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Abstract

The objectives of this work are (i) to investigate the coupled unsteady heat release
mechanisms responsible for thermoacoustic instabilities under di�erent �ame anchor-
ing con�gurations, (ii) to develop reduced-order models to predict the dynamic �ame
response, and (iii) to develop passive instability mitigation strategies by modifying the
dynamics of the �ame anchoring zone. The two di�erent anchoring con�gurations in-
vestigated were the wake-stabilized �ames and the perforated-plate stabilized �ames.
In order to investigate the wake-stabilized �ames, experiments were performed in
an atmospheric pressure, backward-facing step combustor. In this con�guration, the
dynamics are primarily governed by the �ame-vortex interactions, whereas the equiv-
alence ratio oscillations have minor impacts. Depending on the equivalence ratio,
inlet temperature and the fuel composition, the combustor operates under di�erent
dynamic modes. The operating conditions at the transition between di�erent modes
were predicted by developing a model based on the acoustic and vortex time scales.
A passive control strategy involving injection of steady air �ow near the step in the
cross-stream or streamwise directions were tested. Both injection con�gurations were
able to suppress the instability under some operating conditions at which the un-
steady interactions between the �ame and the wake vortex were eliminated. The
cross-stream air injection method eliminates these interactions by generating a new,
steady recirculation zone upstream of the step. On the other hand, the streamwise air
injection method eliminates these interactions by directly stabilizing the �ow dynam-
ics in the unsteady recirculation zone. In order to investigate the perforated-plate
stabilized �ame dynamics, a theoretical model was developed to predict the dynamic
heat-release response to inlet velocity oscillations. In this con�guration, the dynamics
are driven by the coupled e�ects of the �ame-wall interactions and the �ame-acoustic
wave interactions, generating burning velocity and �ame area oscillations. The model
predictions under di�erent operating conditions were compared with the experiments
and good agreement was obtained. As the heat loss to the plate increases, the plate's
surface temperature rises, the �ame temperature decreases, and the burning velocity
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oscillations become more signi�cant. In order to verify and relax some model assump-
tions, two-dimensional simulations were performed in the same con�guration utilizing
a detailed chemical kinetic mechanism and allowing the heat transfer between the gas
and the perforated-plate. The primary results of the simulations support the conclu-
sions of the theoretical model, and show the signi�cant impact of the heat transfer to
the plate on both the steady �ame characteristics, and the unsteady dynamic �ame
response.

Thesis Supervisor: Ahmed F. Ghoniem
Title: Ronald C. Crane (1972) Professor
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Chapter 1

Introduction

A phenomenon often observed in continuous combustion systems is self-sustained,

pressure and �ow oscillations forming as a result of the resonant interactions between

unsteady heat release mechanisms and the acoustic modes of the system, referred

to as the thermoacoustic instability [1, 2]. Thermoacoustic instability occurs under

lean burn conditions, where most emissions and e�ciency bene�ts are achieved, or

near stoichiometry, where high power density is the objective. Thermoacoustic insta-

bility is undesirable since it may cause �ame extinction, structural vibration, �ame

�ashback and even structural damage. Several mechanisms appear to be present

in a combustor that instigate the unsteady heat release, including: �ame-acoustic

wave interactions, �ame-vortex interactions, equivalence ratio oscillations, �ame wall

interactions and unsteady stretch rate, all of which may be present individually or si-

multaneously [3�5], and hence promoting thermoacoustic instability. Trial-and-error

methods could be used to design stable combustion systems; however, changing the

design to eliminate the instability at one speci�c operating condition does not guaran-

tee that the instabilities are eliminated at other operating conditions. Trial-and-error

design procedure can also be costly and di�cult. Physics-based combustion models

that can be coupled with detailed acoustic models to simulate the system response
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under various operating conditions and combustor designs are required to achieve an

optimum design while minimizing the trial-and error process; or simple cost-e�ective

control strategies should be developed to suppress the instabilities generated at a

desired operating condition.

The instability mechanisms are di�erent for di�erent combustion systems, de-

pending primarily on the �ame anchoring strategy. The wake-stabilized �ames are

typical in large-scale gas turbine combustors, where the power output is large and

the �ow is strongly turbulent. The �ame is anchored in the recirculation zone formed

downstream of a sudden expansion/swirler as shown in Fig. 1-1. The most signi�-

cant instability mechanisms in this con�guration are �ame-vortex interactions and

the equivalence ratio oscillations [6, 7]: (i) Flame-vortex interactions � The unsteady

interaction between the �ame surface and the vortex formed in the wake of the recir-

culation zone generates signi�cant variations in the �ame area; hence the heat-release

rate. The periodic heat release oscillations may couple positively with the acoustic

�eld, leading to self-sustained acoustic oscillations [8�16]; (ii) Equivalence ratio os-

cillations � The pressure oscillations in the combustor interact with the fuel supply

line, leading to noticeable oscillations in the fuel �ow rate. Moreover, the veloc-

ity oscillations at the location of the fuel supply modulate the air �ow rate. The

combined oscillations in the fuel and the air �ow rates result in equivalence ratio

oscillations at the location of the fuel injector. These oscillations are convected to the

�ame zone, where it directly e�ects the burning velocity of the �ame and the heat

of reaction of the mixture, causing heat-release rate oscillations. If the heat-release

rate oscillations couple positively with the acoustic �eld, self-sustained oscillations

are established [17�20].

The perforated-plate stabilized �ames are typical in industrial and compact house-

hold burners. In these systems several conical �ames form downstream of the perforated-

plate holes, connected by the planar �ames formed downstream of the solid surfaces
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Figure 1-1: A typical wake-stabilized �ame.

as shown in Fig. 1-2. The power output is typically low, and the �ow is laminar.

The most signi�cant instability mechanisms are the �ame-acoustic wave interactions

and �ame-wall interactions [4, 21, 22]: (i) Flame-acoustic wave interactions � The

�ow and pressure oscillations cause the �ame surface area and the �ame consump-

tion speed to �uctuate, generating heat-release rate oscillations, which might yield

to thermoacoustic instabilities, i.e. acoustic wave ampli�cation, if couple positively

with the acoustic �eld [23�25]. The acoustic wave ampli�cation induced by pressure

sensitivity of the �ame consumption speed is weak. On the other hand, the acoustic

wave ampli�cation induced by the �ow perturbations, such as through strain and cur-

vature, are large because u′/ū >> p′/p̄ for Low Mach number �ows; (ii) Flame-wall

interactions � When the �ame propagates towards a wall, it loses heat to the wall,

thus its burning velocity speed drops. When the instantaneous �ow velocity exceeds

the �ame burning velocity, the �ame starts to propagate away from the wall, the

heat loss decreases, thus the burning velocity increases. The unsteady �ame burn-

ing velocity generates heat release �uctuations which could yield to thermoacoustic

instabilities [26�30].
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Figure 1-2: A typical perforated-plate stabilized �ame.

Recently, in order to broaden the operating range of combustors, hydrogen en-

riched hydrocarbons have been used as fuels in lean, premixed combustors [31�34].

Hydrogen enrichment allows operation at lower �ame temperature, which helps reduce

NOx emissions and the lean blowout limit of the combustor. Observed combustion

dynamics and �ame structures are also impacted by hydrogen enrichment as a result

of its impact on the reaction kinetics. Previous research has shown that in the case of

unstrained methane�air �ames, hydrogen addition has a relatively small impact on the

laminar burning velocity and the lean blowout limit. For methane-hydrogen mixtures

with 10% fuel volume of H2, the increase in burning velocity is typically 5%, over a

range of equivalence ratios and [35]. In contrast, hydrogen enrichment has been shown

to substantially increase the burning velocity and to inhibit extinction in turbulent

and strained �ame environments [36�38]. Analytical studies have described the im-

pact of stretch on premixed �ames, typically using asymptotic analysis and simpli�ed

models of �ame structure [39�41]. These studies yield simple expressions for the vari-

ation of the burning velocity and the �ame temperature from their unstretched values,

emphasizing the interaction of stretch with preferential di�usion (e.g. non unity Lewis

number) e�ects. The impact of the inlet temperature on thermoacoustic instabilities,
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�ame structure and blowout limits have also been investigated and noticeable shifts

in regions of unstable combustion have been observed [42, 43].

In this thesis, the combustion dynamics of wake-stabilized �ames and perforated-

plate stabilized �ames are investigated in detail. The wake-stabilized �ame dynamics

are investigated experimentally in an atmospheric pressure, model backward-facing

step combustor. I carried out a parametric study by varying the equivalence ratio,

the Reynolds number, the inlet temperature, the fuel composition and the location

of the fuel injector to examine the �ame-vortex interactions and the equivalence ratio

oscillations, and the relative contribution of these mechanisms on the dynamics. Ex-

tensive instrumentation of the combustor allows monitoring the temporal variations

in pressure, heat release, and �ow velocity, as well as the temporal and spatial vari-

ations in the equivalence ratio. The images of the �ame captured by a high speed

video camera is used to identify di�erent operating modes. The transitions between

di�erent dynamic operating modes observed under di�erent operating conditions are

predicted by developing a simple model.

Active combustion control strategies are able to suppress thermoacoustic instabil-

ities in premixed combustors by disrupting the coupling mechanisms that feed these

instabilities by using an actuator that modulates the fuel �ow rate [44�51], or air �ow

rate [52]. These strategies are e�ective in suppressing the instabilities; however, they

require high cost, high speed actuators and add signi�cant complexity to the design of

the combustors. For this reason, developing simple, passive control strategies directly

in�uencing the �ame anchoring zone with minimal complexity are desirable. In this

thesis, a passive control strategy by injecting steady air �ow near the �ame anchoring

zone through choked micro-holes is proposed and tested in the backward-facing step

combustor.

The perforated-plate stabilized �ame response, i.e. the heat release response, to

�ow oscillations have been modeled extensively in the literature [28, 29]. However,
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these models are limited to planar �ame assumption, which neglects the �ame-

area oscillations generated by the �ame-acoustic wave interactions. As the inlet

velocity increases, one needs to include the e�ect of the �ame-area oscillations as

well, because the �at �ame assumption is no longer valid. In this thesis, I extend

the planar perforated-plate stabilized �ame models by taking into account the two-

dimensionality of the �ame surface formed downstream of the perforated-plate holes.

The inlet velocity in the model is not limited to a maximum value unlike the planar

�ame models developed before, which is very important to model burners with high

thermal loads. The model captures the e�ect of the �ame-area �uctuations in ad-

dition to the �ame-wall interactions. The derived heat release-inlet velocity transfer

function is compared to the experimental measurements. Finally, two-dimensional re-

active �ame simulations utilizing a detailed chemical kinetic mechanism are performed

to gain more insight on the impact of the operating conditions and the perforated-

plate design on the steady �ame structure and characteristics, and the dynamic �ame

response to inlet velocity oscillations.

In Chapters 2�4, the backward-facing step stabilized �ame dynamics and in Chap-

ters 5 and 6, the perforated-plate stabilized �ame dynamics are investigated. Chap-

ter 2 investigates the �ame-vortex interaction driven combustion dynamics by elimi-

nating the equivalence ratio oscillations arriving at the �ame zone. In Chapter 3, the

equivalence ratio arriving at the �ame zone is no longer steady; therefore, the impact

of the equivalence ratio oscillations on the �ame-vortex interactions are determined.

Chapter 4 investigates the passive control approach utilizing steady air injection near

the �ame anchoring zone. In Chapter 5, the physics-based model predicting the heat

release-inlet velocity transfer function in perforated-plate stabilized �ames is derived

and veri�ed experimentally. Chapter 6, explains the two-dimensional numerical model

and investigates the �ame structure and characteristics under steady conditions, and

the dynamic response of the �ame under unsteady (forced inlet �ow) conditions. The
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conclusions are stated in Chapter 7.
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Chapter 2

Flame-Vortex Interaction Driven

Combustion Dynamics

In this chapter, the �ame-vortex interaction driven combustion dynamics of propane-

hydrogen mixtures are investigated in an atmospheric pressure, lean, premixed

backward-facing step combustor. I systematically vary the equivalence ratio, inlet

temperature and fuel composition to determine the stability map of the combustor.

Simultaneous pressure, velocity, heat-release rate and equivalence ratio measurements

and high-speed video from the experiments are used to identify and characterize sev-

eral distinct operating modes. When the fuel is injected far upstream from the step,

the equivalence ratio entering the �ame is temporally and spatially uniform, and the

combustion dynamics are governed only by the �ame-vortex interactions.

The experiments are performed at Reynolds numbers of 6500 and 8500 based

on the step height and mean �ow velocity using pure propane or propane enriched

with hydrogen by adding 30% by volume (2.0% by mass; 4.8% by LHV) or 50%

by volume (4.4% by mass; 10.6% by LHV) hydrogen. The temperature of the inlet

mixture is varied from ambient (300 K) to 600 K, in 100 K increments. At each fuel

composition, Reynolds number and the inlet temperature, the equivalence ratio of
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the fuel-air mixture is varied from near the lean blowout limit to a value approaching

the �ashback limit near stoichiometry. I conducted the experiments with the fuel

injector located 93 cm upstream of the step, which ensures that the equivalence ratio

reaching the combustion zone is temporally and spatially uniform.

I demonstrate the presence of di�erent regimes in which the �ame is impacted by

di�erent �ow structures depending on the operating parameters. The response curves

of the combustor�the pressure amplitude as function of the equivalence ratio�are

presented for a range of fuel compositions and inlet temperatures. I use numerical

results to collapse the response curves, showing that the transitions between the

combustor dynamic modes are correlated with changes in a heat release parameter,

which incorporates the e�ect of strained �ame consumption speed and volumetric

expansion. The complex interactions between the hydrodynamics and the �ames

under di�erent operating conditions can approximately be captured using the heat

release parameter alone. Formulating a simple theory, the critical values of this

parameter at which transitions between di�erent dynamic operating modes take place

are determined.

2.1 Combustor Description

Figure 2-1 shows a schematic diagram of the backward-facing step combustor. The

combustor consists of a rectangular stainless steel duct with a cross section 40 mm

high and 160 mm wide. The air inlet to the combustor is choked. At a location

0.45 m downstream from the choke plate, a 0.15 m long ramp contracts the channel

height from 40 mm to 20 mm followed by a 0.4 m long constant area section that

ends with a sudden expansion back to 40 mm. The step height is 20 mm. The

overall length of the combustor is 5.0 m. A circular exhaust pipe comprises the

last 3.0 m of the combustor with a cross sectional area approximately four times
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Figure 2-1: Schematic diagram of the backward-facing step combustor.

that of the rectangular section. The exhaust exits to a trench with a large cross

sectional area. The combustor is equipped with quartz viewing windows. An air

compressor supplies air up to 110 g/s at 883 kPa. A pair of Sierra C100M mass

�ow controllers allow arbitrary propane/hydrogen mixtures at maximum �ow rates

of 2.36 g/s for propane and 0.30 g/s for hydrogen. The uncertainty of the �ow rates

is ±1% of the full scale. Fuel is injected through several spanwise holes in a manifold

located 93 cm upstream of the step. Images of the �ame are captured at 2000 frames

per second using a Phantom v7.1 high-speed camera. Pressure measurements are

obtained using Kulite MIC-093 high intensity microphones designed for laboratory

investigations. Flow velocity is measured using TSI IFA300 hot wire anemometer.

An optical bandpass �lter centered at 430 nm is placed in front of a Hamamatsu

H9306-02 photosensor module to measure the CH* chemiluminescence emitted by

the �ame, which is proportional to the instantaneous heat-release rate [53, 54]. More

details on CH* chemiluminescence measurement technique can be found in Ref. [55].

Temporal equivalence ratio variations are measured 14 cm upstream of the step using

a Hamamatsu P4245 photodiode to detect absorption of a HeNe laser by propane at a

wavelength of 3.39 µm. This laser is modulated using a Scitec Instruments 360 OEM

optical chopper in order to distinguish between the light emitted by the �ame when

it �ashes back and the laser signal. When the fuel passes through the laser beam, it
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absorbs some of the laser light, reducing the photodiode signal. The intensity of the

light can be related to the fuel concentration using the Beer-Lambert law, as described

by Lee et al. in Ref. [18]. Figure 2-2 shows the schematic diagram of the temporal

equivalence ratio measurement setup. The spatial concentration/equivalence ratio

measurements are performed under non-reacting �ow conditions by injecting CO2 into

the combustor as a fuel surrogate and taking point measurements of its concentration

using a California Analytical Instruments ZRH CO/CO2 analyzer. The gas probe

automatically traverses the combustor cross section near the location of the step. The

spatial concentration measurement setup is shown schematically in Fig. 2-3. The inlet

mixture temperature is set using an Osram Sylvania 18 kW inline electric heater with

on/o� temperature controller. All data are acquired using a National Instruments

PCIe-6259 data acquisition board and the Matlab Data Acquisition Toolbox. A

custom Matlab code is used to store the data and control the experiment.

’

Combustor 

Cross Section

Spanwise Direction

Laser

Reference Chopper

Sensor

Figure 2-2: Schematic diagram showing the temporal equivalence ratio measurement

setup.

Combustor 

Cross Section

Automated

Traverser
y

x

Spanwise Direction

Figure 2-3: Schematic diagram showing the spatial equivalence ratio measurement

setup.
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2.2 Results

Temporal oscillations of the equivalence ratio, and non-uniformities in the equivalence

ratio distribution entering the �ame zone can signi�cantly impact the combustion

dynamics by impacting the local burning velocity along the �ame front as well as the

�ame structure. Here, because I am interested in investigating only the �ame-vortex

interaction driven combustion dynamics, I ensure that the equivalence ratio entering

the combustion zone is steady, i.e. no temporal variations of the equivalence ratio is

present at the combustion zone. Moreover, in order to achieve premixed combustion,

the spatial equivalence ratio distribution entering the �ame zone should be uniform.

In Fig. 2-4, I show the temporal variation of the equivalence ratio measured 14 cm

upstream of the step when the combustor is �red at an equivalence ratio of 0.80 and

a Reynolds number of 8500, without hydrogen enrichment, when the fuel injector is

located 93 cm upstream of the step. At this location of the fuel injector no temporal

variations of the equivalence ratio are observed as a result of two factors: (i) the

amplitude of equivalence ratio oscillations established at the fuel injector location are

small, since the injector is located near the choke plate where velocity oscillations

are small and (ii) the convective time scale, τ = Linj/Ū is long so that there is

enough time for the oscillations to be damped by turbulent mixing before reaching

the combustion zone, where Linj is the distance between the fuel injector and the step

and Ū is the average �ow velocity [4, 19].

Next, the spatial distribution of the equivalence ratio is measured keeping the fuel

injector at the same location, under steady, non-reactive conditions using the tech-

nique described in the previous section. The measurements are performed at a cross

section 2 cm downstream of the step, without hydrogen enrichment, at Re=8500 and

mean equivalence ratio of 0.70. The maximum variation of the measured equivalence

ratio distribution along the cross section is less than 1%. This indicates uniform

spatial equivalence ratio distribution, ensuring premixed combustion.
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Figure 2-4: Temporal equivalence ratio measurements 14 cm upstream of the step at
Re=8500, φ =0.80 while injecting the fuel 93 cm upstream of the step.

In the rest of this chapter, in order to investigate �ame-vortex interaction driven

premixed combustion dynamics, the fuel is introduced 93 cm upstream of the step

as suggested by the above results. I conduct a series of experiments in order to:

(i) determine the stability map; (ii) investigate the resonant acoustic modes; (iii)

distinguish between the �ame-vortex interaction dynamics observed under distinct

operating modes. Finally, I formulate a theory supported by numerical simulations of

one-dimensional, strained �ames to predict the transitions between di�erent operating

modes of the combustor.

2.2.1 Stability Map

I systematically vary the inlet temperature, fuel composition and the Reynolds num-

ber, and measure the response curves of the combustor while varying the equivalence

ratio between the lean blowout limit and near stoichiometry. The measured pressure

�uctuations are reported in terms of the overall sound pressure level (OASPL) using

the pressure sensor located 1.28 m downstream of the choke plate, which is close to

the location of the �ame. The OASPL in dB is de�ned as:
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OASPL = 10 log10

[
p(t)− p(t)

po

]2

(2.1)

where overbars indicate average values, p(t) is the pressure measured in an interval

t1 < t < t2 and po = 2 · 10−5 Pa.

While performing the tests, I observed that the combustor dynamics were strongly

in�uenced by the history of the operating mode and the conditions. In order to illus-

trate this history dependence, I plot the OASPL as a function of equivalence ratio for

propane �ames at Reynolds numbers of 6500 and 8500 and the inlet temperature of

300 K in Fig. 2-5. At each Reynolds number, the equivalence ratio is either increased

from the lean blowout limit towards stoichiometry, or decreased from near stoichiom-

etry towards the lean blowout limit. When the equivalence ratio is increased from

the lean blowout limit, the transitions in the response curves shown in Fig. 2-5 shift

towards higher equivalence ratios at both Reynolds numbers. The dependence of the

combustor dynamics on the history, i.e. the presence of hysteresis, is attributed to
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Figure 2-5: OASPL as a function of equivalence ratio without hydrogen enrichment at
an inlet temperature of 300 K. The equivalence ratio is either increased from near the
blowout limit towards stoichiometry, or decreased from near stoichiometry towards
the lean blowout limit for: (a) Re=6500; (b) Re=8500.
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the highly non-linear nature of the system. In the rest of this thesis, the data are

obtained while decreasing the equivalence ratio from near stoichiometry towards the

lean blowout limit.

In Fig. 2-6, I plot the OASPL as a function of the equivalence ratio using pure

propane or propane enriched with 50% by volume (4.4% by mass; 10.6% by LHV)

hydrogen at Reynolds numbers of 6500 and 8500, and inlet temperatures of 300 K and

500 K. When the inlet temperature is 300 K, I observed three distinct operating modes

corresponding to sound pressure levels of 158�160 dB, 145�150 dB and 130�135 dB.

