scheme. The plot shows a good match between the results – at z/2H=0.5 i.e.

the difference in the incident radiation is less than 7% between the S-6 and S-14 scheme.

The difference is quite reasonable for our calculations and this shows that the S-6 scheme

is sufficient in estimating the radiation heat transfer.
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Figure D.1: Schematic of the cylinder.
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Appendix E

Comparison of Experiments and Computations of Forced Cold-Flow
Jets

Acoustic forcing in laminar flames too showed changes in luminosity – the forced

flames were non-luminous as compared to non-forced flames. These experiments were

performed along with Mr. Mirko Gamba. Figure E.1 is a schematic of the loudspeaker

burner. The set-up involved using a loudspeaker for forcing the fuel stream. The pulsing

chamber which has a loudspeaker on one side and a wall, with a small opening (D=6.35

mm) on the other side. The opening acts as the fuel nozzle and the jet is effectively a

wall jet. The forcing amplitudes and frequency of the loudspeaker were varied using

could an amplifier.

Figure E.1: Schematic of the loudspeaker burner for the laminar flame experiments.

Fuel/Air

Loudspeaker

Wall

Jet Nozzle

Amplifier
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Figure E.2 shows images of the non-forced and forced laminar methane flames.

The forced flame case shown here was forced at was forced at 6.9 mV at a frequency of

100 Hz. The images once again show the changes in luminosity – the non-forced flame

is more luminous than the non-forced flame. The non-forced flame is blue at the bottom,

but is very luminous over the top half of the flam, while the forced flame in comparison

has much lower luminosity. This observation is consistent with the observations in the

laminar-transitional flames and the changes in luminosity indicate that the soot

production in forced flames is suppressed in forced flames. The forced flame length does

not differ much as compared to the non-forced flame, however the forced flame does

appear to neck near the base of the flame and broadly appears to be narrower as

compared to the non-forced flame. In comparison the non-forced flame is wider at the

base – and radially extends further than the nozzle diameter.

Non-Forced flame Flame forced at 6.9 mV at 100 Hz

Figure E.2: Images of non-forced and forced laminar flames. The forced flame image is
for the case where the loudspeaker was forced with 6.9 mV at100 Hz.
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The flames shown here are in the laminar regime and the Re for the non-forced

flame is of the order of 50. We are quite uncertain about the quantitative values for the

laminar flames, since the calibration was done for flow rates less than 10% of the full

range on the rotameter. As a result, we only make qualitative comparisons between the

computations and experiments and would only like to highlight that the forced flames in

the laminar range too show reduced luminosity as compared to non-forced flames. Flame

structure changes too are observed though not as dramatic as the transitional-turbulent

flames. The flame length does not vary much in the forced flame as compared to the

non-forced flame, but the forced flame does appear to be narrower as compared to the

non-forced flame.

Hot-film measurements were made along the centerline at different elevations

from the base of the burner. There is some uncertainty about the experimental data, since

the flow rate levels used in this experiment were lower than 10% of the full scale of the

rotameter used. The non-forced jet had an exit flow velocity of 59.2 cm/s and Re of 216.

The jet was then forced by applying a range of voltages at various frequencies to the

loudspeaker. Hot film data measurements were made along the centerline, for both the

forced and non-forced jet.
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Figure E.3: Schematic of the computational domain (not to scale).

Simulations of the non-forced and forced jets were performed using UNICORN.

The internal nozzle was also simulated in these computations. A schematic of the

computational domain is shown in figure E.3. The computational domain extended 40

cm in the axial direction and 8.2 cm in the radial direction and a grid with 405×135 grid

points was used. The actual (physical) nozzle was contoured, however since it was not

possible to simulate the exact (shape) geometry of the internal nozzle – a flat boundary

was assumed. Also, a flat velocity profile was assumed at the base of the nozzle. The

axial velocity boundary condition ( )( )ftASinUu π210 += is applied at the base on the

nozzle from r=0 to r=3 mm. The wall boundary condition is applied over the rest of the
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bottom (r>3 mm). Zero gradients boundary condition was applied at the right and top

sides, while the symmetry boundary conditions are applied at the left side.
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Figure E.4: Axial velocity profile at the jet exit as a function of time for the jet forced at
8 mV at 100 Hz. 180% amplitude forcing at 100 Hz matches the
experimental data.