The combustor operating modes corresponding to the 158�160 dB bands are referred

to as unstable, 145�150 dB bands are referred to as quasi-stable and OASPL values

between 130�135 dB close to the lean blowout are referred to as stable. The origin

of each characterization will become apparent when I depict the �ame images during

the corresponding operating modes. When the inlet temperature is raised to 500 K,

the OASPL in the unstable region decreases slowly with increasing equivalence ratio

and suddenly jumps to much higher values as the equivalence ratio exceeds a certain
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Figure 2-6: OASPL as a function of equivalence ratio using pure propane and propane
enriched with 50% by volume hydrogen at Re=6500 and Re=8500 at an inlet tem-
perature of (a) Tin=300 K; (b) Tin=500 K.
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threshold (0.80 without hydrogen enrichment at both Reynolds numbers). This is

the high-frequency unstable mode, where a higher acoustic mode of the combustor

is excited. The impact of the Reynolds number on the stability map is minor. The

quasi-stable mode is wider when the Reynolds number is 8500, especially at inlet

temperature of 500 K. Enriching propane with hydrogen or increasing the temperature

of the inlet mixture lower the lean blowout limit and shift the observed transitions

between operating modes to lower equivalence ratios.

I investigate the results in Fig. 2-6 in more detail by showing the combustor's

frequency response in Figs. 2-7 and 2-8 for the cases corresponding to Fig. 2-6(a) and

Fig. 2-6(b), respectively. These �gures show the amplitude of pressure oscillations as

a function of the frequency for the ranges of equivalence ratios in Fig. 2-6.

Figure 2-7(a) shows the frequency response for Reynolds number of 6500, inlet

temperature of 300 K, without hydrogen enrichment. As the equivalence ratio is

dropped from 0.90 to 0.70, the acoustic mode around 40 Hz is excited and the com-

bustor operates in the unstable mode. As the equivalence ratio is reduced just below

0.70, there is a slight increase in the resonant frequency, and a transition to the quasi-

stable operating mode. The resonant frequency drops slowly, as the equivalence ratio

is decreased further until the lean blowout limit. Similar acoustic response is observed

in Fig. 2-7(b), which shows the frequency response for Reynolds number of 8500, in-

let temperature of 300 K, without hydrogen enrichment. However, at this Reynolds

number, the transition to the quasi-stable mode occurs around the equivalence ra-

tio of 0.73, which is slightly higher than that in the Re=6500 case. When 50% by

volume hydrogen is added to propane, the transition to quasi-stable mode occurs at

an equivalence ratio of 0.62 at both Reynolds numbers, as shown in Figs. 2-7(c) and

2-7(d). When the inlet temperature is 300 K, only the resonant mode around 40 Hz

is dominant for the unstable and the quasi-stable operating modes of the combustor.

When the inlet temperature is raised to 500 K, there are signi�cant changes in the
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Figure 2-7: Sound pressure spectrum level maps as a function of equivalence ratio
at inlet temperature of 300 K for (a) Re=6500, no H2 enrichment; (b) Re=8500, no
H2 enrichment; (c) Re=6500, 50% by volume H2 enrichment; (d) Re=8500, 50% by
volume H2 enrichment.

acoustic response of the combustor as shown in Fig. 2-8. Without hydrogen addition,

at both Reynolds numbers, as the equivalence ratio drops below 0.85, the combustor

resonates around 130 Hz, until the equivalence ratio reaches 0.80, as shown in Figs. 2-

8(a) and 2-8(b). These operating bands correspond to OASPLs of 153 dB and 158 dB

for Re=6500 and Re=8500, respectively, in Fig. 2-6(b), and are referred to as the high-

frequency unstable mode. As the equivalence ratio is reduced further, the 40 Hz band
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Figure 2-8: Sound pressure spectrum level maps as a function of equivalence ratio
at inlet temperature of 500 K for (a) Re=6500, no H2 enrichment; (b) Re=8500, no
H2 enrichment; (c) Re=6500, 50% by volume H2 enrichment; (d) Re=8500, 50% by
volume H2 enrichment.

is excited until blowout occurs. However, near φ=0.60, at both Reynolds numbers,

the OASPL drops signi�cantly, corresponding to the transition from an unstable to

a quasi-stable band. The OASPL increases until the equivalence ratio reaches 0.57

for Re=6500 and 0.52 for Re=8500. When 50% by volume hydrogen is added to

propane, as the equivalence ratio is reduced from 0.72, the combustor resonates at

130 Hz until the OASPL reaches its local minimum around equivalence ratios of 0.68
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for Re=6500 and 0.65 for Re=8500, as shown in Fig. 2-6(b). As the equivalence ratio

is reduced further, the 40 Hz band is excited until the combustor shifts from unstable

to quasi-stable operating mode around equivalence ratio of 0.49 at both Reynolds

numbers.

So far I have demonstrated that changing the hydrogen content in the fuel and

the inlet temperature a�ect the response curves signi�cantly. Changing the Reynolds

number has a minor impact. I investigate the impact of hydrogen enrichment and the

inlet temperature further by extending the parameter set to include two additional

inlet temperatures and one additional hydrogen concentration. In Fig. 2-9, I plot the

OASPL as a function of the equivalence ratio at Reynolds number of 6500 for di�erent

fuel compositions and inlet temperatures. Figure 2-9 shows that at all inlet tempera-

tures, increasing the hydrogen fraction in the fuel shifts the response curves towards

leaner equivalence ratios. Increasing the inlet temperature at constant fuel composi-

tion has the same impact on the response curves. With preheating, the OASPL drops

as the equivalence ratio increases until the high-frequency unstable mode is excited,

as shown in Figs. 2-9(c) and 2-9(d). At the local minimum, which is the transition

point between the unstable and the high-frequency unstable modes, the combustor

operates in the quasi-stable mode when the inlet temperature is 600 K. Moreover, the

distinct quasi-stable band disappears at this inlet temperature. Preheating the inlet

mixture allows the excitation of higher frequency modes, impacting the combustion

dynamics signi�cantly.

2.2.2 Combustor Acoustics

In the previous section, I showed that two di�erent acoustic modes of the combustor,

corresponding to frequencies of 40 Hz and 130 Hz, were excited under di�erent oper-

ating conditions. In this section the combustor acoustics are investigated in detail to

explain the origin of the observed resonant frequencies.
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Figure 2-9: OASPL as a function of equivalence ratio at di�erent hydrogen concen-
tration for (a) Tin=300 K; (b) Tin=400 K; (c) Tin=500 K; (d) Tin=600 K. Re=6500.

In Fig. 2-10, I plot the simultaneous pressure oscillations measured at four di�erent

locations along the length of the combustor corresponding to unstable, high-frequency

unstable and quasi-stable modes. For the unstable and quasi-stable modes, the res-

onant frequency is close to 40 Hz and the pressure oscillations measured at di�erent

locations are nearly in phase. This shows that the resonant frequency may correspond

to the 1/4 wavemode of the combustor. On the other hand, for the high-frequency
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Figure 2-10: Pressure oscillations measured at di�erent locations along the combustor
length corresponding to unstable, high-frequency unstable and quasi-stable operating
modes.

unstable mode, a pressure node exists between the measurement locations of 0.15 m

and 0.76 m (since the pressure measurements are out of phase); and another pressure

node exists between measurement locations of 1.28 m and 3.82 m. The presence of

two pressure nodes along the length of the combustor suggests that the resonant fre-

quency around 130 Hz may correspond to the 5/4 wavemode. In Fig. 2-11, I plot the

pressure modeshapes along the length of the combustor for unstable, high-frequency

unstable and quasi-stable modes at the same operating conditions as in Fig. 2-10. The

sign of the rms pressure amplitude is reversed whenever measurements at two consec-

utive locations are out of phase. Figure 2-11 clearly shows that the quasi-stable and
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Figure 2-11: Pressure modeshapes corresponding to the unstable, high-frequency
unstable and quasi-stable operating modes.

unstable modes correspond to the 1/4 wavemode, and the high-frequency unstable

mode corresponds to the 5/4 wavemode of the combustor. The resonant frequency of

130 Hz is much smaller than what I expect for a 5/4 wavemode: 5× 40 Hz = 200 Hz.

Moreover, the pressure oscillations do not satisfy the open boundary condition at the

end of the exhaust tube (at 5.0 m) as I expect, suggesting a longer acoustic length.

It is also interesting to see that 3/4 wavemode is not excited.

In order to explain the observed resonant frequencies, the combustor acoustics

are modeled analytically by solving the linear one-dimensional wave equation while

neglecting viscous e�ects. The Mach number of the �ow in our combustor is very

low (∼0.02), therefore the e�ect of the mean �ow is neglected. Figure 2-12 shows a

schematic diagram of the combustor. The combustor is divided into two regions by

the combustion zone. For simplicity, I treat the combustion zone as a thin planar

�ame located at a �xed axial location. The e�ect of heat addition at the �ame location

is neglected for simplicity. The general solution of the homogeneous wave equation

can be written in the following form [56]:
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Figure 2-12: Schematic diagram of the combustor used in the acoustic model.

p′(x, t) = f(t− x/c̄) + g(t+ x/c̄) (2.2)

where the functions f(t) and g(t) are arbitrary. From the linearized one dimensional

momentum equation, the velocity oscillations are obtained in the following form:

u′(x, t) =
1

ρ̄c̄
[f(t− x/c̄)− g(t+ x/c̄)] (2.3)

where ρ̄ and c̄ are the average density and speed of sound, respectively. It is convenient

to write f(t) = Re
[
f̂ eiωt

]
where the circum�ex denotes a complex amplitude. Using

this notation, I rewrite Eqs. (2.2) and (2.3) as follows:

p̂(x) = f̂ e−iωx/c̄ + ĝeiωx/c̄ (2.4)

û(x) =
1

ρ̄c̄

[
f̂ e−iωx/c̄ − ĝeiωx/c̄

]
(2.5)

In each section of the combustor, Eqs. (2.4) and (2.5) give the pressure and velocity

mode shapes. The resonant frequencies follow from the application of the appropriate

boundary conditions at the inlet and exit of the combustor and matching the solutions

at the �ame location.

The solution of the homogeneous wave equation in the upstream section satisfying
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the choked inlet boundary condition, û1(0) = 0 is:

p̂1(x) = A cos(ω/c̄1x) (2.6)

û1(x) = − iA

ρ̄1c̄1

sin(ω/c̄1x) (2.7)

where A is an arbitrary constant. The solution of the homogeneous wave equation in

the downstream section satisfying the open exit boundary condition, p̂2(Ltot) = 0 is:

p̂2(x) = B sin[ω/c̄2(Ltot − x)] (2.8)

û2(x) = − iB

ρ̄2c̄2

cos[(ω/c̄2(Ltot − x)] (2.9)

where B is an arbitrary constant. Matching the velocity and pressure solutions at

the location of the �ame, x = Lf , I obtain the following equation which is solved

numerically to calculate the resonant frequencies:

ρ̄1c̄1

ρ̄2c̄2

= tan(ω/c̄1 · Lf ) tan[ω/c̄2 · (Ltot − Lf )] (2.10)

Figure 2-13 shows the modeshapes and associated resonant frequencies corre-

sponding to the 1/4, 3/4, 5/4 and 7/4 wavemodes of the combustor. The temperature

of the reactants and products are taken as 300 K and 1880 K, respectively, correspond-

ing to a pure propane �ame with φ =0.70. The speed of sound is 342 m/s in the re-

actants and 830 m/s in the products. The density of the reactants is 1.194 kg/m3and

the density of the products is 0.190 kg/m3. I assume that the �ame is located 8 cm

downstream of the dump plane, i.e. Lf=1.06 m. Note that these values change with

operating conditions, resulting in small di�erences in the resonant frequencies shown

in Fig. 2-13. The total acoustic length of the combustor, Ltot=6.0 m, is consistent
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Figure 2-13: Pressure modeshapes calculated from the acoustic model corresponding
to the 1/4, 3/4, 5/4 and 7/4 wavemodes.

with the observations in Fig. 2-11, where p′ ≈ 0 around 6 meters downstream of the

choke plate.

The observed resonant frequencies as well as the modeshapes are predicted well

using the acoustic model. The pressure nodes of the 5/4 wavemode occur around

0.8 m and 2.9 m, which matches closely the experimental measurements shown in

Fig. 2-11. These results clearly prove that the unstable and high-frequency unsta-

ble operating modes of the combustor correspond to the 1/4 and 5/4 wavemodes,

respectively. The resonant frequencies associated with di�erent acoustic modes of

the combustor correspond to distinct bands in Fig. 2-7 and Fig. 2-8. However the

amplitude is signi�cantly higher at the excited frequencies corresponding to either

the 1/4 or the 5/4 acoustic modes depending on the operating conditions.The �gure

also shows that the location of the �ame is very close to a pressure node in the 3/4

wavemode, where the pressure amplitude is very low. This is the reason why the 3/4

wavemode was not excited.

50



2.2.3 Flame Images

In order to distinguish between the dynamics at di�erent operating modes, I examine

�ame images extracted from high speed videos of typical unstable, high-frequency

unstable, quasi-stable and stable operating modes and describe corresponding un-

steady pressure, velocity, heat-release rate and equivalence ratio measurements. The

pressure is measured using the sensor located 1.28 m downstream of the choke plate

under all operating modes, which is close to the �ame location.

Unstable Mode

In Fig. 2-14, a sequence of �ame images is shown corresponding to one cycle of the

unstable mode taken at φ=0.80, Re=8500, Tin=300 K, without hydrogen enrichment.

Figure 2-15 shows simultaneous heat-release rate, velocity, pressure and equivalence

ratio measurements covering the same time period as the images shown in Fig. 2-

14. The resonant frequency is 36 Hz, which corresponds to the quarter wave mode

of the combustor. Since a hot wire anemometer is used to perform the velocity

measurements, I do not have information about the direction of the �ow. Therefore,

the sign of the hot wire reading is corrected to account for �ow reversal. In the

unstable mode, a wake vortex is formed in the recirculation zone downstream of

the step (1). At this moment, the velocity is rising, and the acceleration and the

pressure are at their maxima. As the velocity at the step increases, the vortex convects

downstream, while moving towards the upper wall of the combustor. As a result, a

packet of unburned reactants forms between the growing vortex and the �ame of the

previous cycle (2, 3). In addition, the heat-release rate is decreasing following the end

of the intense burning from the previous cycle. Between instants 2 and 3, heat-release

rate reaches its minimum, and the velocity is near its maximum value. As the velocity

drops from its maximum value, the vortex continues to move downstream towards the

upper wall of the combustor. The heat-release rate starts to rise as the reactant packet
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Figure 2-14: Flame images of the unstable mode. φ=0.80, Re=8500, Tin=300 K, no
hydrogen enrichment. The resonant frequency is 36 Hz. The time between the frames
is 4 ms.

sandwiched between the �ame from the earlier cycle and the �ame surrounding the

new vortex begins to burn (4-6). As the velocity reaches its minimum value between

images 6 and 7, the vortex reaches the upper wall of the combustor, and the reactant

packet burns by two �advancing� �ames on both sides causing intense burning. As

a result, the heat-release rate reaches its maximum near the moment of maximum

pressure, resulting in the positive feedback between the unsteady heat-release rate

and the pressure, which drives the instability (7). The �ame moving upstream of the

step indicates very small or negative velocity at the step (6, 7). Next, as the velocity

starts to rise again, the heat-release rate starts to drop, fresh reactants enter the �ame

anchoring zone and the cycle repeats. Since the fuel injector is located far enough

from the combustion zone, the equivalence ratio remains nearly constant throughout

the cycle. The maximum pressure amplitude is near 3 kPa.
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Figure 2-15: Simultaneous heat-release rate, velocity, pressure and equivalence ratio
measurements corresponding to the unstable mode shown in Fig. 2-14.

High-Frequency Unstable Mode

When the inlet mixture is preheated to higher temperatures, the instability is observed

at higher frequencies. Figure 2-16 shows a sequence of �ame images corresponding

to one cycle of the high-frequency unstable mode observed at φ=0.70, Re=6500,

Tin=500 K, with 50% by volume hydrogen enrichment. Figure 2-17 shows simultane-

ous heat-release rate and pressure measurements covering the same time period as the

images shown in Fig. 2-16. At elevated inlet temperatures I was not able to do point

velocity measurements using the hot wire anemometer. Equivalence ratio measure-

ments are not performed at this operating mode because the quality of the photodiode

signal drops signi�cantly as the inlet temperature increases. However, I expect the

equivalence ratio to remain temporally constant, because the fuel injector is placed

far upstream of the step and as veri�ed at Tin=300 K. The resonant frequency is

132 Hz (which corresponds to the 5/4 wavemode of the combustor). The observed

combustion dynamics are very similar to the unstable mode described before, except

that the unsteady �ame dynamics are faster in this case. In this operating mode,

the vortex forms at the step when the pressure is at a minimum. Since the step is
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Figure 2-16: Flame images of the high-frequency unstable mode. φ=0.70, Re=6500,
Tin=500 K, with 50% by volume hydrogen enrichment. The resonant frequency is
132 Hz. The time between the frames is 1.1 ms.

Figure 2-17: Simultaneous heat-release rate and pressure measurements correspond-
ing to the high-frequency unstable mode shown in Fig. 2-16.
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located between a pressure node and a pressure antinode (see Fig. 2-13), u′ leads p′ by

90 degrees. That instant again corresponds to the moment of maximum acceleration,

similar to the unstable case. As a result of the higher frequency, the �ame is more

compact and the wake vortex reaches the upper wall of the combustor closer to the

step. The heat-release rate and pressure oscillations are nearly in phase, resulting

in the observed instability. The more compact �ame causes smaller variations in the

�ame surface area, resulting in smaller amplitude heat-release rate oscillations com-

pared to the unstable case. The unsteady pressure amplitude is also lower than the

unstable case as a result of the smaller amount of energy supplied to the acoustic �eld

due to heat release. The maximum pressure amplitude is around 1.5 kPa.

Quasi-stable mode

When the equivalence ratio is reduced while the combustor is operating in the un-

stable mode, the noise from the combustor decreases signi�cantly as the equivalence

ratio drops below a certain threshold, depending on the operating conditions. This

is the quasi-stable operating mode of the combustor, which corresponds to the 140�

150 dB plateau observed in Fig. 2-9. In Fig. 2-18, a sequence of �ame images is shown

corresponding to the quasi-stable mode observed at φ=0.70, Re=8500, Tin=300 K,

without hydrogen enrichment. Figure 2-19 shows simultaneous heat-release rate, ve-

locity, pressure and equivalence ratio measurements covering the same time period

as the images shown in Fig. 2-18. The resonant frequency is 38 Hz, corresponding to

the 1/4 wavemode of the combustor. A vortex forms at the edge of the step near the

moment of maximum acceleration (1). The vortex convects downstream, forming a

packet of reactants (4-8). The vortex does not reach the top wall, and the reactant

packet is not pinched o� by the vortex. Burning is concentrated near the reactant

pocket. The burning of the pocket is not sudden and produces weak heat-release

rate �uctuations as shown in Fig. 2-19. This results in signi�cantly lower OASPLs

55



Figure 2-18: Flame images of the quasi-stable mode. φ=0.70, Re=8500, Tin=300 K,
without hydrogen enrichment. The resonant frequency is 38 Hz. The time between
the frames is 3.8 ms.

compared to the unstable mode. The maximum pressure amplitude is 0.6 kPa.

Stable mode

Near the lean blowout limit, the combustor operates in the stable mode, resulting in

nearly silent burning. As the inlet temperature increases, the stable mode becomes

narrower as shown in Fig. 2-9. In Fig. 2-20, a sequence of �ame images is shown

corresponding to the stable mode observed at φ=0.57, Re=6500, Tin=300 K, with

50% by volume hydrogen enrichment. Figure 2-21 shows simultaneous heat-release

rate and pressure measurements covering the same time period as the images shown

in Fig. 2-20. In this case, small vortices are shed from the step at high frequencies.

The vortex shedding frequency does not correspond to one of the low frequency modes
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Figure 2-19: Simultaneous heat-release rate, velocity, pressure and equivalence ratio
measurements corresponding to the quasi-stable mode shown in Fig. 2-18.

of the combustor. Thus, there is no coupling between the heat-release rate and the

pressure as shown in Fig. 2-21. The heat-release rate is steady, and the pressure

oscillates at very small amplitude and high frequency, corresponding to the vortex

shedding frequency.

2.2.4 Theory

In this section I develop a theory to predict the conditions at which the sudden

transition between di�erent dynamics operating modes take place. The high speed

�ame images of the unstable and high-frequency unstable operating modes revealed

that during an unstable cycle, the �ame is convoluted around a vortex forming in the

wake of the step. Moreover, careful inspection of the results in Figs. 2-14 and 2-16

show that as the wake vortex reaches the upper wall of the combustor, the heat-release

rate reaches its maximum value. For both operating modes, the vortex forms at the

moment of maximum acceleration. I de�ne the time elapsed between the moment of

vortex formation and the moment when the vortex reaches the upper wall (moment

of maximum heat-release rate) as τvor. I assume that the vortex moves towards the
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Figure 2-20: Flame images of the stable mode. φ=0.57, Re=6500, Tin=300 K, with
50% by volume hydrogen enrichment. The time between the frames is 4 ms.

Figure 2-21: Simultaneous heat-release rate and pressure measurements correspond-
ing to the stable mode shown in Fig. 2-20.
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wall predominantly as a result of the expansion velocity in the vertical direction. The

expansion velocity is proportional to the heat-release rate parameter ST (ρu/ρb − 1)

where ST is the turbulent burning velocity and ρu and ρb are the unburned and

burned mixture densities [25]. Assuming a linear relationship between the turbulent

and laminar burning velocities, the vertical velocity of the vortex, vvor, is:

vvor =
SL
c

(ρu/ρb − 1) (2.11)

where SL is the laminar burning velocity of the mixture. The constant of propor-

tionality between the expansion velocity and the heat-release rate parameter, and the

proportionality between the turbulent and laminar burning velocities are represented

by an arbitrary constant c. Representing the vertical distance between the corner of

the step where the vortex forms and the upper wall as H, I obtain τvor = H/vvor.

Substituting vvor from Eq. (2.11):

τvor =
cH

SL(ρu/ρb − 1)
(2.12)

In Fig. 2-22, I schematically show τvor, and the time between the maximum heat-

release rate and maximum pressure, τqp , for the unstable and high-frequency unstable

cases. The quasi-stable to unstable, and unstable to high-frequency unstable tran-

sitions occur when the pressure and heat-release rate oscillations become in phase,

that is τpq = NT , where N is an integer and T is the oscillation period. According

to Fig. 2-22, the quasi-stable to unstable transition takes place when (for N = 1)

τvor =
1

f1/4

(2.13)

and the unstable to high-frequency unstable transition takes place when

τvor =
3

2

1

f5/4

(2.14)
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Figure 2-22: Schematic diagram showing pressure, velocity and heat-release rate os-
cillations in a typical cycle corresponding to the (a) unstable; (b) high-frequency
unstable operating modes.

where f1/4 and f5/4 are the resonant frequencies corresponding to unstable and high-

frequency unstable modes. Using Eqs. (2.12) and (2.13), for the quasi-stable to un-

stable transition (qs→u):

SL(ρu/ρb − 1)|qs→u = cHf1/4 (2.15)

Similarly, using Eqs. (2.12) and (2.14), for the unstable to high-frequency unstable

transition (u→hfu):
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SL(ρu/ρb − 1)|u→hfu =
2

3
cHf5/4 (2.16)

The left-hand sides of Eqs. (2.15) and (2.16), i.e. the heat release parameters at tran-

sition, depend on the operating conditions (φ, fuel composition and Tin). For a set of

operating conditions satisfying Eqs. (2.15) or (2.16), I expect quasi-stable to unstable,

or unstable to high-frequency unstable transitions to take place, respectively.

In order to test this hypothesis, I regenerate the response curves of the combus-

tor�the OASPL as function of the equivalence ratio�shown in Fig. 2-9 by plotting

the OASPL against the heat release parameter. Since, the dependence on all the op-

erating conditions are represented by this parameter alone, the response curves should

collapse onto a global curve independent of the operating conditions. However, at-

tempting to collapse the data using the laminar burning velocity did not produce

satisfactory results. For this reason, I focused my attention in modifying the lami-

nar burning velocity by including the role of strain on laminar �ames over the same

range of equivalence ratios, fuel compositions and inlet temperatures. Especially with

di�erent fuel compositions, strain signi�cantly impacts the burning velocity [57].

The e�ect of strain is investigated by simulating a laminar �ame stabilized in a

planar stagnation �ow. Reactants are supplied on one side, the equilibrium state prod-

ucts of the reactants are supplied on the other, and the �ame stabilizes in the vicinity

of the stagnation point. The corresponding potential �ow velocity �eld is charac-

terized by the time-varying strain rate parameter a. The one dimensional governing

equations for the �ame structure are found by using a boundary layer approximation

across the �ame thickness. The governing equations are discretized using an implicit

�nite-di�erence method. The solution is obtained using a preconditioned inexact

Newton-Krylov method. Cantera [58] is used to evaluate the chemical source terms

and the various physical properties. Because of its strong in�uence on the di�usion of

hydrogen, the Soret contribution to di�usive �uxes is included. Details of the numer-
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ical method may be found in Refs. [59, 60]. A reduced chemical kinetic-mechanism

for propane combustion developed at the UCSD Center of Energy Research is used

[61].

There are many possible ways to de�ne a �ame speed for a strained �ame. Here,

I use the consumption speed, Sc, found by integrating the energy equation across the

�ame. The consumption speed is de�ned as

Sc =

´∞
− ∞ q

′′′/cpdy

ρu (Tb − Tu)
(2.17)

where q′′′ is the volumetric heat-release rate, cp is the speci�c heat of the mixture,

y is the coordinate normal to the �ame, ρu is the unburned mixture density, and Tu

and Tb are the unburned and burned temperature, respectively. As the strain rate

parameter a approaches 0, the consumption speed approaches the laminar burning

velocity.

To understand the e�ects of strain on propane-hydrogen �ames, a comprehensive

set of numerical simulations were performed covering the fuel compositions, equiva-

lence ratios and inlet temperatures used in Fig. 2-9, and strain rates ranging from 10

to 6000 s-1. In all cases, the oxidizer was air and the pressure was atmospheric.

The laminar burning velocity, i.e. at a = 0, as a function of equivalence ra-

tio for each fuel composition considered in the experiment and inlet temperatures

of 300 K and 500 K is shown in Fig. 2-23. The laminar burning velocity is deter-

mined by extrapolating the consumption speed to a strain rate of zero, analogous

to the commonly-employed technique for determining laminar burning velocity from

experimentally-observed strained �ames. The burning velocity rises substantially

with inlet temperature as expected. For the equivalence ratios considered here, in-

creasing hydrogen concentration raises the burning velocity despite the negligible

change in the adiabatic �ame temperature as shown in Figure 2-24. Clearly, the

impact of hydrogen enrichment is physical and not chemical.
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Figure 2-23: Laminar burning velocities of propane-hydrogen �ames as a function of
equivalence ratio, fuel composition and inlet temperature.
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Figure 2-24: Adiabatic �ame temperatures of propane-hydrogen �ames as a function

of equivalence ratio, fuel composition and inlet temperature.

Figure 2-25 shows the e�ect of strain rate on �ames with equivalence ratio φ = 0.70

for each of the fuel compositions considered in the experiment, and inlet tempera-
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Figure 2-25: E�ect of strain rate on consumption speed of �ames at φ = 0.70 with
varying fuel compositions and inlet temperature.

tures of 300 K and 500 K. Asymptotic analysis of strained �ames predicts that the

consumption speeds of �ames with Lewis numbers greater than unity decrease with

positive strain, and that decrease is proportional to the departure of the Lewis number

from unity. The results shown in this �gure are consistent with the expected trend;

the consumption speed of the �ames with highest hydrogen content (Lewis number

is closest to unity) has the weakest response to increasing the strain rate. When the

inlet temperature is raised, the response on the strain rate becomes stronger for all

fuel compositions. (In the case of syngas �ames, opposite trends were observed for

the response of �ames with di�erent hydrogen content to the strain rate, since in this

case the Lewis number is less than unity. Increasing the amount of hydrogen in syn-

gas �ames increases the departure of Lewis number from unity, resulting in stronger

response of the consumption speed to strain rate [57, 62])

In Fig. 2-26, I plot the consumption speed as a function of the equivalence ratio

for each fuel composition, and inlet temperatures of 300 K and 500 K, at a strain rate

of a=2000 s-1. The dependence of the consumption speed on the equivalence ratio
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Figure 2-26: Consumption speed of propane-hydrogen �ames at a �xed strain rate of
a=2000 s-1 as a function of equivalence ratio at di�erent fuel compositions and inlet
temperatures.

is nearly linear for each fuel composition and inlet temperature. When I compare

this �gure to the unstrained case, Fig. 2-23, I observe that the strained �ames with

less hydrogen content are more strongly impacted by the strain rate when compared

to higher hydrogen content �ames, especially at high equivalence ratios. The Lewis

number dependent response of the consumption speed to stretch is greater at higher

equivalence ratios.

These results clearly demonstrate that the strained �ame consumption speed Sc is

more sensitive to the operating conditions than the laminar burning velocity. When

using the consumption to reduce the experimental data, there is one undetermined

constant a, which can be thought of as a typical strain rate averaged over the entire

�ame. Here, I select values of a which produces the best correspondence with the

experimental data at each inlet temperature, i.e. the value for which the OASPL as a

function the heat release parameter looks essentially the same for all fuel compositions

at each inlet temperature. In Fig. 2-27 I plot the OASPL against the heat release
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parameter using the consumption speed for the burning velocity for the data in Fig. 2-

9 using strain rates of 2000 s-1, 2300 s-1, 2700 s-1 and 3000 s-1 for inlet temperatures

of 300 K, 400 K, 500 K and 600 K, respectively. As the inlet temperature increases,

the average inlet velocity also increases for the same Reynolds number. Because the

strain rate is proportional to the velocity, the strain rates are higher at higher inlet

temperatures, consistent with the values used in generating Fig. 2-27. Moreover, as

the inlet temperature increases, the average �ame location becomes closer to the step,

where the strain rate is the highest. Here I see that, for the most part, the data are

well-correlated with the heat release parameter at these values of the strain rates.

I next proceed to further validate the collapse of the data when plotted against

the heat release parameter. I plot the OASPL against the heat release parameter in

Fig. 2-28 selecting arbitrary fuel compositions and inlet temperatures from Fig. 2-27.

The �gure shows that the transitions between di�erent operating modes�independent

of the fuel composition, equivalence ratio and the inlet temperature�are correlated

well with the heat release parameter, which is a global parameter representing the

�ame-vortex interaction dynamics. As mentioned before, since the combustor shows

strong dependence on the history of the operating conditions, minor di�erences at

di�erent operating conditions are expected. The transition from the quasi-stable to

unstable mode occurs at Sc(ρu/ρb − 1) ≈ 50 cm/s, and the unstable mode to high-

frequency unstable mode transition takes place at Sc(ρu/ρb − 1) ≈ 120 cm/s.

Finally, the theory derived in Eqs. (2.15) and (2.16) is veri�ed. R is de�ned as the

ratio between the heat release parameters at the unstable to high-frequency unstable

transition and at the quasi-stable to unstable transition. From Eqs. (2.15) and (2.16),

using the strained consumption speeds instead of the laminar burning velocities of

the unstrained planar �ames:

R =
Sc(ρu/ρb − 1)|u→hfu

Sc(ρu/ρb − 1)|qs→u

=
2

3

f5/4

f1/4

(2.18)
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Figure 2-27: OASPL as a function of heat release parameter, Sc(ρu/ρb−1), at di�erent
hydrogen concentrations for (a) Tin=300 K, a =2000 s-1 ; (b) Tin=400 K, a =2300
s-1; (c) Tin=500 K, a =2700 s-1; (d) Tin= 600 K, a =3000 s-1.
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Figure 2-28: OASPL as a function of heat release parameter, Sc(ρu/ρb−1), at di�erent
hydrogen concentrations and inlet temperatures.

The resonant frequencies corresponding to high-frequency unstable and unstable cases,

respectively, are 132 Hz and 36 Hz (see section 2.2.3). Thus, the ratio predicted by

the theory is: R = 2.44. The ratio found from the experimental measurements is:

R = 120/50 = 2.40. The theory predicts the experimental measurements with great

accuracy! The constant c in Eqs. (2.15) and (2.16) is calculated using the experimental

heat-release rate parameter at the quasi-stable to unstable transition:

c =
Sc(ρu/ρb − 1)|qs→u

Hf1/4

(2.19)

which is 0.7.

This analysis show that the stability of the combustor is governed by the transport

of the large wake vortex to the upper wall of the combustor. The complicated �ame-

vortex interaction dynamics can be reduced to a single parameter, Sc(ρu/ρb−1), which

carries information about the interaction between the �ame and the hydrodynamics
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with di�erent reactant mixture compositions and the volume expansion as a result of

the chemical reaction. The former is represented by the consumption speed Sc, and

the latter is represented by ρu/ρb − 1.

2.3 Summary

In this chapter, the stability map and combustion dynamics in a backward-facing step

combustor are investigated when the dynamics are driven solely by �ame-vortex inter-

actions, that is in the absence of equivalence ratio oscillations. Simultaneous pressure,

velocity, heat-release rate and equivalence ratio measurements and high-speed video

from the experiments were used to identify and characterize several distinct operating

modes. Four distinct operating modes were observed depending on the inlet temper-

ature and the equivalence ratio. At high but lean equivalence ratios, the combustor

is unstable as a result of the strong interaction between the large unsteady wake

vortex and the �ame. The �ame propagates upstream of the step during a part of

the cycle. At intermediate equivalence ratios, the combustor is quasi-stable with the

�ame staying attached to the step at all times. Near the blowout limit, long stable

�ames are observed. When the inlet temperature is atmospheric, the quasi-stable

and the unstable �ames couple with the 1/4 wavemode of the combustor. When the

inlet temperature is increased, at high but lean equivalence ratios, the 5/4 wavemode

of the combustor is excited, increasing the resonant frequency signi�cantly. This

operating mode is the high-frequency unstable mode, where the �ame is more com-

pact compared to the unstable case. Increasing the inlet temperature and hydrogen

concentration shifts the response curves of the combustor towards lower equivalence

ratios. As the inlet temperature is increased, the stable operating band becomes

narrower. The vertical velocity of the large wake vortex is proportional to the heat

release parameter, and controls the moment when the vortex reaches the upper wall
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of the combustor producing a heat release pulse. I demonstrated that the consump-

tion speed of strained �ames can be used to collapse the response curves describing

the transitions among di�erent dynamic modes onto a function of the heat release

parameter alone. I predict the critical values of the heat release parameter at which

transitions between quasi-stable to unstable, and unstable to high-frequency unstable

operating modes take place, which may provide signi�cant bene�ts during the design

stage of the combustors.
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Chapter 3

The Impact of Equivalence Ratio

Oscillations on Combustion Dynamics

In this chapter, the experiments are conducted in the combustor described in the

previous chapter to describe the impact of the equivalence ratio oscillations on com-

bustion dynamics. For this purpose, experiments are performed by moving the fuel

injector to a location closer to the step compared to the location of the fuel injector in

the previous chapter. The fuel injector location e�ects the convective time required

for the equivalence ratio oscillations formed at the location of the fuel injector to reach

the �ame zone, therefore, e�ecting the turbulent mixing time. If the fuel injector is

close enough to the location of the step, I expect the equivalence ratio reaching the

�ame to oscillate; causing the dynamics to be driven by the compound action of the

�ame-vortex interactions and the equivalence ratio oscillations.
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3.1 Results

A series of experiments are conducted in order to examine how the presence of equiv-

alence ratio oscillations impacts the combustion dynamics. I systematically change

the Reynolds number the mean equivalence ratio between the lean blowout limit and

near stoichiometry. I measure �uctuations in pressure, heat-release rate, and �ow

velocity; and temporal and spatial variations of the equivalence ratio.

3.1.1 Equivalence Ratio Measurements

The temporal oscillations of the equivalence ratio, and the non-uniformities in the

equivalence ratio distribution near the �ame zone can signi�cantly a�ect the combus-

tion dynamics by impacting the local burning velocity along the �ame front as well as

the �ame structure. In order to achieve truly premixed combustion, the spatial equiv-

alence ratio distribution entering the �ame zone should be uniform. I measure the

spatial distribution of the equivalence ratio placing the fuel injector 28 cm upstream

of the step under steady, non-reactive conditions using the technique described in

Section 2.1. Figure 3-1 shows the measured equivalence ratio distributions at a cross

section immediately downstream of the step at Re=6500. The mean equivalence ratio

is set at 0.70. The uniformity of the mixture composition is satisfactory, but there

are two peaks in the spanwise direction, and troughs in the lower-left and upper-right

corners possibly as a result of the non-uniform base pressure distribution along the

fuel injector holes.

Figure 3-2 shows the temporal variation of the equivalence ratio measured 14 cm

upstream of the step when the combustor is �red at a mean equivalence ratio of 0.80,

Reynolds number of 8500, again when the fuel injector is located 28 cm upstream

of the step. Signi�cant temporal variations in the equivalence ratio are observed,

ranging from 0.45 to 1.35. The combustion dynamics in this case are expected to
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of the fuel injector at Re=6500. The mean equivalence ratio is 0.70. Fuel is injected
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Figure 3-2: Temporal equivalence ratio measurements 14 cm upstream of the step at
Re=8500, φ =0.80 while injecting the fuel 28 cm upstream of the step.

be governed by both �ame-vortex interactions and the equivalence ratio oscillations.

Note that di�usion takes place during the transport of the fuel from the measurement

location to the �ame, which results in lower equivalence ratio oscillation amplitude

at the �ame compared to the location of the measurements. In order to determine

the equivalence ratio reaching the �ame zone accurately, I use a one-dimensional

convection-di�usion model for scalar transport. The convection-di�usion equation

for the fuel with constant mixture density and di�usion coe�cient is:

ρ̄
∂Yf
∂t

+ ρ̄U(t)
∂Yf
∂x

= ρ̄D
∂2Yf
∂x2

+ Ṡf (x) (3.1)

where ρ̄ is the mixture density, Yf is the mass fraction of the fuel, D is the turbulent
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di�usion coe�cient, U is the �ow velocity, and Ṡf is the volumetric rate of fuel

addition. The relationship between the equivalence ratio and the fuel mass fraction

is:

φ =
Yf

FAs(1− Yf )
(3.2)

where FAs is the stoichiometric fuel-air ratio. The initial fuel mass fraction corre-

sponds to the value of the mean equivalence ratio downstream the location of the

fuel injector, and zero elsewhere. Equation (3.1) is solved numerically using a �nite

di�erence method in a uniform grid, with implicit forward-time, centered-space dis-

cretization. Ṡf = ṁf/(Acs∆x) at the location of the fuel injector and zero everywhere

else, where ṁf is the mass �ow rate of the injected fuel, which is constant with time,

i.e. choked fuel injector, Acs is the cross-sectional area of the combustor, and ∆x is

the step size used in the numerical calculations.

In order to examine the validity of the convection-di�usion model, in Figs. 3-3

and 3-4, I compare the equivalence ratio calculated by numerically solving Eq. 3.1 at

the location of the experimental measurements (14 cm upstream of the step) with the

experimental measurements. The operating conditions are: Re=8500, φ̄ = 0.80 in

Fig. 3-3, and Re=8500, φ̄ = 0.70 in Fig. 3-4. I impose the experimentally measured

�ow velocities in the numerical model. The velocity measurements are performed

22 cm upstream of the step using a hot wire anemometer. Because the distance

between the velocity measurement location and the step is small compared to the

acoustic length of the combustor (5 m), the amplitude of the velocity oscillations is

almost constant between the locations of the fuel injector and the step; therefore, is

represented well with the experimental measurements. I selected the parameters in

the numerical model to correspond to the values used in the experiment: ṁf = 1.16

g/s and ρ̄ = 1.197 kg/m3 in Fig. 3-3, and ṁf = 1.02 g/s and ρ̄ =1.194 kg/m3 in

Fig. 3-4. The turbulent di�usion coe�cient is selected to give the best match with
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Figure 3-3: Equivalence ratio as a function of time 14 cm upstream of the step
calculated numerically solving the convection-di�usion model and measured experi-
mentally. Re=8500 and φ̄ = 0.80.

the experimental measurements: D = 0.015 m2/s in Fig. 3-3, and D = 0.01 m2/s

in Fig. 3-4. Figure 3-5 compares the measured velocity at φ̄ = 0.80 and φ̄ = 0.70.

The velocity oscillations are strong and there is signi�cant �ow reversal at some part

of the cycle at φ̄ = 0.80. However, the oscillations are weak and the �ow does not

reverse at φ̄ = 0.70. Therefore, the turbulent intensity is expected to be larger at

φ̄ = 0.80 , resulting in a higher turbulent di�usion coe�cient, consistent with the

selected values.

The phase between the equivalence ratios measured experimentally and calcu-

lated numerically agree well. The model slightly over predicts the maximum value

of the equivalence ratios when φ̄ = 0.80, however there is an overall good match-

ing between the measurements and the prediction of the simple one-dimensional

convection-di�usion model. These results show that the convection-di�usion model

using appropriate values of di�usion coe�cients represents the temporal equivalence

ratio variations accurately. In the rest of this chapter, the equivalence ratio arriv-

ing at the �ame base, i.e. equivalence ratio at the step, is calculated by solving the

convection-di�usion model numerically.

The equivalence ratio oscillations shown in Fig. 3-3 exhibit cyclic variation char-
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Figure 3-4: Equivalence ratio as a function of time 14 cm upstream of the step
calculated numerically solving the convection-di�usion model and measured experi-
mentally. Re=8500 and φ̄ = 0.70.

Figure 3-5: Flow velocity as a function of time measured using a hot wire anemometer
22 cm upstream of the step.

76



acterized by a high amplitude sharp peak followed by a low amplitude broad peak

in each cycle, whereas this behavior is not observed in Fig. 3-4. Investigating Fig. 3-5

carefully, I conclude that the low amplitude peak observed in Fig. 3-2(b) arises as a

result of the �ow reversal taking place during part of the cycle.

3.1.2 Pressure Measurements

In this section, the response curves of the combustor are compared, i.e. pressure

amplitude plotted against the mean equivalence ratio, φ̄, when the dynamics are

driven solely by the �ame-vortex interactions (fuel injector located 93 cm upstream

of the step, Linj = 93 cm), and when they are driven by the compound action of

the �ame-vortex interactions and the equivalence ratio oscillations (Linj = 28 cm).

I performed the experiments at Re=6500 and Re=8500. The pressure amplitude is

reported in terms of the overall sound pressure level (OASPL) using the pressure

sensor located 1.28 m downstream of the choke plate, which is close to the �ame

location. Note that the combustion dynamics are impacted signi�cantly by the history

of the operating conditions, which is reported in the previous chapter. For this reason,

all the data are obtained while decreasing the mean equivalence ratio from near

stoichiometry (where the �ame �ashes back to the inlet channel) towards the lean

blowout limit.

Figure 3-6 compares the response curves at both fuel injector locations, at Re=6500

and Re=8500. When Linj = 93 cm, the response curves show distinct operating bands

at both values of Re. At this location of the fuel injector, there is no measurable e�ect

of Re. At high equivalence ratios the OASPL is around 160 dB, which I refer to as the

unstable mode. Video images show that at this operating mode, the strong unsteady

interactions between the large wake vortex and the �ame governs the dynamics. At

medium equivalence ratios, the OASPL drops to around 145 dB. This is the quasi-

stable operating mode of the combustor where the wake vortex-�ame interactions are
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Figure 3-6: OASPL as a function of the mean equivalence ratio when the fuel injector
is located 93 cm or 28 cm upstream of the step at (a) Re=6500; (b) Re=8500.

weaker. Near the lean blowout limit, the combustor operates in the stable regime

with a corresponding OASPL around 135 dB. In this regime, small vortices are shed

from the step at high frequencies which does not correspond to the resonant acoustic

frequencies of the combustor. The dynamics of each of these distinct operating modes

have been described extensively in the previous chapter.