The forcing amplitudes for the computations were determined by examining the

peak experimental positive velocity. The ratio of the experimental peak positive velocity

to the experimental non-forced velocity are related as 10 −= UUA peak to get the forcing

amplitude A required for the simulations. The forcing at 6mV voltage at 100 Hz showed

an amplitude of 230%, 4 mV forcing at 80 Hz showed an amplitude of 190% while

forcing at 1 mV at 35 Hz showed an amplitude of 180%. Figure E.4 is a typical example

for one such case. The plot shows the evolution of the axial velocity along the centerline

for the jet forced with 8 mV at 100 Hz at the jet exit location. An amplitude of 180% at
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100 Hz with the non-forced axial velocity of 0.95 m/s was found to match the profile

well. The hot-film data cannot resolve the direction of flow and only shows the

magnitude. As a result, it was assumed that the smaller peaks are actually negative

velocities. The magnitude of the peak negative velocity in the numerical fit curve

matches the lower peak experimental values. This validates our assumption, since based

on the mass conservation law, the experimental velocities (lower peaks) need to be

negative.

Figure E.5 shows the peak axial velocity as a function of downstream distance for

the experimental case of the jet forced with 1 mV at 35 Hz. The non-forced axial

velocity had also been shown in the figure. The instantaneous computational axial

velocity for the non-forced case and the 35 Hz forcing case has also been shown in the

plot. The experimental data is shown with symbols, while the lines denote the

computational results. The non-forced cases show the same trend - the axial velocities

decays with downstream distance as expected, though the computational velocity is

higher than the experimental values at similar downstream locations. The computational

values might be higher than the experimental values since, we use a flat profile at the

base of the nozzle in the computations. The no-slip boundary conditions along the nozzle

walls, increases the velocity along the centerline.

The computational and experimental peak velocities of the forced jets match up

very well in the near jet exit region, however beyond 6D, the experimental jet decays

sharply while the computational jet decays more gradually. In fact, the forced jet shows

peak velocities lower than the non-forced jet, and this indicates that we might have large

errors in the experimental data. This might be due to room draft or that the calibration

errors are magnified at lower velocities.
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Appendix F

List of the C2H2 Reaction Rates used in the study and those used in GRI
Mech 3.0

Reaction Peters GRI

C2H2 + OH ==> C2H + H2O 1.00E+13 0 7000 3.37E+07 2.0 14000

C2H2 + H ==> C2H + H2 5.27E+13 0 28656

C2H2 + O ==> CH2 + CO 4.10E+08 1.5 1696 6.94E+06 2.0 1900

C2H2 + O ==> CHCO + H 4.30E+14 0 12112 1.35E+07 2.0 1900

C2H3 + H ==> C2H2 + H2 3.00E+13 0 0 3.00E+13 0 0

C2H3 + O2 ==> C2H2 + HO2 5.40E+11 0 0 1.34E+06 1.6 -384

C2H + H2O ==> C2H2 + OH 9.00E+12 0 -3818

C2H3 ==> C2H2 + H 2.00E+14 0 39727

C2H2 + H ==> C2H3 1.05E+14 0 810 R2

C2H4 + M ==> C2H2 + H2 + M 2.50E+17 0 76400

C2H2 + CH ==> C3H3 2.10E+14 0 -120

C3H4 + O ==> C2H2 + CH2O 1.00E+12 0 0

O + C2H2 ==> OH + C2H 4.60E+19
-

1.4
28950

H + C2H (+M) ==> C2H2 (+M) R1

OH + C2H2 ==> H + CH2CO 2.18E-04 4.5 -1000

OH + C2H2 ==> H + HCCOH 5.04E+05 2.3 13500

OH + C2H2 ==> CH3 + CO 4.83E-04 4.0 -2000

OH + C2H3 ==> H2O + C2H2 5.00E+12

C + CH3 ==> H + C2H2 5.00E+13
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CH + CH2 ==> H + C2H2 4.00E+13

CH + HCCO ==> CO + C2H2 5.00E+13

CH2 + CH2 ==> H2 + C2H2 1.60E+15 11944

C2H + H2 ==> H + C2H2 5.68E+10 0.9 1993

C2H4 (+M) ==> H2 + C2H2 (+M) R3

HCCO + HCCO

==> CO + CO + C2H2

1.00E+13

CH2 + CH2 ==> H + H + C2H2 2.00E+14 10989

Pressure Dependant Reaction Rates

R1: k_o = 3.75E+33 T-4.8 exp(-1900 cal/mol /RT) cm6/mol2 s

k_inf = 1.00E+17/T cm3/mol s

F_cent = (1-0.646) exp(-T/132) + 0.646 exp(-T/1315) + exp(-5566/T)

R2: k_o = 3.80E+40 T-7.27 exp(-7220 cal/mol /RT) cm6/mol2 s

k_inf = 5.60E+12 exp(-2400 cal/mol /RT) cm3/mol s

F_cent = (1-0.751) exp(-T/98.5) + 0.751 exp(-T/1302) + exp(-4167/T)

R3: k_o = 1.58E+51 T-9.30 exp(-97800 cal/mol /RT) cm3/mol s

k_inf = 8.00E+12 T^0.44 exp(-88770 cal/mol /RT) 1/s

F_cent = (1-0.735) exp(-T/180) + 0.735 exp(-T/1035) + exp(-5417/T)
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