When Linj = 28 cm, the dynamics change signi�cantly because of the survival of

the equivalence ratio oscillations introduced at the fuel injector location, φ′inj, as they

are convected to the �ame location. Under these conditions, and at both values of

Re, the OASPL is always greater than the values corresponding to the quasi-stable

or the stable mode. Moreover, the mean equivalence ratio at the lean blowout limit

increases. When Re=6500; φ′ causes the OASPL to rise compared to the cases when

the dynamics are driven only by the �ame-vortex interactions. At φ̄ < 0.70, the

�ame blows out. At Re=8500; φ′ acts to decrease (increase) the OASPL compared

to the cases when the dynamics are driven only by the �ame-vortex interactions for

0.75 < φ̄ < 0.80 (0.70 < φ̄ < 0.75). At φ̄ < 0.70, again the �ame to blows out. The

Reynolds number impacts combustion dynamics when equivalence ratio oscillations
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Figure 3-7: Sound pressure spectrum level maps as a function of the mean equivalence
ratio for the same cases in Fig. 3-6.

are present. φ′inj is convected towards the �ame zone with the �ow velocity. Therefore,

the equivalence ratio near the �ame depends on the �ow velocity, i.e. Re, which e�ects

the combustion dynamics.

I plot the combustor's frequency response in Fig. 3-7 corresponding to the cases in

Fig. 3-6. These �gures show the amplitude of the pressure oscillations as a function of

the frequency for the ranges of the mean equivalence ratios in Fig. 3-6. The resonant

frequency for all cases is around 40 Hz, which corresponds to the 1/4 wavemode of
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the combustor. I observe low amplitude bands around 80 Hz, 130 Hz and 170 Hz,

which correspond to the 3/4, 5/4 and 7/4 wavemodes of the combustor, respectively

(see Section 2.2.2). The �gure shows that when Linj=93 cm, the resonant frequency

increases slightly at the unstable mode to quasi-stable mode transition. Moreover,

near the lean blowout limit, the pressure amplitude is very low, because the �ame is

stable. When Linj=28 cm, the pressure amplitude is large and the resonant frequency

remains the same across the entire range of φ̄. These observations show that the

combustor's operating mode is never stable or quasi-stable when φ′ are present at the

Reynolds numbers I performed the experiments.

In order to investigate the impact of φ′ on combustion dynamics further, in Fig. 3-

8, I plot the pressure oscillations measured at φ̄ =0.80 and φ̄ =0.70, at Re=6500 and

Re=8500, when Linj=28 cm. I observe that the pressure amplitude is constant at

both values of the Re when φ̄=0.80. When φ̄=0.70, the pressure amplitude changes

between cycles at both values of Re. This suggests that in some cycles the heat-release

rate does not couple positively with the pressure oscillations, reducing the pressure

amplitude of the next cycle, and explains the drop in the OASPL as φ̄ is dropped.

This mechanism is stronger at Re=8500, which shows a decrease in the OASPL as φ̄

is dropped below 0.80 as shown in Fig. 3-6(b). The mechanism responsible for this

behavior will become clear in the next section when I investigate the high speed �ame

images; the simultaneous pressure, velocity, and heat-release rate measurements; and

the numerically calculated equivalence ratio arriving at the step.

3.1.3 High Speed Flame Images

Now, I examine the �ame images extracted from high speed videos of typical op-

erating modes driven by the compound e�ects of the �ame-vortex interactions and

the equivalence ratio oscillations; and describe the corresponding pressure, velocity,

and heat-release rate measurements; and the numerically calculated equivalence ratio
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Figure 3-8: Pressure oscillations near the �ame at: (a) Re=6500, φ̄ = 0.80; (b)
Re=8500, φ̄ = 0.80; (c) Re=6500, φ̄ = 0.70; (d) Re=8500, φ̄ = 0.70.

arriving at the step. The pressure is measured using the sensor located 1.28 m down-

stream of the choke plate under all operating conditions, which is close to the �ame

location. The velocity measurements are performed 22 cm upstream of the step using

a hot wire anemometer. I plot the temporal equivalence ratio variations at the step,

φstep, by solving the convection-di�usion equation numerically imposing the experi-

mentally measured �ow velocity using appropriate values of di�usion coe�cients in
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Eq. (3.1). I plot the instantaneous non-dimensional heat-release rate Q/Q̄ using the

value of the integrated CH* chemiluminescence, CH∗/CH∗. Because the equivalence

ratio is not uniform spatially in the �ame zone, CH∗/CH∗ is a qualitative indicator

of the heat-release rate [63], which is su�cient to observe the coupling between the

heat-release rate and the pressure.

Re=8500 and φ̄=0.80

In Fig. 3-9, I show a sequence of �ame images recorded during a representative cycle

of oscillations at Re=8500 and φ̄ = 0.80. Figure 3-10 shows the simultaneous heat-

release rate, velocity and pressure measurements, and Fig. 3-11 shows φstep calculated

by solving the convection-di�usion equation numerically covering the same time pe-

riod as the images shown in Fig. 3-9. The di�usion coe�cient, D = 0.015 m2/s, as

suggested before in Section 3.1.1. The resonant frequency is 35 Hz, which corresponds

to the 1/4 wavemode of the combustor.

At the moment of maximum �ow acceleration, a wake vortex forms at the hot

recirculation zone downstream of the step (1). At this moment, the pressure is near

its maximum value and the heat-release rate starts to drop from its maximum value

as the burning taking place during the previous cycle, which is concentrated near the

downstream edge of the �ame image, is completed. φstep is around 0.8. As the velocity

increases towards it maximum value, the vortex convects downstream while φstep drops

to its minimum value of around 0.72 (2). When the burning from the previous cycle

is completed, the heat-release rate reaches its minimum value (between instants 2 and

3). Next, φstep reaches its maximum value of around 1.1 (3). At this moment, the fresh

mixture entrained by the vortex with high equivalence ratio starts to burn intensively

around the vortex, causing the heat-release rate to increase. Just downstream of the

vortex, there is no burning. The vortex accelerates in the streamwise direction and

moves towards the upper wall of the combustor as a result of the combustion driven
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volume expansion (4, 5). As a consequence, the �ame area increases, raising the heat-

release rate. Because φstep is very lean at instant 5, the burning rate near the step is

low. At instant 6 the �ow reverses, causing the �ame to move upstream of the step.

The vortex reaches the upper wall of the combustor, limiting the further expansion

of the �ame area. As a result the heat-release rate reaches its maximum value. After

this, the inlet velocity rises again (7), and the cycle repeats. The maximum pressure

amplitude is around 3.2 kPa. These dynamics are repeated in every cycle, thus the

amplitude of the pressure and the velocity oscillations remain constant.
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Figure 3-9: Sequential �ame images recorded at Re=8500, φ̄=0.80. The resonant

frequency is 35 Hz. The time between the frames is 4.1 ms.
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Figure 3-10: Simultaneous heat-release rate, velocity and pressure measurements cov-

ering the same time period as the images shown in Fig. 3-9.
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Figure 3-11: Equivalence ratio arriving at the step covering the same time period as

the images shown in Fig. 3-9.

Re=8500 and φ̄ =0.70

Next, I reduced the value of the mean equivalence ratio to 0.70, close to the lean

blowout limit. In Fig. 3-8(d), I showed that the amplitude of the pressure oscillations

were di�erent in every cycle under these operating conditions. For this reason, I inves-
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Figure 3-12: Sequential �ame images recorded during a cycle showing positive cou-
pling between the heat-release rate and the pressure. Re=8500, φ̄=0.70. The resonant
frequency is 36 Hz. The time between the frames is 4.1 ms.

tigate the combustion dynamics of two di�erent cycles showing positive or negative

coupling between the pressure and the heat-release rate, caused by the presence of φ′.

Cycle 1: Positive coupling

In Fig. 3-12, I show a sequence of �ame images during a cycle in which the cou-

pling between the heat-release rate and the pressure is positive. Figure 3-13 shows

the simultaneous heat-release rate, velocity and pressure measurements, and Fig. 3-14

shows φstep calculated by solving the convection-di�usion equation numerically cover-

ing the same time period as the images shown in Fig. 3-12. The di�usion coe�cient,

D = 0.01 m2/s, as suggested before in Section 3.1.1. The resonant frequency is 36

Hz, which corresponds to the 1/4 wavemode of the combustor.

A vortex forms at the recirculation zone downstream of the step close to the

moment of maximum �ow acceleration (1). At this instant φstep is around 0.72. As
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Figure 3-13: Simultaneous heat-release rate, velocity and pressure measurements cov-
ering the same time period as the images shown in Fig. 3-12.
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Figure 3-14: Equivalence ratio arriving at the step covering the same time period as
the images shown in Fig. 3-12.
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the inlet velocity increases, the vortex convects downstream, and φstep drops to 0.66

(2). During instants 1 and 2, the heat-release rate is around its minimum value, and

the burning from the previous cycle is concentrated in a small zone just downstream

of the vortex. Next, φstep starts rising. The heat-release rate rises as the area of

the �ame from the previous cycle increases (3). The burning rate near the step is

low, because the equivalence ratio of the reactants entrained by the vortex until this

moment is low. Next, when φstep reaches its maximum value of around 0.85, the

reactant mixture entrained by the vortex starts burning intensively around it. As a

result, heat-release rate increases. After this moment, φstep starts to drop. Between

instants 4 and 5, the heat-release rate drops slightly, because the burning from the

previous cycle is completed. Following this moment, the combustion generated volume

expansion causes the vortex and the �ame wrapped around it to rapidly convect

downstream, while the vortex expands towards the upper wall of the combustor. The

�ame area increases, causing the heat-release rate to increase steeply (5, 6). Note

that the equivalence ratio of the mixture in the vicinity of the vortex, φvor, convects

downstream together with the vortex by the local �ow velocity. Therefore, close to

the location of the intense burning, φvor is nearly constant, although φstep decreases.

As the vortex touches the upper wall of the combustor, the �ame area and the heat-

release rate reach their maxima between instants 6 and 7. At that moment, the

�ow velocity is at its minimum value. As the velocity rises again, the heat-release

rate starts to drop (8) and a new vortex is formed when the �ow accelerates at its

maximum rate. The pressure and heat-release rate are in-phase, resulting in a positive

feedback. This causes the pressure and velocity amplitudes to increase in the next

cycle.
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Figure 3-15: Sequential �ame images recorded during a cycle showing negative cou-
pling between the heat-release rate and the pressure. Re=8500, φ̄=0.70. The resonant
frequency is 36 Hz. The time between the frames is 4.1 ms.

Cycle 2: Negative coupling

Now, I investigate the combustion dynamics observed at the same operating condi-

tions during a cycle immediately after the one described above. In Fig. 3-15, I show

a sequence of �ame images, which show negative coupling between the heat-release

rate and the pressure. Figure 3-16 shows the simultaneous heat-release rate, veloc-

ity and pressure measurements, and Fig. 3-17 shows φstep calculated by solving the

convection-di�usion equation numerically covering the same time period as the images

shown in Fig. 3-16. The di�usion coe�cient, D = 0.01 m2/s. The resonant frequency

is 36 Hz, which corresponds to the 1/4 wavemode of the combustor.

This cycle again begins when the wake vortex forms, corresponding to the moment

of maximum �ow acceleration (1). At this moment, φstep=0.72 and dropping. Burning

from the previous cycle continues near the downstream edge of the �ame image.
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Figure 3-16: Simultaneous heat-release rate, velocity and pressure measurements cov-
ering the same time period as the images shown in Fig. 3-15.
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Figure 3-17: Equivalence ratio arriving at the step covering the same time period as
the images shown in Fig. 3-15.
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Therefore, the heat-release rate is still above its mean value, but decreasing. As the

inlet velocity increases, φstep reaches its minimum value of around 0.60. At instant

3, the heat-release rate is at its minimum value, the �ow velocity is maximum, and

φstep is around 0.75. Between instants 2 and 3, because the equivalence ratio of

the mixture entrained by the vortex is very lean, the �ame locally blows out near

the step, which is evident from the zero light intensity captured by the camera near

the step at instant 3. After this moment, φstep reaches its maximum value of near

stoichiometry. Intense burning is initiated at the downstream surface of the vortex

towards the lower wall of the combustor, when the mixture with su�cient equivalence

ratio re-ignites (4). Immediately downstream of the vortex no burning takes place.

In this cycle, the burning is concentrated within a small zone downstream of the step,

along the height of the combustor, and is intense at the bottom surface of the vortex

(5�7). Consequently, the vortex does not convect rapidly in the streamwise direction,

because the combustion generated volume expansion e�ects are only signi�cant in

the vertical direction. Therefore, the �ame area does not increase rapidly unlike the

cycle described previously; the increase in the heat-release rate is not steep. The

heat-release rate decreases slightly after instant 5, because the burning from the

previous cycle is completed. Between instants 7 and 8, a new vortex is formed near

the step, while φstep is close to its mean value of 0.70 and decreasing. The high inlet

velocity pushes the �ame downstream, causing the �ame area to increase steeply. As a

consequence, the heat-release rate is close to its maximum value around instant 8. In

this cycle, the heat-release rate signi�cantly lags the pressure oscillations. Therefore,

there is negative-coupling between the heat-release rate and the acoustics. This causes

the amplitude of the acoustic oscillations to decrease in the next cycle.
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3.1.4 Discussions

The equivalence ratio oscillations formed at the fuel injector location, φ′inj, are in-

versely proportional to the �ow velocity: φ′inj(t) α 1/U(t). The convective delay

between φ′inj and the equivalence ratio oscillations arriving the step, φ′step, is approxi-

mately τconv = Linj/Ū . Note that as the amplitude of the velocity oscillations increase

to cause �ow reversal, this approximation is less accurate. The amplitude of the oscil-

lations drop while they are convected as a result of the e�ect of the di�usion process.

Thus, φ′step(t) = αφ′inj(t − τconv), where α ≤ 1 [17, 19]. At Re=8500 and Re=6500,

τconv = 46.0 ms and τconv = 60.2 ms, respectively. Note that φ̄ has a negligible impact

on τconv at constant Re. The velocity oscillates at 36 Hz; therefore, τconv = 1.7T

at Re=8500, and τconv = 2.2T at Re=6500, where T is the oscillation period. This

shows that φstep at Re=8500 is out-of-phase with φstep at Re=6500. Investigating

Figs. 3-10 and 3-11 carefully, I observe that φstep at Re=8500 is out-of phase with the

pressure oscillations. As a consequence, φstep at Re=6500 is in-phase with the pres-

sure oscillations. If the �ame area did not oscillate, i.e. no �ame vortex-interactions,

the heat-release rate was expected to be proportional to φstep. Therefore, the �ame

was expected to be stable at Re=8500, and unstable at Re=6500 [19]. However,

at both values of Re, OASPL is large across the entire range of φ̄, when there is

equivalence ratio oscillations as shown in Fig. 3-6. This shows that the dominant

mechanism governing the combustion dynamics is the �ame-area oscillations gener-

ated by the �ame-vortex interaction mechanism, which is also demonstrated in Ref. [6]

performing a linear analysis. The equivalence ratio oscillations cause oscillations in

the heat-release rate �ux away from the location of the vortex, which is a secondary

mechanism impacting the combustion dynamics.

In a cycle when there is positive coupling between the heat-release rate and the

pressure oscillations, combustion dynamics in that cycle are very similar whether the

equivalence ratio oscillates or not. The velocity oscillations cause an unsteady vortex
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to be shed from the recirculation zone behind the step. The vortex entrains the

unburned mixture �owing from the step. The entrained mixture burns intensively in

the vicinity of the wake vortex. The equivalence ratio of the mixture in the vicinity

of the vortex when the burning initiates, φvor, convects together with the vortex

by the local �ow �eld, which is strongly dependent on the combustion generated

volume expansion. Therefore, close to the location of the intense burning, φvor is

nearly constant. The upstream end of the �ame is anchored near the step, while the

downstream end, where the burning is intense, is wrapped around the wake vortex.

Therefore, as the vortex is convected, the total �ame-area oscillates, which cause

�uctuations in the heat-release rate.

Investigating the �ame images and the corresponding pressure measurements care-

fully, I observe that the reactants entrained by the vortex starts to burn extensively

during the �rst half of the cycle, before the pressure starts to rise from its minimum

value. Based on this observation, I estimate φvor as:

φvor = max[φstep(t)] (3.3)

when u′(t) ≥ 0. Without φ′, the combustor operates under three distinct operating

modes; unstable, quasi-stable, and stable as discussed before. The equivalence ratio at

the quasi-stable to unstable transition, φqs−u = 0.75; and the equivalence ratio at the

stable to quasi-stable transition, φs−qs = 0.70; independent of Re. If (i) φvor ≥ φqs−u, I

expect the heat-release rate to be in-phase with the pressure oscillations and oscillate

with large amplitude, generating high amplitude pressure oscillations, which is around

160 dB; (ii) φs−qs ≤ φvor ≤ φqs−u, I expect the heat-release rate to be in-phase with

the pressure oscillations and oscillate with small amplitude, generating low amplitude

pressure oscillations, which is around 148 dB; and (iii) φvor < φs−qs, I expect the heat-

release rate to be almost steady resulting in negligible pressure oscillations, which is

around 135 dB. Note that it is not possible to satisfy φvor < φs−qs at any operating
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condition as long as φ̄ at the lean blowout limit is greater than φs−qs. Therefore, the

combustor never operates under the stable mode with equivalence ratio oscillations.

Moreover, as shown in Fig. 2-3(b), the equivalence ratio measured 2 cm downstream

of the step at some spanwise locations (≈ 0.80) is higher than the mean equivalence

ratio (≈ 0.70), which might contribute to generating strong thermoacoustic instability

even at very lean mean equivalence ratios.

Although the dominant mechanism governing the combustion dynamics is the

�ame-area oscillations generated by the �ame-vortex interactions, the equivalence ra-

tio oscillations also have secondary e�ects by causing the heat-release �ux to oscillate

away from the vortex.

(i) The phase between φstep and the pressure oscillations is dependent on τconv. If

φstep is in-phase with the pressure oscillations, e.g. at Re=6500, the heat-release �ux

near the step is in-phase with the pressure oscillations, contributing to the instability.

(ii) With φ′, the reactants start to burn intensively at di�erent locations as shown

before (around the vortex, or near the bottom surface of the vortex), causing signi�-

cant di�erences in combustion dynamics. Figure 3-6 shows that when the equivalence

ratio oscillates, at Re=8500, the OASPL drops when φ̄ < 0.80, and remains nearly

the same as φ̄ is reduced further towards the lean blowout limit. When φ̄ ≥ 0.80,

the pressure amplitude is large, causing �ow reversal. Although the instantaneous

equivalence ratio during a cycle drops below the lean blowout limit; because of the

�ow reversal the �ame moves upstream of the step, which helps preventing the �ame

to blow out near the step as shown in Fig. 3-9, image 7. When φ̄ < 0.80, the �ow no

longer reverses. If the equivalence ratio amplitude is large enough, the �ame blows

out locally near the step (see Fig. 3-17, image 3). Because of the local blowout near

the step, the reactants entrained by the vortex re-ignite near the hot lower wall of

the combustor towards the bottom surface of the vortex, when φstep is close to its

maximum value. When the burning starts near the bottom surface of the vortex, the
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convection of the vortex in the streamwise direction is limited because of the negli-

gible volume expansion in that direction. As a result, the �ame area grows slowly,

the heat-release rate lags the pressure oscillations, providing negative feedback to the

acoustic oscillations as explained before. This causes the amplitudes of the acoustic

oscillations to decrease. As the amplitudes of the oscillations decrease, the minimum

value of φstep during a later cycle increases, preventing the �ame to blow out (see Fig.

3-14). As a result, the mixture starts burning quickly around the vortex, allowing

the �ame area to grow quickly, which provides strong positive heat release-acoustic

coupling, increasing the pressure and velocity amplitudes signi�cantly. Because the

velocity amplitude increases signi�cantly, φstep again drops to very lean values dur-

ing parts of the cycle causing local �ame blowout near the step during a later cycle.

Therefore, the combustion dynamics are driven by self-sustained variations in the

heat release-acoustic coupling in each cycle governed by the local �ame blowout near

the step. As a result of this mechanism, the amplitude of the pressure oscillations

change in every cycle. Figure 3-6 shows that the value of φ below which the �ame

blows out when there is no φ′ is 0.65 at both Re=8500 and Re=6500. Therefore, I

expect the equivalence ratio at the lean blowout limit, φLBO ≈ 0.65.

φmin = min[φstep(t)] (3.4)

If φmin < φLBO, and there is no �ow reversal, i.e. u′(t)/Ū > 0, the combustion

dynamics are expected to exhibit variations in every cycle.

At Re=6500, the OASPL is high (156 dB) even close to the lean blowout limit

as shown in Fig. 3-6. At this Re, because φstep couples positively with the pressure

oscillations, the instability is stronger. Because the velocity oscillations are stronger,

and the mean velocity is lower in this case compared to the case when Re=8500, the

�ow reversal is stronger. Because of this, the �ame does not blowout near the step

for φ̄ ≥ 0.72. When φ̄ < 0.72, φmin < φLBO long enough in some cycles during part
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of the cycle causing local blow out of the �ame near the step during some cycles as

explained above, resulting in variations in pressure amplitude in each cycle.

(iii) When φ̄ is dropped below 0.70, φmin drops signi�cantly below φLBO during a

cycle, not allowing the �ame to re-ignite. Therefore, φ̄ at the lean blowout limit is

higher when the equivalence ratio arriving at the step oscillates.

3.2 Summary

In this chapter, I investigated the impact of equivalence ratio oscillations on combus-

tion dynamics in a backward-facing step combustor. Simultaneous pressure, velocity,

and heat-release rate and equivalence ratio measurements and high-speed video from

the experiments were used to identify and characterize several distinct operating

modes. When equivalence ratio oscillations were absent, I observed three distinct

operating modes of the combustor depending on the equivalence ratio. When equiva-

lence ratio oscillations were present, I showed that independent of the phase between

the equivalence ratio arriving at the �ame and the pressure oscillations, the unsteady

interactions between the �ame and the vortex were still dominant, because the local

equivalence ratio near the vortex during burning is large enough to drive the unstable

dynamics. Therefore, the combustion dynamics is primarily governed by the �ame-

vortex interactions. However, the equivalence ratio oscillations have secondary e�ects

on the dynamics: (i) When there is no �ow reversal, the amplitude of the acoustic

oscillations change in each cycle governed by the local �ame blowout near the step;

(ii) when the equivalence ratio arriving at the �ame is in-phase with the pressure

oscillations, stronger heat-release rate oscillations are generated at the entire range

of mean equivalence ratios, further contributing to the instability; and (iii) the mean

equivalence ratio at the lean blowout limit is higher compared to the dynamics driven

by the �ame-vortex interactions alone.
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These results suggest that the equivalence ratio oscillations are undesirable when

the combustion dynamics are primarily governed by the �ame-vortex interactions. In

order to eliminate the equivalence ratio oscillations oxidizer-fuel premixing strategies

allowing for longer mixing time or faster mixing rate should be developed.
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Chapter 4

Mitigation of Thermoacoustic

Instability Utilizing Steady Air

Injection Near the Flame Anchoring

Zone

In Chapters 2 and 3, I systematically investigated the combustion dynamics in the

backward-facing step combustor driven only by the �ame-vortex interactions, and the

combined action of the �ame-vortex interactions and the equivalence ratio oscillations,

respectively. The results suggest that when the equivalence ratio arriving at the �ame

oscillates, it is not possible to operate the combustor in the stable mode independent

of the operating conditions. Because of this reason, in this chapter, I place the fuel

injector 93 cm upstream of the step to eliminate the equivalence ratio oscillations.

Note that without control, the �ame is stable only at narrow range of equivalence

ratios near the lean blowout limit as shown in Fig. 2-9.

Active combustion control strategies that modulates the fuel �ow rate [44�51], or

air �ow rate [52] can be applied to suppress thermoacoustic instabilities in premixed
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combustors by disrupting the coupling mechanisms that support these instabilities.

While e�ective in suppressing the instabilities, these approaches require high speed

actuators and add signi�cant complexity to the design of the combustors. For this

reason, developing simple, passive control strategies that directly impact the �ame

anchoring zone with minimal complexity are desirable.

The potential for suppressing thermoacoustic instability by injecting steady air

[49, 64, 65], or by injecting open-loop, low-frequency modulated air [66] near the �ame

anchoring zone has been shown in the past. In these approaches, the secondary air �ow

is thought to change the velocity �eld and disrupt the �ame-vortex interaction, which

has been shown to be the primary instability mechanism in dump combustors [67].

In this chapter, I inject steady air �ow near the �ame anchoring zone through choked

micro-diameter holes. The small hole diameter allows for large velocities with low

air �ow rates. I perform a systematic experimental study with extensive range of

operating conditions, which involves using two di�erent con�gurations of secondary

air injection in an atmospheric pressure backward-facing step combustor. Secondary

air can be injected from 12, 0.5 mm diameter holes drilled along the combustor

width in the cross-stream direction 5 mm upstream of the step, or in the streamwise

direction near the corner of the step. These two con�gurations are referred to as the

normal microjets and the axial microjets, respectively. Their positions are shown

schematically in Fig. 4-1. The �ow rate of the secondary air is controlled using a

Sierra C100M mass �ow controller, which allows a maximum air �ow rate of 4.3 g/s.

The e�ectiveness of both of these con�gurations in mitigating the instability are

analyzed at di�erent fuel compositions, equivalence ratios and inlet temperatures.

The Reynolds number is �xed at 6500, which is based on the step height, and the

primary air �ow rate. The secondary air temperature is always the same as the inlet

temperature and adjusted using an Osram Sylvania 4kW in-line electric heater, with

on/o� temperature controller. Previous studies have shown that enriching hydrocar-
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Figure 4-1: The microjet air injection con�gurations seen from the side of the com-
bustor with the fuel/air mixture entering from the left.
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Figure 4-2: Schematic diagram of the backward-facing step combustor modi�ed to
allow for microjet air injection.

bon fuels with small amounts of hydrogen signi�cantly enhances the lean blowout limit

of the combustor [31�33, 68]. For this reason, I also add small amounts of hydrogen

to the primary fuel, in this case propane. The data obtained with no secondary air

injection are referred to as the baseline (without passive control) and explained ex-

tensively in Chapter 2. In order to understand the role of air injection in suppressing

the instabilities, �ame images are recorded using a high speed video camera.

The backward-facing step combustor with the modi�cations to allow for the sec-

ondary air injection is shown in Fig. 4-2.
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4.1 Combustion dynamics with normal microjets

I performed experiments to investigate the e�ect of secondary air injection through

normal microjets on the combustion dynamics. I measured the pressure amplitude

and examined the �ame images at di�erent fuel compositions, inlet temperatures,

equivalence ratios and microjet �ow rates.

4.1.1 Pressure Measurements

In Fig. 4-3, I plot the OASPL as a function of the equivalence ratio based on the main

air �ow rate at di�erent normal microjet �ow rates without hydrogen enrichment and

with 50% by volume hydrogen enrichment. The temperatures of the inlet mixture and

the secondary air �ow are 300 K. The main air �ow rate is approximately 17.5 g/s.

Without hydrogen enrichment, normal microjets destabilize the unstable dynamics

(φ > 0.77), causing near 4 dB increase in the OASPL. The quasi-stable dynamics

is stabilized with normal microjets, reducing the OASPL by a maximum of 12 dB

to the values corresponding to the stable mode. The stable mode is not impacted

by normal microjets. When 50% by volume hydrogen is added to propane, there is

reduction in the OASPL compared to the baseline when φ > 0.68. At equivalence

ratio of 0.80, this reduction is near 18 dB, the OASPL is close to the values observed

in the quasi-stable regime. When the equivalence ratio is reduced below 0.68, the nor-

mal microjets destabilize the unstable dynamics further, similar to the cases without

hydrogen enrichment. Again, normal microjets stabilize the quasi-stable dynamics

and do not impact the stable dynamics with 50% by volume hydrogen enrichment.

In order to investigate the e�ect of normal microjets further, I plot the combustor's

frequency response in Fig. 4-4 corresponding to the cases in Fig. 4-3. These �gures

show the amplitude of pressure oscillations as a function of the frequency for the

ranges of equivalence ratios in Fig. 4-3. Without hydrogen enrichment, there is no
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Figure 4-3: OASPL as a function of equivalence ratio at di�erent normal microjet
�ow rates (a) without hydrogen enrichment and (b) with 50% by volume hydrogen
enrichment. The temperatures of the inlet mixture and the normal microjets are 300
K.

change in the resonant frequency when normal microjets are introduced. The resonant

frequency is around 40 Hz in all cases and corresponds to the 1/4 wavemode of the

combustor. With 50% by volume hydrogen enrichment, when the equivalence ratio is

greater than 0.76, the OASPL is very low which corresponds to the plateau observed

in Fig. 4-3(b). The dominant frequencies in these cases are 120 Hz and 175 Hz. At

these operating conditions the normal microjets are able to suppress the dynamics.

Next, I increase the temperatures of the inlet mixture and the secondary air �ow

to 600 K. The main air �ow rate in this case is around 28.5 g/s. Figure 4-5 shows

the OASPL as a function of the equivalence ratio based on the main air �ow rate

at di�erent normal microjet �ow rates without hydrogen enrichment or with 50%

by volume hydrogen enrichment. As the equivalence ratio increases from its value

where the transition to quasi-stable operating mode takes place, i.e.φ ∼ 0.55 without

hydrogen enrichment and φ ∼ 0.45 with 50% by volume hydrogen enrichment, �rst

the normal microjets destabilize the unstable dynamics further, then the OASPL

drops to the values corresponding to the quasi-stable dynamics just before suddenly
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Figure 4-4: Sound pressure spectrum level maps as a function of equivalence ratio for
the same cases in Fig. 4-3.

increasing to higher values, which suggests excitation of a higher acoustic mode. The

equivalence ratio at the transition to the higher acoustic mode is lower with normal

microjets compared to the baseline. Figure 4-5 also shows that the normal microjets

stabilize the dynamics in the quasi-stable regime and have no impact on the dynamics

in the stable regime similar to the behavior observed in Fig. 4-3.
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Figure 4-5: OASPL as a function of equivalence ratio at di�erent normal microjet
�ow rates (a) without hydrogen enrichment and (b) with 50% by volume hydrogen
enrichment. The temperatures of the inlet mixture and the normal microjets is 600
K.

I plot the combustor's frequency response in Fig. 4-6 corresponding to the cases in

Fig. 4-5. Without normal microjets, at higher equivalence ratios, the acoustic mode

around 132 Hz is excited. This acoustic mode corresponds to the 5/4 wavemode of

the combustor as shown in Section 2.2.2. However, with the normal microjets, the

excited higher acoustic mode resonates around 85 Hz, which is the 3/4 wavemode of

the combustor. The response of the 7/4 wavemode around 200 Hz is also signi�cant.

The normal microjets damp/stabilize the acoustic mode around 132 Hz, as a result

allowing the 85 Hz mode to be excited although in that case the �ame is close to a

pressure node as mentioned before. Since the excited resonant frequency is lower with

normal microjets, the equivalence ratio at the transition is also lower compared to the

baseline case. It is also interesting to observe that without hydrogen enrichment, the

transition equivalence ratio is lower when the microjet �ow rate is 1.5 g/s, compared

to the microjet �ow rate of 2.0 g/s. These observations will become more clear when

I extend the theory explained in Section 2.2.4 to the 3/4 wavemode.

Next, I investigate the �ame images recorded at di�erent operating conditions

103



Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(a) baseline no H
2

0.5 0.55 0.6 0.65 0.7 0.75
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(b) baseline 50% H
2

0.45 0.5 0.55 0.6
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(c) 1.5 g/s normal microjets, no H
2
 

0.5 0.55 0.6 0.65 0.7
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(d) 1.5 g/s normal microjets, 50% H
2

0.42 0.44 0.46 0.48 0.5 0.52 0.54
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(e) 2.0 g/s normal microjets, no H
2

0.5 0.55 0.6 0.65 0.7
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(f) 2.0 g/s normal microjets, 50% H
2

 

 

0.45 0.5 0.55 0.6
0

50

100

150

200

Sound Pressure Spectrum Level [dB]

0 20 40 60 80 100 120 140 160

Figure 4-6: Sound pressure spectrum level maps as a function of equivalence ratio for
the same cases in Fig. 4-5.

and secondary air �ow rates to examine the impact of normal microjets on the �ame-

vortex interaction mechanism.

4.1.2 Flame Images

In order to distinguish between the dynamics at di�erent operating conditions with

passive control using normal microjets, I examine the �ame images extracted from
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high speed videos of di�erent operating modes and describe corresponding unsteady

pressure, and heat-release rate measurements.

First, a typical operating condition when the normal microjets are ine�ective

in stabilizing the �ame is investigated. In Fig. 4-7, a sequence of �ame images is

shown, recorded at: φ=0.57, without hydrogen enrichment, the temperatures of the

inlet mixture and the normal microjets are 600 K, and the secondary air �ow rate is

1.50 g/s. Figure 4-8 shows simultaneous heat-release rate and pressure measurements

covering the same time period as the images shown in Fig. 4-7. The resonant frequency

is 39 Hz, which corresponds to the 1/4 wavemode of the combustor. The images

show a typical unstable �ame interacting with the large unsteady wake vortex formed

at the recirculation zone behind the step (see Section 2.2.3) . The wake vortex is

formed (1-2) when the pressure is at its maximum. Since the combustor resonates at

the 1/4 wavemode, the velocity oscillations lag the pressure oscillations by 90 degrees

(see Fig. 2-22(a)); thus, this instant also corresponds to the moment of maximum

�ow acceleration. The wake vortex convects downstream as the pressure drops while

moving towards the upper wall of the combustor (2-5). As a result, a packet of

unburned gases forms between the vortex and the �ame of the previous cycle. In

addition, the heat-release rate is decreasing following the end of the intense burning

from the previous cycle. At instant 4, the heat-release rate reaches its minimum, and

starts to rise as the unburned mixture trapped inside the vortex begin to burn (4-

5). When the vortex reaches the upper wall of the combustor, the heat-release rate

reaches its maximum (6-7) value, because the �ame area is at its maximum value.

Next, the heat-release rate starts to drop, fresh reactants enter the �ame anchoring

zone and the cycle repeats. Since at this inlet temperature the average velocity is

high, �ow never reverses, thus the �ame never �ashes back upstream of the step. The

pressure and the heat-release rate are nearly in-phase resulting in the positive feedback

between the unsteady heat-release rate and the pressure, driving the instability. The
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Figure 4-7: Sequential �ame images with 1.50 g/s normal microjets, without hydrogen
enrichment, at φ = 0.57. The temperatures of the inlet mixture and the normal
microjets is 600 K. The time between the frames is 4.0 ms.

maximum pressure amplitude is near 1.8 kPa, and the OASPL is around 157 dB.

Next, I investigate the combustion dynamics when the resonant frequency is

around 85 Hz corresponding to the 3/4 wavemode of the combustor. Note that

the combustor does not couple with the 3/4 wavemode before activating the normal

microjets. In Fig. 4-10, a sequence of �ame images is shown, recorded at: φ=0.72,

without hydrogen enrichment, the temperatures of the inlet mixture and the normal

microjets are 600 K, and the secondary air �ow rate is 1.50 g/s. Figure 4-11 shows

simultaneous heat-release rate and pressure measurements covering the same time

period as the images shown in Fig. 4-10. In this �gure, I plot the pressure oscillations

measured at two di�erent locations: (i) 0.15 m downstream of the choke plate and

(ii) 1.28 m downstream of the choke plate, which is near the �ame location. I observe

that the pressure near the choke plate oscillates at 91 Hz, which corresponds to the
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Figure 4-8: Simultaneous pressure and heat-release rate measurements corresponding
to the instants in Fig. 4-7.

3/4 wavemode; whereas the pressure near the �ame oscillates at 197 Hz, which cor-

responds to the 7/4 wavemode. This observation is veri�ed in Fig. 4-9, where I plot

the sound pressure spectra measured using both pressure sensors.

The heat-release rate measurements and the �ame images show that the combus-

tion dynamics are coupled with the 3/4 wavemode of the combustor, although the

oscillation frequency near the �ame corresponds to the 7/4 wavemode. The combus-

tion dynamics captured in Fig. 4-10 is similar to the dynamics explained above. In this

case, the �ame is more compact, since it oscillates at a higher frequency. Near instant

1, the wake vortex is formed near the step, when the pressure is at its maximum. At

this moment, the acceleration of the �ow should also be maximum, suggesting that

the velocity lags the pressure by 90 degrees similar to the unstable mode shown in

Fig. 2-22. This means that the the �ame is upstream of the pressure node. Since the

pressure node is close to the �ame for the 3/4 wavemode (see Fig. 2-13), the �ame

might also have been located downstream of the pressure node, which would cause

the velocity to lead the pressure by 90 degrees. In that case the vortex should have

formed when the pressure was at its minimum value, similar to the high-frequency
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Figure 4-9: Sound pressure spectrum levels measured near the choke plate and near
the �ame.

unstable mode shown in Fig. 2-22. The wake vortex convects downstream and moves

towards the upper wall of the combustor (2-6), forming a reactant packet between

the �ame wrapped around the vortex, and the vertical �ame formed in the previous

cycle. Again, when the vortex reaches the upper wall, the heat-release rate reaches its

maximum value (7). At that moment, a new vortex forms at the step, and the cycle

repeats. The pressure and the heat-release rate are in-phase, driving the instability.

Finally, I investigate the combustion dynamics for a case when normal microjets

e�ectively suppress the instability. In Fig. 4-12, a sequence of �ame images is shown,

recorded at: φ=0.80, with 50% hydrogen enrichment, the temperatures of the in-

let mixture and the normal microjets are 300 K, and the secondary air �ow rate is

1.50 g/s. Figure 4-13 shows simultaneous heat-release rate and pressure measure-

ments covering the same time period as the images shown in Fig. 4-12. The images

show that the dynamics are steady, there is no unsteady interaction between the �ame

and the unsteady wake vortex. The �ame is anchored upstream of the step at the

upper wall of the combustor. The heat-release rate is nearly steady and does not
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Figure 4-10: Sequential �ame images with 1.50 g/s normal microjets, without hydro-
gen enrichment, at φ = 0.72. The temperatures of the inlet mixture and the normal
microjets are 600 K. The time between the frames is 1.8 ms.

Figure 4-11: Simultaneous pressure and heat-release rate measurements correspond-
ing to the instants in Fig. 4-10.
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couple with the pressure oscillations. The pressure oscillation amplitude is around

0.4 kPa. At this operating condition, the burning velocity of the �ame is high, and

the mean �ow velocity is low (because the inlet temperature is atmospheric). With-

out secondary air injection through normal microjets, at this operating condition the

�ame detaches from the recirculation zone and �ashes back to the inlet channel. How-

ever, when the normal microjets are turned on, they prevent the �ame from �ashing

back. Apparently, small scale vortices are generated as a result of the interaction

of the microjets with the main �ow, and as the microjets hit the upper wall of the

combustor, creating a recirculation zone strong enough to anchor the �ame at that

location [69].

These results show that the normal microjets cannot prevent the formation of the

unsteady vortex downstream of the step when the operating conditions correspond

to the unstable or the high-frequency unstable modes. However, as the operating

conditions are changed so that the burning velocity of the �ame increases, the role of

the unsteady vortex on the overall dynamics becomes less signi�cant. That is why the

OASPL starts to decrease at high equivalence ratios with hydrogen enrichment (see

Fig. 4-3). Before activating the normal microjets, when the burning velocity of the

�ame exceeds a certain threshold, the �ame detaches from the step and �ashes back

upstream. At these operating conditions, when the normal microjets are turned on,

instead of the unsteady recirculation zone formed downstream of the step, the �ame

anchors upstream of the step in the �new, stable, aerodynamically created� intense

recirculation zone formed near the location of microjets, towards the upper wall of

the combustor. As a result, the �ame dynamics are stabilized.

4.1.3 Extended Theory

When the normal microjets are introduced � except the operating conditions when

they suppress the instability � the mechanism of �ame-vortex interactions are still
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Figure 4-12: Sequential �ame images with 1.50 g/s normal microjets, with 50% by
volume hydrogen enrichment, at φ = 0.80. The temperatures of the inlet mixture
and the normal microjets are 300 K. The time between the frames is 27 ms.

Figure 4-13: Simultaneous pressure and heat-release rate measurements correspond-
ing to the instants in Fig. 4-12.
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strong, and governs the combustion dynamics (see Fig. 4-7 and Fig. 4-10). Therefore,

I expect this model to be also applicable for the cases with the normal microjets. The

theory developed in Section 2.2.4 is extended to predict the operating conditions at

which a transition to the 3/4 wavemode resonating around 85 Hz is expected. For

convenience, I summarize and generalize the model below.

The time elapsed between the moment of vortex formation and the moment when

the vortex reaches the upper wall (moment of maximum heat-release rate) is de�ned as

τvor. It is assumed that the vortex moves towards the wall predominantly as a result of

the expansion velocity in the vertical direction. The expansion velocity is proportional

to the heat release parameter ST (ρu/ρb−1) where ST is the turbulent burning velocity

and ρu and ρb are the unburned and burned mixture densities. Assuming a linear

relationship between the turbulent and laminar burning velocities, and taking into

account of the strain on the burning velocity, the vertical velocity of the vortex, vvor,

is:

vvor =
Sc
c

(ρu/ρb − 1) (4.1)

where Sc is the strained laminar consumption speed of the �ame. The constant

of proportionality between the expansion velocity and the heat-release parameter,

and the proportionality between the turbulent and laminar burning velocities are

represented by an arbitrary constant c. Representing the vertical distance between

the corner of the step where the vortex forms and the upper wall as H, I obtain

τvor = H/vvor. Substituting vvor from Eq. (4.1):

τvor =
cH

Sc(ρu/ρb − 1)
(4.2)

The transitions occur when the pressure and heat-release rate oscillations are in phase,

that is τpq = NT , where N is an integer and T is the oscillation period. Therefore,
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the transitions between the operating modes take place when (for N = 1) :

τvor = α
1

fres
(4.3)

where α = 1 if the velocity lags the pressure by 90 degrees at the �ame location

(Fig. 2-22(a)), and α = 3/2 if the velocity leads the pressure by 90 degrees at the

�ame location (Fig. 2-22(b)). fres is the resonant frequency. Using Eqs. (4.2) and

(4.3), at the transitions between operating modes:

Sc(ρu/ρb − 1)|tr = cHfres/α (4.4)

The left-hand side of Eq. (4.4) i.e. the heat release parameter at transition, depends

on the operating conditions (φ, fuel composition and Tin). For a set of operating con-

ditions satisfying Eq. (4.4), the transitions between the operating modes are expected

to take place.

Except the case when the normal microjets suppress the instability, the com-

bustion dynamics are still governed by the �ame-vortex interaction mechanism even

with the normal microjets. The maximum heat-release rate again corresponds to the

instant when the vortex reaches the upper wall of the combustor, and the vortex

forms at the moment of the maximum acceleration. Therefore, the theory summa-

rized above should also be applicable for the cases with normal microjets. In order to

test this hypothesis, in Fig. 4-14, I plot the OASPL as a function of the heat release

parameter, Sc(ρu/ρb − 1), for arbitrarily selected cases from Figs. 4-3 and 4-5. The

transition heat release parameters cannot be determined easily using the OASPLs

measured by the pressure sensor near the �ame, therefore I also plot the OASPLs

measured using the pressure sensor near the choke plate. I again use the strain rates

of 2000 s-1 and 3000 s-1 for inlet temperatures of 300 K and 600 K, respectively. The

heat release parameter is calculated using the equivalence ratio based on the main air
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�ow rate.

Figure 4-14 shows that again all the data are well correlated with the heat release

parameter. The observed transitions between di�erent operating modes occur at

heat release parameters of around 50 cm/s, 75 cm/s, 110 cm/s and 120 cm/s. Note

that the transitions at 75 cm/s and 110 cm/s represent the excitation of the 3/4

wavemode which has not been excited without microjets. Since the �ame is very

close to a pressure node when 3/4 wavemode is excited as shown in Section 2.2.2, the

�ame location might be upstream or downstream of the pressure node. If the �ame

is upstream/downstream of the pressure node, the velocity lags/leads the pressure by

90 degrees. According to the theory represented in Eq. (4.4), the value of α is either

1 or 3/2, respectively, resulting in two distinct transitions when 3/4 wavemode is

excited. Using Eq. (4.4), the model predicts the ratio of the heat release parameters

between the �rst transition to 3/4 wavemode and to the unstable transition as:

R3/4,1 =
2

3

f3/4,1

f1/4

(4.5)

where f3/4,1 = 85 Hz and f1/4 = 39 Hz from Fig. 4-6(c-d and f), giving R3/4,1 = 1.45.

From the experimental data shown in Fig. 4-14, R3/4,1 = 75/50 = 1.50. Similarly, the

ratio between the heat release parameters at the second transition to the 3/4 wave-

mode and the unstable transition is:

R3/4,2 =
f3/4,2

f1/4

(4.6)

where f3/4,2 = 89 Hz and f1/4 = 39 Hz. Note that the 3/4 wavemode resonant

frequency is slightly higher at the second transition as shown in Fig. 4-6(e). The

ratio is calculated as R3/4,2 = 2.28. From the experimental data shown in Fig. 4-

14, R3/4,2 = 110/50 = 2.20. The model again predicts the transitions with good

accuracy and shows that it is applicable as long as the dynamics are governed by the
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�ame-vortex interaction mechanism.
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Figure 4-14: OASPL as a function of heat release parameter, Sc(ρu/ρb−1), at di�erent

hydrogen concentrations, inlet temperatures and normal microjet �ow rates.

4.2 Combustion dynamics with axial microjets

I also performed experiments to investigate the e�ect of secondary air injection

through axial microjets on the combustion dynamics. I performed pressure mea-

surements and examined the �ame images at di�erent fuel compositions, inlet tem-

peratures, equivalence ratios and microjet �ow rates.

4.2.1 Pressure Measurements

In Fig. 4-15, I plot the OASPL as a function of the equivalence ratio based on the main

air �ow rate at di�erent axial microjet �ow rates without hydrogen enrichment and

with 50% by volume hydrogen enrichment. The temperatures of the inlet mixture and
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Figure 4-15: OASPL as a function of equivalence ratio at di�erent axial microjet
�ow rates (a) without hydrogen enrichment and (b) with 50% by volume hydrogen
enrichment. The temperatures of the inlet mixture and the axial microjets are 300
K.

the secondary air �ow are 300 K. The axial microjets destabilize the quasi-stable �ame

without hydrogen enrichment, whereas they stabilize the quasi-stable �ame when 50%

by volume hydrogen is added to propane. The stable �ame is not impacted by the

axial microjets without hydrogen enrichment, but the OASPL decreases around 7 dB

in the stable regime with 50% by volume hydrogen enrichment. The OASPL drops

across the entire range of equivalence ratio, however the reduction in the OASPL

is maximum and around 20 dB when φ > 0.80 without hydrogen enrichment and

φ > 0.70 with 50% by volume hydrogen enrichment.

Figure 4-16 shows the combustor's frequency response corresponding to the base-

line, 1.5 g/s and 2.0 g/s axial microjet �ow rate cases in Fig. 4-15. The 1/4 wavemode

resonating around 40 Hz is dominant except for the cases when the axial microjets

stabilize the unstable dynamics. When the axial microjets stabilize the dynamics, the

sound pressure level at the resonant frequency decreases substantially; on the other

hand, the sound pressure level at the 175 Hz becomes stronger. The baseline cases

show that the resonant frequency slightly increases in the quasi-stable regime com-

pared to the unstable regime, causing a discontinuity in the spectrum maps. However,
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Figure 4-16: Sound pressure spectrum level maps as a function of equivalence ratio
for the baseline, 1.5 g/s and 2.0 g/s axial microjet �ow rate cases in Fig. 4-15.

with axial microjets, without hydrogen enrichment, the unstable band is continuous

until the stable band is reached. With 50% by volume hydrogen enrichment, the

quasi-stable band completely disappears, causing a sudden transition from unstable

to stable dynamics.

Next, I increased the temperatures of the inlet mixture and the secondary air to
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Figure 4-17: OASPL as a function of equivalence ratio at di�erent axial microjet
�ow rates (a) without hydrogen enrichment and (b) with 50% by volume hydrogen
enrichment. The temperatures of the inlet mixture and the axial microjets are 600
K.

600 K. Figure 4-17 shows the OASPL as a function of the equivalence ratio based on

the main air �ow rate at di�erent axial microjet �ow rates without hydrogen enrich-

ment or with 50% by volume hydrogen enrichment. Although the axial microjets at

a �ow rate of 1 g/s do not suppress the pressure oscillations except at a narrow re-

gion near the quasi-stable to unstable transition without hydrogen enrichment, they

suppress the pressure oscillations by around 20 dB at the entire equivalence ratio

range corresponding to unstable and high-frequency unstable operating modes when

50% by volume hydrogen is added to propane. When the axial microjet �ow rate is

increased to 1.5 g/s, the pressure oscillations are suppressed by 15 dB, both without

and with hydrogen enrichment except the region near the quasi-stable to unstable

region. As the microjet �ow rate is increased further to 2 g/s, the high-frequency un-

stable �ame can no longer be stabilized. These results show that there is an optimum

axial microjet �ow rate depending on the fuel composition and the inlet temperature

at which a robust stabilization of the dynamics is achieved.

In Fig. 4-18, I plot the combustor's frequency response corresponding to the base-

line, 1.5 g/s and 2.0 g/s axial microjet �ow rate cases in Fig. 4-17. The introduction

118



Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(a) baseline no H
2

0.5 0.55 0.6 0.65 0.7 0.75
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(b) baseline 50% H
2

0.45 0.5 0.55 0.6
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(c) 1.5 g/s axial microjets, no H
2
 

0.5 0.55 0.6 0.65 0.7 0.75 0.8
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(d) 1.5 g/s axial microjets, 50% H
2

0.45 0.5 0.55 0.6 0.65 0.7
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(e) 2.0 g/s axial microjets, no H
2

0.5 0.55 0.6 0.65 0.7 0.75
0

50

100

150

200

Equivalence Ratio, φ

Fr
eq

ue
nc

y 
[H

z]

(f) 2.0 g/s axial microjets, 50% H
2

 

 

0.45 0.5 0.55 0.6 0.65 0.7
0

50

100

150

200

Sound Pressure Spectrum Level [dB]

0 20 40 60 80 100 120 140 160

Figure 4-18: Sound pressure spectrum level maps as a function of equivalence ratio
for the baseline, 1.5 g/s and 2.0 g/s axial microjet �ow rate cases in Fig. 4-17.

of axial microjets cause the resonant frequency to shift to 85 Hz, corresponding to

the 3/4 wavemode at intermediate values of equivalence ratios, except at the axial

microjet �ow rate of 1.5 g/s, without hydrogen enrichment. At this operating condi-

tion, the amplitude of the oscillations at the 85 Hz mode is always lower than that

at the 40 Hz mode. When the axial microjet �ow rate is 1.5 g/s, the high frequency

119



unstable mode is suppressed. As the axial microjet �ow rate is increased to 2.0 g/s,

the 3/4 wavemode is excited independent of the hydrogen concentration in the fuel,

and the high frequency unstable mode cannot be suppressed, suggested by the red

bands observed at high equivalence ratios at both hydrogen concentrations. The ex-

citation of the 3/4 wavemode is also suggested by the slight jumps in the OASPL in

Fig. 4-17.

4.2.2 Flame Images

In order to distinguish between the dynamics at di�erent operating conditions with

passive control using axial microjets, I examine the �ame images extracted from

high speed videos of di�erent operating modes and describe corresponding unsteady

pressure, and heat-release rate measurements.

First, I investigate a typical operating condition when the axial microjets are

ine�ective in stabilizing the �ame. In Fig. 4-19, a sequence of �ame images is shown,

recorded at: φ=0.55, without hydrogen enrichment, the temperatures of the inlet

mixture and the axial microjets are 600 K, and the secondary air �ow rate is 1.50 g/s.

Figure 4-20 shows simultaneous heat-release rate and pressure measurements covering

the same time period as the images shown in Fig. 4-19. The resonant frequency is

37 Hz, which corresponds to the 1/4 wavemode of the combustor. In this case, the

secondary air injection through axial microjets causes the �ame at the recirculation

zone to blow out. Therefore, the �ame anchors near the hot top wall of the combustor.

The formation of the wake vortex, and its convection in the downstream direction

towards the upper wall of the combustor cannot be observed from these images.

Close to instant 1, the pressure is at its maximum value, i.e. the �ow acceleration

is maximum (recalling that the pressure leads the velocity by 90 degrees when the

resonant frequency corresponds to the 1/4 wavemode). At this moment, I expect a

wake vortex to be formed in the recirculation zone. The �ame is pushed downstream
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Figure 4-19: Sequential �ame images with 1.50 g/s axial microjets, without hydrogen
enrichment, at φ = 0.55. The temperatures of the inlet mixture and the normal
microjets are 600 K. The time between the frames is 3.9 ms.

Figure 4-20: Simultaneous pressure and heat-release rate measurements correspond-
ing to the instants in Fig. 4-19.
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with the high �ow velocity, while the vortex convects downstream towards the upper

wall of the combustor (2-4). As the inlet velocity drops below its mean value, the

�ame near the upper wall of the combustor moves towards the step (5). At this

moment, the �ame area, thus the heat-release rate start to rise. At instant 6, the �ame

reaches the step and is wrapped around the vortex. The heat-release rate reaches its

maximum value when the vortex reaches the upper wall of the combustor, and breaks

down (8). The reactants within the vortex burn, generating signi�cant �ame area.

The heat-release rate is in-phase with the pressure oscillations, generating thermo-

acoustic instability. The maximum pressure amplitude is around 2.6 kPa, close to the

value measured during the unstable operating mode of the combustor. In this case,

secondary air injection through axial microjets does not prevent the strong unsteady

�ame-vortex interaction mechanism.

Now, I examine the �ame images when the axial microjets are e�ective in sup-

pressing the unstable operating mode of the combustor. In Fig. 4-21, a sequence of

�ame images is shown, recorded at: φ=0.66, without hydrogen enrichment, the tem-

peratures of the inlet mixture and the axial microjets are 600 K, and the secondary

air �ow rate is 1.50 g/s. Figure 4-22 shows simultaneous heat-release rate and pres-

sure measurements covering the same time period as the images shown in Fig. 4-21.

At this equivalence ratio, the axial microjets do not cause the �ame to blow out near

the recirculation zone. The vortex at the recirculation zone is steady, and trapped

within a small zone downstream of the step. The axial microjets act as a restriction,

not allowing the vortex to convect downstream and move towards the upper wall of

the combustor, preventing the �ame-vortex interactions. Thus, the �ame is steady,

generating almost steady heat-release rate.

Finally, I examine the �ame images when the axial microjets are e�ective in sup-

pressing the high-frequency unstable operating mode of the combustor. In Fig. 4-23,

a sequence of �ame images is shown, recorded at: φ=0.78, without hydrogen enrich-
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Figure 4-21: Sequential �ame images with 1.50 g/s axial microjets, without hydrogen
enrichment, at φ = 0.66. The temperatures of the inlet mixture and the normal
microjets are 600 K. The time between the frames is 8.3 ms.

Figure 4-22: Simultaneous pressure and heat-release rate measurements correspond-
ing to the instants in Fig. 4-21.
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Figure 4-23: Sequential �ame images with 1.50 g/s axial microjets, without hydrogen
enrichment, at φ = 0.78. The temperatures of the inlet mixture and the normal
microjets are 600 K. The time between the frames is 6.7 ms.

Figure 4-24: Simultaneous pressure and heat-release rate measurements correspond-
ing to the instants in Fig. 4-23.

ment, the temperatures of the inlet mixture and the axial microjets are 600 K, and

the secondary air �ow rate is 1.50 g/s. Figure 4-24 shows simultaneous heat-release

rate and pressure measurements covering the same time period as the images shown

in Fig. 4-23. The �ame shapes and the combustion dynamics with axial microjets are

the same as above. Again, the unsteady interactions between the wake vortex and the

�ame are prevented by the axial microjets by which the hydrodynamics of the �ame

anchoring zone are stabilized. The heat-release rate is almost steady, does not couple

with the acoustics of the combustor; thus preventing thermoacoustic instability.

After the axial microjets are turned on at an optimum axial microjet �ow rate
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(i) preventing the local �ame blowout near the step, and (ii) high enough to impact

the dynamics of the recirculation zone, the disruption of the �ame-vortex interac-

tions results in mismatch between the pressure-heat release rate phase correlation,

signi�cantly reducing the pressure amplitude. As a result, the phase relationship

between the pressure and the heat-release becomes random, leading to the stable

dynamics [70].

4.3 Summary

In this chapter, I experimentally investigated the e�ectiveness of passive control by

injecting steady air �ow near the step in the cross-stream or streamwise directions

through choked micro-diameter holes.

At operating conditions when the �ame detaches from the step and �ashes back

into the upstream channel without air injection, when air is injected in the cross-

stream direction, the �ame anchors slightly upstream of the step instead of on the

unsteady recirculation zone, which suppresses the instability. On the other hand, at

operating conditions corresponding to the low-frequency unstable and high-frequency

unstable operating modes of the combustor without air injection, air injection in the

cross-stream direction is ine�ective in stabilizing the dynamics, which is still governed

by the �ame-vortex interactions. In these cases, the 3/4 wavemode of the combustor,

in addition to the 1/4 and the 5/4 wavemodes is excited. The equivalence ratios at

which the resonant frequency shifts to the 3/4 wavemode is predicted well with the

model developed in Chapter 2.

When air is injected in the streamwise direction near the edge of step, both the

unstable and the high-frequency unstable dynamics could be stabilized at an optimum

secondary air �ow rate which depends on the operating conditions. When e�ective,

the secondary air �ow suppresses the shedding of an unsteady vortex, and hence
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the �ame-vortex interaction mechanism. Instead, a compact, stable �ame is formed

near the step. On the other hand, when air injection in the streamwise direction is

ine�ective, the �ame blows out near the step; instead it anchors at the hot top wall of

of the combustor. In this case, the �ame is unsteady, the �ame-vortex interactions are

strong, and the dynamics are distinct compared to that at the low-frequency unstable

and high-frequency unstable modes.

These results suggest that the interaction between the �ame and the unsteady

vortex shedding is a leading cause of the instability, as proposed earlier. They also

suggest that blocking this interaction can lead to suppressing the dynamics.
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Chapter 5

Modeling the Dynamic Response of

Laminar Perforated-Plate Stabilized

Flames

In this chapter, I develop a model to determine the transfer function between the

heat-release rate and the velocity oscillations in perforated-plate stabilized �ames

under di�erent power and equivalence ratios. Previous planar �ame models have been

successfully extended to account for the conical �ame surfaces formed downstream

of the plate holes. The coupled e�ects of the heat loss to the plate and the �ame

kinematics have been modeled. In order to validate the model, the model results are

compared to the experimental measurements.

5.1 Analytical Model

In order to obtain the response of the heat-release rate to inlet velocity oscillations,

I consider: i) The �ame surface kinematics to represent the �ame area response;

ii) The heat loss to the burner plate due to �ame-wall interactions, to introduce

the burning velocity response. These mechanisms are coupled, since the heat loss
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Figure 5-1: The block diagram summarizing the modeling approach.

to the burner plate causes the �ame temperature to oscillate, resulting in burning

velocity oscillations, which strongly impact the �ame surface kinematics. I model the

�ame surface kinematics by solving the �ame surface kinematics equation [23], while

treating the inlet velocity and the �ame burning velocity as the inputs. Then, I model

the heat loss to the burner plate and relate the �uctuations in the burning velocity to

the inlet velocity. Finally, I merge both of these mechanisms to derive the response

of the net heat-release rate to inlet velocity �uctuations. The block diagram of the

modeling approach is shown in Fig. 5-1.

5.1.1 Flame Kinematics

Figure 5-2 shows a schematic diagram of the �ame surface observed in a typical

perforated-plate stabilized con�guration. The in�nitely thin �ame consists of planar

and conical surfaces; the former is formed downstream of the perforated-plate surface

and the latter is formed downstream of the holes. The �ame structure I observed in the

experiments validate this assumption. The �ame surface temperature, Tb is assumed

to be uniform along the �ame surface, and hence the burning velocity with respect

to the reactant mixture, Su, is also uniform. Consistent with the scope of this study,

which is to obtain an analytical �ame model extending the previous planar �ame

models, the �ame temperature, the burning velocity and their variations are taken

as averages over the entire �ame surface. This assumption becomes more accurate as
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Figure 5-2: Schematic diagram of the modeled �ame surface in perforated-plate sta-
bilized con�guration.

the area of the holes decreases as compared to the area of the burner plate. Further,

I assume that the impact of stretch on the laminar burning velocity is negligible.

The temperature of the burner surface is Ts. The inlet temperature, Tu, and density,

ρu, are constant. The velocity of the inlet mixture is uu. The velocities entering

the planar and conical regions are up, and uc, respectively, and are only dependent

on time. The radial velocities and the e�ect of expansion due to combustion are

neglected. These idealizations are limitations of the model and could be relaxed in

the future studies. There are total of N holes with radii of R. The planar �ames

stabilize at a distance yfp away from the burner surface as a result of the heat loss.

The distance between the plate surface and the conical �ame is represented by yfc,

and is a function of the radial direction, r, and time, t. The area of the inlet is Au,

and the total area of the holes is Aopen = πR2N . The total area of the planar and

conical �ame surfaces are Ap and Ac, respectively. All the variables are linearized by

separating them into mean and oscillatory components, x = x̄ + x′, and oscillations

are spatially uniform and periodic functions of time. Note that the oscillations are

acoustic, thus the e�ects of unsteady vortex shedding is neglected. This is a plausible

assumption since the amplitude of the �ow oscillations are typically small at these

low velocities.
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I model the kinematics of �ame surfaces using a similar approach as Flei�l et

al. [23]; solving the �ame surface kinematics equation. For planar and conical �ame

surfaces, respectively:

∂yfp(t)

∂t
= up(t)− Su(t) (5.1)

∂yfc(r, t)

∂t
= uc(t)− Su(t)

√(
∂yfc(r, t)

∂r

)2

+ 1 (5.2)

Linearizing Eqs. (5.1) and (5.2), I obtain the following for the mean components,

respectively:

ūp = S̄u (5.3)

dȳfc/dr = −
√(

ūc/S̄u
)2 − 1 (5.4)

In obtaining Eq. (5.4), the negative of the square root is taken, since the conical �ame

surfaces have negative slopes with respect to the radial direction. Since the velocity

entering the �ame is uniform and the expansion e�ects are ignored, the mean slope of

the conical �ame surface is constant; thus, the conical �ame surfaces are V-shaped.

The oscillatory components of Eqs. (5.1) and (5.2), respectively, are:

∂yfp
′

∂t
= up

′ − Su′ (5.5)

∂yfc
′

∂t
= uc

′ − Su′
ūc
S̄u

+
S̄u

2

ūc

√(
ūc
S̄u

)2

− 1
∂yfc

′

∂r
(5.6)

Note that the �ame response, yfp′(t) and yfc′(r, t), depends on Su′(t). Equation (5.5)

suggests that the planar �ame surfaces perform rigid-body oscillations, and the area

of the planar �ames, Ap is constant. The boundary condition of Eq. (5.6) is obtained
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by matching the oscillations of the conical �ame surfaces with the oscillations of the

planar �ame surfaces at r = R: yfc′(R, t) = yfp
′(t).

Applying mass conservation in a control volume extending from the inlet to y = yfp

plane, I obtain the following equations for mean and oscillatory components respec-

tively:

Aopenūc + ApS̄u = Auūu (5.7)

Aopenuc
′ + ApSu

′ = Auuu
′ (5.8)

Since ūp = S̄u and ūc ≥ S̄u, Eq. (5.7) implies S̄u ≤ ūu. Note that when ūc = S̄u =

ūu, the conical �ame surfaces disappear, the �ame becomes �at. Since, L/c̄ <<

1/fres for a typical burner, where L is the distance between the location where uu′

is measured and the tip of the �ame, c̄ is the average speed of sound and fres is

the resonant frequency; and neglecting uu
′, up′ and uc

′ are in-phase. In order to

satisfy Eq. (5.8), and to obtain an analytical result, I assume up′ = uu
′S̄u/ūu and

uc
′ = uu

′ūc/ūu. I would like to note that using uniform harmonic modulation to model

the acoustic oscillations upstream of the conical �ame surfaces is an idealization.

A more realistic approach to be considered in the future is to model the velocity

upstream of the conical surfaces in the form of a convective wave propagating with

the average �ow velocity and to decrease the amplitude of oscillations with increasing

y [71]. I obtain the solutions of Eqs. (5.5) and (5.6) by taking the Laplace transforms

of both equations. The solutions of Eqs. (5.5) and (5.6) in frequency domain, de�ning:

β ≡ S̄u/ūc
√

(ūc/S̄u)2 − 1 is:

ŷfp(s) =
1

s

[
ûu(s)

S̄u
ūu
− Ŝu(s)

]
(5.9)
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ŷfc(r, s) =
1

s

{[
ūc
ūu
ûu(s)−

ūc
S̄u
Ŝu(s)

]
−[(

ūc − S̄u
ūu

)
ûu(s)−

(
ūc
S̄u
− 1

)
Ŝu(s)

]
· exp

[
(r −R)s

S̄uβ

]}
(5.10)

where s is the complex frequency and for all variables x̂(r, s) is Laplace transform of

x′(r, t). The area of the conical �ame surface is:

Ac = 2πN

ˆ R

0

√
1 +

(
dyfc
dr

)2

rdr (5.11)

Linearizing Eq. (5.11), and using Eq. (5.4), the mean and oscillatory components of

conical �ame surface area are:

Āc = Aopenūc/S̄u (5.12)

Ac
′ = −2πNβ

ˆ R

0

(∂yfc
′/∂r) rdr (5.13)

Taking the Laplace transform of Eq. (5.13), and using the �ame surface response

obtained in Eq. (??), I obtain the linear oscillatory response of the conical �ame

surface area in the frequency domain:

Âc(s) =
2πNS̄uβ

2

s2

[(
ūc − S̄u
ūu

)
ûu(s)−(
ūc
S̄u
− 1

)
Ŝu(s)

]
·
[
exp

(
−Rs
S̄uβ

)
+

Rs

S̄uβ
− 1

]
(5.14)

Equation (5.14) shows the strong dependence of the �ame surface area oscillations

on inlet and burning velocity oscillations. When ūc = S̄u = ūu, Âc(s) = 0. The conical

�ame area becomes Ac = Aopen, hence the �ame becomes �at.

The heat-release rate, Q̇gen, due to combustion is:
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Q̇gen = ρuSu∆H(Ac + Ap) (5.15)

where ∆H is the absolute value of the enthalpy of reaction of the fuel per kg of the

reacting mixture. Linearizing Eq. (5.15), the mean heat generation rate becomes:

¯̇Qgen = ρuS̄u∆H
(
Aopenūc/S̄u + Ap

)
(5.16)

The oscillatory heat generation rate in the frequency domain, ˆ̇Qgen(s), is:

ˆ̇Qgen(s) = ρu∆H
[
(Aopenūc/S̄u + Ap)Ŝu(s)

]
+ ρu∆HS̄uÂc(s) (5.17)

Note that the heat-release rate oscillations are dependent on both the conical �ame

surface area and the burning velocity oscillations. The conical �ame surface area

oscillations are derived in Eq. (5.14). The burning velocity �uctuations is described

in the next section by modeling the heat loss to the plate.

5.1.2 Heat Loss

In previous studies [22, 27�30, 72], burning velocity oscillations in perforated-plate

stabilized planar �ames were modeled by accounting for the heat loss mechanism

to the plate. In Ref. [30], Rook derived the burning velocity-inlet velocity transfer

function for planar perforated-plate stabilized �ames ignoring the increase in the

�ame surface area as a result of the formation of conical �ame surfaces, assuming

unity Lewis number, zero �ame stretch and single step reaction mechanism. In this

model the �ame performs rigid-body oscillations, and the temperature at y = 0 plane

is uniform, T̄s. Thus, the heat transfer coe�cient between the burner plate and the

mixture �owing from the holes is in�nite. Although, Rook obtained reasonable results

at low inlet velocity, i.e. low power conditions, the model is limited by the planar

�ame assumption, i.e. it is only valid when the mean inlet velocity is equal to the
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mean burning velocity. At higher inlet velocities the �ame surface is two-dimensional.

In order to relate the response of burning velocity oscillations to inlet velocity

accurately, one needs to solve the 2-D conservation equations coupled with the heat

loss to the plate. I use Rook's planar model [30] to estimate the burning velocity

response of the modeled 2-D �ame, by assuming that the heat and mass di�usion in

the tangential direction of the �ame surfaces are negligible compared to the normal

direction. Furthermore, the impact of �ame-area oscillations on the burning velocity

response is neglected, which is consistent with assuming a uniform burning velocity

response at the entire �ame surface. Using these assumptions, the temperature in the

normal direction to the �ame surfaces of the 2-D �ame is the same as the temperature

obtained in Rook's planar model setting the mean and oscillatory velocity at the inlet

to be S̄u and up′, respectively. The �excess inlet velocity� generates the extra �ame

surface area; the conical �ame surfaces.

The burning velocity oscillations in the frequency domain are [30]:

Ŝu(s) =

(
KL(s)

KL(s) + δ
S̄u
s

)
S̄u
ūu
ûu(s) (5.18)

with

K = Ze/2 · 1/(T̄b − Tu) (5.19)

L(s) = (Tad − Tu) exp
(
−ψ̄fp/δ

)
· exp

[
ψ̄f
2δ

(
1−

√
1 +

4δ

S̄u
s

)]
(5.20)

where Ze ≡ Tact(T̄b − Tu)/T̄b2 is the Zeldovich number, Tact is the activation temper-

ature, Tad is the adiabatic �ame temperature, δ ≡ αu/S̄u is the �ame thickness, where

αu thermal di�usivity of the inlet mixture, and ψ̄fp ≡ δ ln
[
(Tad − Tu)/(Tad − T̄b + T̄s − Tu)

]
is the density-weighted mean �ame stand-o� distance. Detailed derivation could be

found in Refs. [29, 30].

Now, I determine the rate of heat loss to the burner plate surface. The mean and

134



oscillatory rates of heat loss to the plate surface are:

¯̇Qloss = Apλs∂T̄ /∂y|y=0+ (5.21)

Q̇loss
′ = Apλs∂T

′/∂y|y=0+ (5.22)

where Q̇loss is the rate of heat loss to the burner plate, λs is the thermal conductiv-

ity of the mixture at the plate surface. Rook[30] derives the mean and oscillatory

temperature pro�les in density-weighted coordinates. Using the mean temperature

pro�le, Eq. (5.21) becomes:

¯̇Qloss = ρuS̄uAp∆H exp(−ψ̄fp/δ) (5.23)

The oscillatory heat loss rate in frequency domain, ˆ̇Qloss(s), is obtained by sub-

stituting the temperature response derived in Ref. [30] in Eq. (5.22):

ˆ̇Qloss(s) = −ρuAp∆H exp
(
−ψ̄fp/δ

)
·

1

2

(
1 +

√
1 +

4δ

S̄u
s

)
/

(
δ

S̄u
s

)
·
[
S̄u
ūu
ûu(s)− Ŝu(s)

]
(5.24)

5.1.3 Net Heat-Release Rate

The net mean heat-release rate, ¯̇Qrel, and the net heat-release rate oscillations in

frequency domain, ˆ̇Qrel(s), are calculated from:

¯̇Qrel = ¯̇Qgen − ¯̇Qloss + Q̇bur (5.25)

ˆ̇Qrel(s) = ˆ̇Qgen(s)− ˆ̇Qloss(s) (5.26)
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where ¯̇Qgen,
¯̇Qloss ,

ˆ̇Qgen(s) and ˆ̇Qloss(s) are derived in Eqs. (5.16) , (5.23), (5.17),

and (5.24), respectively. Q̇bur accounts for heating of the mixture inside the holes by

the heat transfer from the plate. Note that the temperature oscillations in the solid

plate are negligible, implying that Q̇bur
′ ∼ 0. The transfer function relating the net

heat-release rate oscillations to inlet velocity oscillations, ˆ̇Qrel(s)/ûu(s), is obtained

by dividing Eq. (5.26) with the Laplace transform of the inlet velocity, ûu(s).

5.2 Experimental Setup

Experiments were performed to validate the dynamic heat-release model. A ceramic

burner plate, with 2530, 1 mm diameter; and 368, 4 mm diameter holes was used.

The burner dimensions are 21.3 cm × 8.0 cm × 1.3 cm. The burner was supplied

with a uniform methane/air mixture. Fuel and air �ow rates were controlled to

obtain the desired power and equivalence ratio. The inlet velocity in the mixing

chamber was excited using a subwoofer loudspeaker driven at low frequencies (10 Hz

- 500 Hz). The modulation level was 10% of the mean air �ow, and around this

region, no dependency on the modulation level is observed. A stepwise frequency

sweep was applied to determine the �ame response to velocity oscillations. In the

mixing chamber a TSI IFA 300 hot wire anemometer was used to monitor the velocity

�uctuations. The velocity was measured 3 cm upstream of the burner plate surface. It

has been shown that the heat release is proportional to light emission from free radicals

like CH* or OH* [73]. The spatially integrated time dependent heat-release rate

oscillations were detected by measuring CH* chemiluminescence using a Hamamatsu

R3788 photomultiplier with an interference �lter at 430 nm. Because the conical �ame

area is smaller than the total plate area, I neglected the spatial variation in the burning

rate with respect to the temporal variation. The spatially integrated CH* emissions

captured in the experiments are averaged over many cycles to determine the heat-
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release rate-inlet velocity transfer function. Similar measurements were performed

by Noiray et al. [74] in perforated plate burners using OH* chemiluminescence. A

multi-channel data acquisition device was used to synchronize the excitation and to

detect the signals. After performing some calibration measurements the heat-release

rate-inlet velocity transfer function was obtained.

5.3 Results

To determine the response of the net heat-release rate to dynamics, model results

were obtained at di�erent equivalence ratios and power outputs, ¯̇Qgen, using the

speci�cations of the burner plate mentioned in the previous section while superposing

the results obtained for the two di�erent hole sizes used in the experiment. The

activation temperature was �xed at 15000 K, a typical value for single-step methane

combustion. I calculated the mean inlet velocity using: ūu = ¯̇Qgen/[ρuAu∆H(φ)].

I performed a parametric study to determine the impact of the �ame temperature,

T̄b, and the burner plate surface temperature, T̄s, on the �ame response and assumed

reasonable values for these parameters at each operating condition. For steady �ames,

the following relation between T̄b and S̄u is used [75, 76]:

S̄u
S̄u,ad

= exp

[
−Tact

2

(
1

T̄b
− 1

Tad

)]
(5.27)

where S̄u,ad is the adiabatic burning velocity for a given equivalence ratio calculating

using the following correlation [77]:

S̄u,ad = AφB exp
[
−C(φ−D)2

]
(5.28)

where A = 0.6079, B = −2.554, C = 7.31, and D = 1.230. After determining S̄u

from Eq. (5.27), I calculated ūc using Eq. (5.7). Once I determine ūu, T̄b, T̄s, S̄u and
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Figure 5-3: The impact of the �ame temperature, T̄b, and the burner surface temper-
ature, T̄s, on the gain and phase of the response of the net heat heat-release rate per
inlet area to the inlet velocity �uctuations at 10 kW power and equivalence ratio of
0.65. Tad = 1755 K.

ūc, all the parameters used in the model are known.

In Fig. 5-3 I show model results for the impact of the �ame temperature, T̄b, and

the burner plate surface temperature, T̄s, on the gain and phase of the net heat-release

rate-inlet velocity transfer function at 10 kW power and equivalence ratio of 0.65. The

adiabatic �ame temperature is 1755 K. At this operating condition, the planar �ame

model is not applicable since the mean inlet velocity, ūu=27.9 cm/s, is much higher

than the adiabatic burning velocity, S̄u,ad=15.6 cm/s.

Results show non zero gain at all frequencies, and resonance at 30 Hz when T̄s=300

K, and at 80 Hz when T̄s=600 K. I observe that without heat loss, the �ame stand-o�

distance simply responds to �ow oscillations, resulting in �xed amplitude oscillations.

With heat loss, as the �ame moves away / towards the burner, its burning velocity

increases / decreases, amplifying the �ame motion. The enthalpy oscillations resulting

from the oscillatory heat loss at the burner surface are transported to the �ame

after a convective time delay in the order of τ ∼ ψ̄fp/S̄u, where ψ̄fp is the density-

weighted �ame stand-o� distance as mentioned before. This positive coupling between

the heat loss and the �ame position manifests itself in the gain response. Since

the burning rate is assumed to respond instantaneously to the �uctuations in the
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temperature, the burning velocity of the �ame oscillates in-phase with the enthalpy

�uctuations reaching the �ame front. Depending on the frequency of the imposed

oscillations, f , the convective time delay results in a phase di�erence of 2πτf between

the burning velocity and the heat loss oscillations. When this phase is π/2, the �ame

reaches its absolute minimum or maximum distance from the burner depending on

the propagation direction; that is the resonant behavior shown in Fig. 5-3 occurs.

The resonant frequency is fres = 1/(4τ) ∼ S̄u/(4ψ̄fp). For more discussion, see

Refs. [29, 30]. As the burner surface temperature is raised while keeping the �ame

temperature constant, the convective time delay decreases due to the reduction in ψ̄fp.

As a result, the resonant frequency increases when the burner surface temperature is

increased at constant �ame temperature, as observed in Fig. 5-3.

Figure 5-3 shows that the delay between heat release-rate and inlet velocity in-

creases rapidly for the range of frequencies between zero and almost twice the resonant

frequency, and remains nearly constant as the frequency is increased further. In or-

der to explain the origin of this observation, I plot the contributions of the burning

velocity and �ame-area oscillations to the net heat-release rate �uctuations for a 10

kW power burner, φ = 0.65 and T̄b/Tad = 0.95, T̄s = 300K. The inlet velocity per-

forms sinusoidal oscillations, i.e.uu′ = εūu sin(ωt). As shown in Fig. 5-4, when the

net heat-release rate response due to �ame-area oscillations is out-of-phase / in-phase

with the inlet velocity oscillations, the �ame-area oscillations decrease / increase the

amplitude of the net heat-release rate �uctuations. At low frequencies, a signi�cant

portion of the net heat-release rate oscillations are caused by the burning velocity

oscillations associated with the heat loss. At higher frequencies with respect to the

resonant frequency, the net heat-release rate oscillations are still present, but only as

a result of the �ame-area �uctuations, making the burner still prone to thermoacous-

tic instabilities even at frequencies signi�cantly higher than the resonant frequency.

At higher inlet velocity, the e�ect of �ame-area oscillations become more signi�cant,
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Figure 5-4: Contributions of �ame area and burning velocity oscillations on the net
heat-release rate �uctuations at 10 kW power and equivalence ratio of 0.65. T̄b/Tad =
0.95, T̄s = 300 K, uu′ = εūusin(ωt), where ε = 0.1, ωt = π.

increasing the amplitude of the net heat-release rate oscillations. Increase in the inlet

velocity does not e�ect the resonant frequency or the heat-release rate response at low

frequencies, which are controlled primarily by burning velocity oscillations. Higher

burner surface temperature at �xed �ame temperature, T̄b, increases the impact of the

�ame-area oscillations at higher frequencies, because the resonance occurs at higher

frequency.

Figure 5-5 shows the contributions of the inlet velocity and the burning velocity

oscillations to the �ame-area oscillations for the same parameters used in Fig. 5-4.

I observe that at low frequency, both the inlet velocity and the burning velocity os-

cillations contribute to the �ame-area oscillations. At higher frequencies, the only

contribution comes from the velocity oscillations, because the burning velocity os-

cillations decay quickly. Therefore, the phase of the response of the �ame area to

inlet velocity becomes nearly constant resulting in a constant phase of the net heat-

release rate response observed in Fig. 5-3, within the range of frequencies where only

�ame-area oscillations are present.

In Figs. 5-6 and 5-7, I compare the gain and the phase of the measured and

computed net heat-release rate-inlet velocity transfer function, at equivalence ratios

140



Figure 5-5: Contributions of the inlet velocity and the burning velocity oscillations
on the conical �ame surface area oscillations per inlet area at 10 kW power and
equivalence ratio of 0.65. T̄b/Tad = 0.95, T̄s = 300K, uu′ = εūusin(ωt), where ε = 0.1,
ωt = π.

of 0.74 and 0.65 at 5 kW and 10 kW power, respectively. Tad at these equivalence

ratios are 1921 K and 1755 K, respectively. The �ame and burner plate surface

temperatures are chosen to obtain the best match with the experimental results.

T̄b and T̄s are 1595K and 750K, respectively at φ = 0.74; and 1700K and 450K,

respectively at φ = 0.65. The model captures the trends observed in the experiment

and accurately predict the phase and its saturation around 200 Hz. As the equivalence

ratio is raised, the heat loss increases, resulting in lower �ame temperature, and higher

burner surface temperature. The convective time delay, ψ̄fp/S̄u decreases, increasing

the resonant frequency.

5.4 Summary

In this chapter, I extended the dynamic planar �ame models of perforated-plate sta-

bilized �ames to account for the formation of conical �ame surfaces downstream of

a perforated-plate holes in order to introduce the e�ect of �ame-area �uctuations.

In summary: i) At low frequencies with respect to the resonant frequency, the con-

tribution of �ame-area oscillations to the net heat-release rate is weak compared to
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Figure 5-6: Gain and phase of the net heat release per inlet area-inlet velocity transfer
function. Markers show experimental measurements. Curves are model results: φ =
0.74, solid lines; φ = 0.65, dashed lines. Power=5 kW.
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Figure 5-7: Gain and phase of the net heat release per inlet area-inlet velocity transfer
function. Markers show experimental measurements. Curves are model results: φ =
0.74, solid lines; φ = 0.65, dashed lines. Power=10 kW.
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that of the burning velocity oscillations. At these frequencies, �ame-area oscillations

arise both due to the impact of inlet velocity and burning velocity oscillations; ii)

When the frequency is high with respect to the resonant frequency, only �ame-area

oscillations contribute to the net heat-release rate �uctuations, which arise as a re-

sult of the inlet velocity �uctuations; iii) The conical �ame surface area increases

at high inlet velocity and low equivalence ratio, increasing the impact of �ame-area

oscillations; and iv) When heat loss is large, the burning velocity drops, the plate

surface temperature rises and the resonant frequency increases. Thus, the �ame-area

oscillations impact the heat-release rate response at higher frequencies. This model

can be extended further upon taking into account the e�ect of expansion velocity

while modeling the conical �ame surfaces, treating the heat transfer inside the burner

more realistically, using more realistic velocity pro�les, and developing more accurate

models to predict the oscillations of the burning velocity while taking into account

the two-dimensionality of the problem in more detail.
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Chapter 6

Two-Dimensional Numerical

Simulations of Laminar

Perforated-Plate Stabilized Flames

The model developed in the previous chapter relies on the speci�cation of two param-

eters, the �ame temperature, T̄b, and the perforated-plate surface temperature, T̄s.

These parameters impact the �ame transfer function signi�cantly as shown in Fig. 5-3.

In order to understand the impact of the operating conditions and the perforated-plate

characteristics on these parameters, the steady �ame structure and characteristics,

and the dynamic response of the �ames, I perform a two-dimensional numerical study

to simulate the �ame formed downstream of a single perforated-plate hole. The nu-

merical model solves the velocity �eld under reactive conditions, whose e�ects cannot

be captured by the analytical model. The analytical �ame model represents the e�ect

of the complex chemical kinetic processes only with two parameters, the Zeldovich

number and the activation temperature, assuming a single-step reaction mechanism.

This is an unrealistic oversimpli�cation of the complex chemical kinetic processes.

Therefore, in the �ame simulations, a more detailed chemical kinetic mechanism for
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methane combustion is used. The temperature pro�le inside the perforated-plate is

solved by allowing heat transfer between the gas and the perforated-plate to investi-

gate the heat loss mechanism more realistically.

6.1 Formulation

The two-dimensional numerical model is based on a zero-Mach-number formulation of

the compressible conservation equations in radial coordinates. Acoustic wave prop-

agation is ignored, and the pressure �eld is decomposed into a spatially uniform

component po(t) and a hydrodynamic component p(z, r, t) which varies both in space

and time. Attention is restricted to open domains; the thermodynamic pressure po

is constant. The model assumes zero bulk viscosity, and a detailed chemical reaction

mechanism that involves K species and M elementary reactions. Soret and Dufour

e�ects, radiant heat transfer, and body forces are ignored. The mixture is assumed to

follow the perfect gas law, with individual species molecular weights, speci�c heats,

and enthalpies of formation; and the Fickian binary mass di�usion. Under these as-

sumptions, the mass, momentum, and energy conservation equations are respectively

expressed as [78]:

∂ρ

∂t
+∇ · (ρ~V ) = 0 (6.1)

∂(ρu)

∂t
+
∂(ρu2)

∂z
+

1

r

∂(rρuv)

∂r
= −∂p

∂z
+ Φz (6.2)

∂(ρv)

∂t
+
∂(ρvu)

∂z
+

1

r

∂(rρv2)

∂r
= −∂p

∂r
+ Φr (6.3)
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ρcp

(
∂T

∂t
+ ~V · ∇T

)
= ∇ · (λ∇T )−

K∑
k=1

cpk(~jk · ∇T )−
K∑
k=1

hkω̇kWk (6.4)

where ρ is the mixture density, ~V = (u, v) is the velocity vector, Φz and Φr are

the viscous stress terms, λ is the mixture conductivity, ~jk = −ρWk

W̄
Dkm∇Xk is the

di�usive mass �ux vector, Wk is the molar mass of species k, W̄ = 1/(
∑K

k=1 Yk/Wk)

is the molar mass of the mixture, Dkm is the mixture average di�usion coe�cient

for species k relative to the rest of the multi-component mixture, Xk is the mole

fraction of species k, cpk is the speci�c heat of species k at constant pressure, cp is the

mixture speci�c heat at constant pressure, hk is the enthalpy of species k, and ω̇k is

the molar production rate of species k. The production rate of each species is given

by the sum of the contributions of elementary reactions with Arrhenius rates. The

Kth species (the last species), here N2, is always in excessive, and its mass fraction

YK is calculated from the identity
∑K

k=1 Yk ≡ 1. The conservation equation for the

kth species, k = 1, ..., K − 1, is written as

∂(ρYk)

∂t
+∇(ρ~V Yk) = −(∇ ·~jk) + ω̇kWk (6.5)

The perfect gas state equation is expressed as po = ρR̂T/W̄ , where R̂ is the universal

gas constant. Finally, for the purposes of the numerical implementation, the time

rate of change of density is found by di�erentiating the state equation

∂ρ

∂t
= ρ

(
− 1

T

∂T

∂t
− W̄

K∑
k=1

1

Wk

∂Yk
∂t

)
(6.6)

where ∂Yk/∂t = [∂(ρYk)/∂t+∇(ρ~V )Yk]/ρ and substituting for ∂T/∂t and ∂(ρYk)/∂t

from the energy and species conservation equations, respectively.

In order to include the e�ect of the heat loss to the perforated-plate, the heat
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conduction equation within the burner plate is solved

ρfhcfh
∂T

∂t
= ∇ · (λfh∇T ) (6.7)

where ρfh, cfh, and λfh are the density, speci�c heat and thermal conductivity of the

burner plate material, respectively. For simplicity they are assumed to be constant.

6.2 Numerical solution

I simulate a �ame stabilized downstream of a single perforated-With heat loss, as the

�ame moves away / towards the burner, its burning velocity increases / decreases,

amplifying the �ame motion. plate hole. The top view of the solution domain at the

perforated-plate surface, z = 0, is shown in Fig. 6-1.

simulation domain

Figure 6-1: The schematic diagram showing the computational domain at the

perforated-plate surface, z = 0.

Figure 6-2 shows a schematic diagram of the computational domain at an ar-

bitrary angular slice, illustrating the boundary conditions speci�ed at each surface.

The conduction heat transfer between the perforated-plate and the gas mixture is

considered. The radiation between the gas and the perforated-plate, and between

the perforated-plate and the environment are neglected. Convective heat transfer is

modeled at the bottom surface of the perforated-plate with a constant speci�ed heat
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Figure 6-2: The schematic diagram showing the computational domain at an arbitrary
angular slice.

transfer coe�cient, h. Symmetry boundary conditions are imposed at the centerline,

r = 0. Adiabatic, impermeable, slip-wall boundary conditions are used at the right

boundary in order to model the interaction between adjacent �ames. At the exit, typ-

ical out-�ow boundary conditions are used. The average inlet velocity, ūin, is either

kept constant to simulate steady �ames, or superposed with sinusoidal oscillations at

di�erent amplitudes and frequencies to simulate the unsteady �ame response to the

velocity oscillations. The mixture composition at the inlet is steady and uniform and

calculated based on the speci�ed equivalence ratio of the reactant mixture. The in-

let temperature is uniform and atmospheric. The pressure gradient, and the velocity

pro�le at the inlet are calculated solving the Navier Stokes equation in the r-direction

at the inlet, with the known instantaneous average inlet velocity, using the laminar,

fully developed �ow assumption:

ρ
∂uin
∂t

= −∂p
∂z
|in +

µin
r

∂

∂r

(
r
∂uin
∂r

)
(6.8)
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with

2π

ˆ R

0

uin(r, t)dr = πR2ūin [1 + Λ sin(ωt)] (6.9)

where the subscript in refers to the inlet of the domain, R is the radius of the hole,

Λ is the non-dimensional forcing amplitude and ω is the forcing frequency. Using

Eq. (6.8) and Eq. (6.9):

∂p

∂z
|in =

2µin
R

∂uin
∂r
|R − ρūinΛω cos(ωt) (6.10)

The pressure gradient at the inlet is calculated using Eq. (6.10). Once the pressure

gradient is calculated, the velocity pro�le at the inlet, uin(r, t) is computed from

Eq. (6.8), using a second-order, centered-di�erence discretization.

The conservation equations are solved using a second-order predictor-corrector

�nite-di�erence projection scheme. The domain is discretized using a staggered grid

with uniform, but di�erent cell sizes in each coordinate direction. Velocity compo-

nents are evaluated at the cell edges, while scalars are evaluated at the cell centers.

Spatial derivatives are discretized using second-order central di�erences. The equa-

tions are integrated using an additive (non-split) semi-implicit second-order projec-

tion scheme. The projection scheme is based on a predictor�corrector sti� approach

that couples the evolution of the velocity and density �elds in order to stabilize

computations of reacting �ows with large density variations. The predictor uses a

second-order Adams�Bashforth time integration scheme to update the velocity and

scalar �elds and incorporates a pressure correction step in order to satisfy the con-

tinuity equation. The corrector is a mixed scheme, which combines non-split sti�

integration of reaction source terms with the second-order Runge-Kutta treatment of

the remaining terms. The momentum equations are integrated using the second-order

Adams�Bashforth scheme as in the predictor. The sti� integrator is adapted from
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the CVODE package [79]. The corrector also incorporates a pressure correction step.

In both sub-steps, the pressure correction step involves the inversion of the pressure

Poisson equation which is implemented using Sundials banded matrix solver. The

calculation of the production rates of each species and the evaluation of the ther-

modynamic and transport properties are performed using Cantera [58]. The code is

written in C++, and paralellized using Open MP. A one-dimensional �ame solution

is used as the initial condition. The details about the numerical algorithm can be

found in Refs. [80, 81].

I utilize a reduced methane combustion mechanism involving 20 species and 79

reactions, which is obtained by eliminating some species and the reactions from the

mechanism developed by UCSD Center of Energy Research [61]. In order to obtain the

reduced mechanism, I performed simulations of a premixed laminar �ame stabilized

in a planar stagnation �ow using a one-dimensional code, which is explained before

in section 2.2.4, and in detail in Refs. [60, 69]. The one-dimensional computations are

performed for strain rates ranging from 12 to 9000 s-1. In all cases, the oxidizer was

air, the reactant mixture temperature was 300 K, and the pressure was atmospheric.

First, the one-dimensional code was run with the full UCSD mechanism. Given a

set of elementary reactions that convert species A to species B, we sum the reaction

rates for each of these reactions and integrate this value across the �ame, obtaining

the total rate at which A is converted to B. One way of displaying this information is

a reaction pathway diagram, which shows the conversion rates amongst the reacting

species. Figure 6-3 shows the reaction pathway diagram for a planar methane-air

�ame with an equivalence ratio of 0.80 and a = 12 s-1 containing the most active

carbon-containing species obtained using the UCSD mechanism. In this �gure, colors

and line width are used to indicate the magnitude of each conversion rate. Each

decrease in the line width in the �gure indicates a halving of the corresponding con-

version rate. Conversions which occur at rates of less than 1% of the rate at which
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Figure 6-3: Reaction pathway diagram containing the most active carbon species.

methane is consumed, and the other carbon containing species involving these re-

actions are not shown. Based on this �gure, I observe that the contribution of the

species at the right-side branch (starting from CH3) are not signi�cant compared to

the other major reaction pathways. Therefore, only the following species (and the

reactions involving those species) were included in the reduced chemical kinetic mech-

anism: N2, H, O2, OH, O, H2, H2O, HO2, H2O2, CO, CO2, HCO, CH2O, CH4, CH3,

T-CH2, S-CH2, CH3O, CH2OH, and CH3OH.

In order to test the validity of the reduced mechanism, I compare the �ame burning

velocities and the �ame thicknesses calculated using the full UCSD mechanism, the

reduced mechanism, and also the commonly used GRI-Mech 3.0 mechanism [82]. I use

the consumption speed, Sc, to quantify the burning velocity, calculated by integrating
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the energy equation across the �ame. The consumption speed is de�ned as

Sc =

´∞
− ∞ q

′′′/cpdy

ρu (Tb − Tu)
(6.11)

where q′′′ is the volumetric heat-release rate, cp is the speci�c heat of the mixture,

y is the coordinate normal to the �ame, ρu is the unburned mixture density, and Tu

and Tb are the unburned and burned temperature, respectively. As the strain rate

parameter a approaches 0, the consumption speed approaches the laminar burning

velocity.

The �ame thickness is determined from the peak temperature gradient and the

unburned and burned temperatures as

δf = (Tb − Tu)/|∂T/∂x|max (6.12)

The laminar burning velocity, i.e. at a = 0, as a function of the equivalence ratio

using the UCSD mechanism, the reduced mechanism and the GRI-Mech 3.0 mech-

anism is shown in Fig. 6-4. The laminar burning velocity is determined by extrapo-

lating the consumption speed to a strain rate of zero, analogous to the commonly-

employed technique for determining laminar burning velocity from experimentally-

observed strained �ames. In Fig. 6-5, I plot the �ame thickness as a function of the

equivalence ratio calculated for a strain rate of a = 48 s-1, using the UCSD mechanism,

the reduced mechanism, and the GRI-Mech 3.0 mechanism.

Both Fig. 6-4 and Fig. 6-5 show that in the lean equivalence ratio range, both the

laminar burning velocity and the �ame thickness are represented well with the re-

duced mechanism compared to the parent UCSD mechanism. The laminar burning

velocities calculated with the UCSD mechanism (and the reduced mechanism) are

lower than those calculated by the GRI-Mech mechanism, and the di�erence between

the calculated burning velocities increases as the equivalence ratio approaches stoi-
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chiometry. In this study, because I am interested in the lean equivalence ratio range,

the use of the reduced mechanism seems justi�ed.

The domain size is as follows: the radius of the hole is 0.5 mm (the hole diameter,

D=1 mm), and the radius of the simulation domain is 1 mm. The perforated-plate

thickness is 13.2 mm. The distance between the top surface of the plate and the exit

is 15 mm. The cell size in the �ow direction is 0.04 mm, while the cell size in the

radial direction is 0.02 m. Therefore, the domain is composed of 50 × 705 cells.

The code was run on a 2.66GHz CPU speed Intel Xeon - Harpertown node con-

sisting of dual quad-core CPUs (8 processors). With the above grid resolution and the

computational resources, it is observed that an integration time step of 30 ns takes

approximately 1.47 s in real time. The 40 ns integration time step is the maximum

that could be reached, because of the limitation imposed by the CFL condition of the

species with the highest di�usivity; in this case H [83].
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Figure 6-4: Laminar burning velocity as a function of the equivalence ratio calcu-

lated using the UCSD mechanism, the reduced mechanism and the GRI-Mech 3.0

mechanism.
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Figure 6-5: Flame thickness as a function of the equivalence ratio calculated using

the UCSD mechanism, the reduced mechanism and the GRI-Mech 3.0 mechanism.

6.3 Results

I investigate the steady �ame characteristics and the unsteady �ame dynamics under

di�erent operating conditions, and perforated-plate characteristics. The equivalence

ratio, φ; and the thermal conductivity of the perforated-plate material, λfh, are varied.

The average inlet velocity (inside the holes), ūin is calculated from the total power

output, P , using the speci�cations of the perforated-plate used in the experiments

explained in detail in the previous chapter: ūin = P/(ρuAopen∆H), where Aopen is the

total hole area and ∆H is the LHV of methane per mass of the reactant mixture. In

this chapter, the total power (from all holes) is kept constant at P=20 kW, a typical

value of the maximum power capacity of common household burners. The power

generated from a single 1 mm diameter hole simulated here is around 2.5 W.
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6.3.1 Steady Flame

I investigate the steady �ame structure and characteristics at three di�erent equiv-

alence ratios: φ = 0.87, φ = 0.74, and φ = 0.65. The mean inlet velocity at these

equivalence ratios respectively are: ūin = 1.11 m/s , ūin = 1.29 m/s , and ūin = 1.46

m/s. The Reynolds numbers respectively are: Re=69, Re=80, and Re=91, which are

calculated based on the hole diameter and the mean inlet velocities. The thermal

conductivity of the perforated-plate material is either λfh = 0 (adiabatic plate) or

λfh = 1.5 W/mK (conductive plate; porcelain thermal conductivity is used in order

to model the ceramic burner).

Adiabatic Plate

First, the heat transfer between the gas and the plate is not considered by assuming

an adiabatic plate, i.e. λfh = 0. In Figs. 6-6(a-c), the temperature contours at

di�erent equivalence ratios are shown. The range of the streamwise axes on the �gures

are chosen near the �ame location, and do not represent the entire domain in that

direction. The �ame cools down as φ decreases, causing the burning velocity to drop

(see Fig. 6-4). Because the power is kept constant, the decrease in the burning velocity

must be compensated by the increase in the �ame surface area, causing the �ame tip

to stabilize further downstream from the perforated-plate. In all cases, the �ame is

anchored near the edge of the plate; however the anchoring point moves outwards in

the radial direction as φ decreases. Figure 6-7 shows the fuel mass fraction contours

for the same cases shown in Fig. 6-6. The shape of the fuel mass fraction contours are

very similar to the shape of the temperature contours, as expected for an adiabatic

�ame with near unity Lewis number. The fuel mass di�usion layer thicknesses are

smaller than the thermal di�usion layer thicknesses. The thicker thermal di�usion

layers are mainly generated as a result of the slow CO oxidation reaction.

Figure 6-8 shows the contours of the volumetric heat-release rate and the velocity

156



r/D

z/
D

(a) φ=0.87

0 0.25 0.5 0.75 1
−0.5

0

0.5

1

1.5

2

2.5

r/D

z/
D

(b) φ=0.74

0 0.25 0.5 0.75 1
−0.5

0

0.5

1

1.5

2

2.5

r/D

z/
D

(c) φ=0.65

 

 

0 0.25 0.5 0.75 1
−0.5

0

0.5

1

1.5

2

2.5

T [K]
400 600 800 1000 1200 1400 1600 1800 2000

Figure 6-6: Temperature contours of steady �ames with adiabatic perforated-plate at
(a) φ = 0.87, (b) φ = 0.74, and (c) φ = 0.65.
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Figure 6-7: Fuel mass fraction contours of steady �ames with adiabatic perforated-
plate at (a) φ = 0.87, (b) φ = 0.74, and (c) φ = 0.65.
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Figure 6-8: Contours of the volumetric heat-release rate and the velocity �elds with
adiabatic perforated-plate at (a) φ = 0.87, (b) φ = 0.74, and (c) φ = 0.65.
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vectors for the same cases. As expected, the shape of the contours at which the

volumetric heat-release rate is maximum strongly matches with the shape of the

temperature and mass fraction contours. The volumetric heat-release rate decreases

signi�cantly as φ decreases, as a result of the decrease in the �ame temperature. The

�ame thickness increases as φ becomes leaner, consistent with the trend I observed

in Fig. 6-5.

The formation of the recirculation zone downstream of the perforated-plate is

prevented by the �ame in all cases due to the elevated temperature. Near the an-

choring point, the �ow accelerates turns towards the �ame normal direction. Due

to this �turn�, the reduction of the density near the �ame cannot be compensated

by the acceleration of the streamwise velocity alone, causing the local mass �ux in

the streamwise direction to decrease. From mass conservation, this decrease should

be compensated by an increase in the mass �ux towards the centerline. I illustrate

this e�ect in Fig. 6-9, where I plot the streamwise velocity along the z direction for

all three equivalence ratios at r/D = 0.01. The �gure shows that at all equivalence
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Figure 6-9: Streamwise velocities with adiabatic perforated-plate at equivalence ratios
of 0.87, 0.74 and 0.65 along the streamwise direction at r/D = 0.01.
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ratios, two peaks exist in the streamwise velocity pro�le. The �rst peak, which occurs

close to z = 0, is generated due to the above mentioned �ow-�ame interactions. The

second peak arises as a result of the volumetric expansion generated by the reaction,

and as expected its magnitude decreases with the equivalence ratio.

Next, for all three cases, I calculate the consumption speed of the �ame at the

centerline (at the �ame tip), Sc,0, using Eq. (6.11). The laminar burning velocities

of planar unstretched �ames obtained using the 1-D code (see Fig. 6-4), and the

consumption speeds at the centerline are summarized in Table 6.1. It is known that

negative curvature (�ame concave towards the reactants) acts to increase the �ame

burning velocity [84, 85], when the radius of curvature of the �ame is comparable

with the �ame thickness. As φ decreases, the �ame thickness increases. The �ame

moves downstream, also causing the �ame tip curvature to increase (the radius of

curvature to decrease). The radius of curvature of the �ame tip becomes comparable

with the �ame thickness, thus the consumption speed at the centerline exceeds the

laminar burning velocity of a planar �ame.

φ = 0.87 φ = 0.74 φ = 0.65

SL [cm/s] 28.2 20.2 13.6

Sc,0 [cm/s] 27.9 21.7 15.9

Table 6.1: The laminar burning velocities of planar unstretched �ames, and the �ame

consumption speeds at the centerline with adiabatic perforated-plate.

Conductive Plate

Now, I investigate the impact of the heat transfer between the gas mixture and the

perforated-plate on the steady �ame characteristics. In Fig. 6-10, the temperature

contours at equivalence ratios of 0.87 and 0.74 are shown. The range of the streamwise

axes on the �gures are chosen near the �ame location, and do not represent the entire

domain in that direction. At this power, the �ame blows out with the conductive plate
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Figure 6-10: Temperature contours of steady �ames with conductive perforated-plate
at (a) φ = 0.87, and (b) φ = 0.74.
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when φ = 0.65. This suggests that although leaner equivalence ratios are desirable

in these systems for fuel e�ciency and low NOx emissions, as the power output is

increased the equivalence ratio should also be increased to prevent �ame blowout.

The temperature of the products decrease with φ; however, the cooling down of the

�ame as φ drops is not as severe as in the adiabatic cases. At both equivalence ratios,

the temperature contours become horizontal downstream of the solid surfaces of the

perforated-plate near the right domain boundary, suggesting that a positively curved

�ame (the �ame convex towards the reactants) forms downstream of the plate as a

result of the heat loss. Moreover, because of the heat loss, the thermal di�usion layer

thickness of the positively curved �ames are large. At φ = 0.74, the thermal di�usion

layer thickness of the positively curved �ame downstream of the plate is larger than

that of the negatively curved �ame tip. The �ame anchors a �nite di�erence away

from the plate surface, which is referred to as the �ame stand-o� distance.

Figure 6-11 shows the heat �ux from the gas to the top surface of the perforated-

plate as a function of the radial coordinate at all three equivalence ratios. The

heat �ux increases along the radial direction, and also with the equivalence ratio.

As φ increases, the di�erence between the heat �uxes rises towards the adiabatic

right surface of the computational domain. I plot the top surface temperature of the

perforated-plate, Ts, as a function of the radial coordinate in Fig. 6-12. As φ increases,

Ts also increases as a result of the higher heat �ux, consistent with the trend in the

model developed in the previous section. The heat �ux from the perforated-plate side

surface to the gas as a function of the streamwise coordinate for both equivalence

ratios is shown in Fig. 6-13. The heat �ux is the largest close to the top surface, and

almost zero at the bottom surface at both equivalence ratios. This suggests that all

the heat transferred from the gas to the plate from the top surface is transferred back

to the gas from the side surface, conserving the total enthalpy. The thermal energy

is recycled through the plate.
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Figure 6-11: Heat �ux from the gas to the perforated-plate top surface as a function
of r/D at φ = 0.87, and φ = 0.74.
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Figure 6-12: Perforated-plate top surface temperatures as a function of r/D at φ =
0.87, and φ = 0.74.
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Figure 6-13: Heat �ux from the perforated-plate side surface to the gas as a function
of z/D at φ = 0.87, and φ = 0.74.
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In Fig. 6-14, I plot the fuel mass fraction contours for the same cases shown in

Fig. 6-10. The shape of the fuel mass fraction contours are signi�cantly di�erent than

the shape of the temperature contours; the presence of heat transfer between the gas

and the perforated-plate creates signi�cant mismatch between the temperature and

species pro�les. As φ increases, this mismatch becomes more signi�cant downstream

of the plate surface due to higher heat transfer rate.

Figure 6-15 shows the contours of the volumetric heat-release rate and the velocity

vectors. At both values of φ, the maximum value of the volumetric heat-release rate

which is achieved near the �ame tip is lower compared to the cases with adiabatic

perforated-plate. However, the amount of reduction drops as φ decreases. Because the

�ame moves away from the plate, the temperature downstream of the plate is lower

compared to the cases with an adiabatic plate, which allows a narrow recirculation

zone to form.

In Table 6.2, I summarize the consumption speeds at the centerline, Sc,0 (at the

�ame tip), and along the z direction at r/D = 1, Sc,1. As shown in Table 6.2, the

values of Sc,0 are lower than their baseline values, i.e. cases with an adiabatic plate.

As φ decreases, the reduction in Sc,0 is less severe. The values of Sc,1 increase as

φ decreases. As mentioned above, the heat transfer between the gas and the plate

creates signi�cant mismatch between the temperature and species pro�les downstream

of the plate surface. As φ is reduced, this mismatch is less signi�cant due to lower

heat loss rate. In fact, at φ = 0.74 Sc,1 > Sc,0, although the maximum value of the

volumetric heat-release rate along the z direction at r/D = 1 is smaller than that

at the centerline, suggesting that the large �ame thickness downstream of the plate

generates signi�cant burning rate. These observations show that at an equivalence

ratio in the range 0.74 < φ < 0.87, Sc,1 = Sc,0, similar to the assumption of the

theoretical model developed in the previous chapter. The structure and characteristics

of the positively curved �ame formed downstream of the plate should be investigated
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Figure 6-14: Fuel mass fraction contours of steady �ames with conductive perforated-
plate at (a) φ = 0.87, and (b) φ = 0.74.
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Figure 6-15: Contours of the volumetric heat-release rate and the velocity �elds with
conductive perforated-plate at (a) φ = 0.87, and (b) φ = 0.74.

in detail in the future.

φ = 0.87 φ = 0.74

Sc,0 [cm/s] 26.4 21.1

Sc,1 [cm/s] 18.3 22.3

Table 6.2: The �ame consumption speeds at the centerline and along the z direction

at r/D=1 with conductive perforated-plate.
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6.3.2 Unsteady Flame Dynamics

I force the mean inlet velocity sinusoidally, and investigate the unsteady �ame dynam-

ics. The forcing frequency is 200 Hz (higher than the resonant frequencies observed

in the previous chapter), and the normalized forcing amplitudes are 10% or 70%. The

simulations were performed both with the adiabatic and the conductive perforated-

plates. I report the results only at φ = 0.74.

Adiabatic Plate

First, the plate is adiabatic, i.e. λfh = 0. In Fig. 6-16, I plot the normalized heat-

release rate, Q∗, mean inlet velocity, u∗in, consumption speed at the centerline, S∗c,0,

and �ame area, A∗f , as a function of time during a representative cycle of oscillations

when the forcing amplitude is 70%. Figure 6-17 shows the volumetric heat-release

rate contours at the instants shown by markers on Fig. 6-16. In order to calculate the

�ame area, the �ame is assumed to be located along the curve where the volumetric

heat-release rate is at its maximum value. All the quantities are normalized with
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Figure 6-16: Normalized total heat-release rate, Q∗, mean inlet velocity, u∗in, con-
sumption speed at the centerline, S∗c,0, and �ame area, A∗f , as a function of time
during a representative cycle when the forcing frequency is 200 Hz, and the forcing
amplitude is 70% of the mean velocity with adiabatic perforated-plate at φ = 0.74.
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Figure 6-17: Sequential contours of the volumetric heat-release rate and the veloc-
ity �elds with adiabatic perforated-plate at φ = 0.74. The number on each image
corresponds to the instant shown in Fig. 6-16.
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their steady values.

The heat-release rate oscillations are in-phase with the �ame-area oscillations,

and lag the velocity by 25 degrees. The heat-release oscillation amplitude, the forcing

amplitude, and the �ame area amplitude match each other. This concludes that the

heat-release rate oscillations arise as a result of the �ame-area oscillations. The strong

change in the �ame area could be clearly observed in Fig. 6-17. The consumption

speed at the centerline oscillates at lower amplitude, around 25% of its mean value and

lags the velocity by 82 degrees. The consumption speed oscillates mainly as a result

of the change in the �ame tip curvature. As the inlet velocity increases, the �ame

tip moves downstream as shown in Fig. 6-17 causing the curvature of the �ame tip to

increase. As a result, the consumption speed increases, i.e. the volumetric heat-release

rate contours get darker. Because the �ame cannot adjust itself instantaneously

to the changes in its curvature, the consumption speed oscillations lag the velocity

oscillations.

Next, I repeated the simulations by reducing the forcing amplitude to 10% of the

mean inlet velocity. Again, the overall dynamics are similar; the heat release response

is governed by the �ame area oscillations as shown in Fig. 6-18. This shows that the

non-linear e�ects are not strong.

Conductive Plate

Now, I allow for the heat transfer between the gas and the plate. The speci�c heat

and the density of the plate are taken as: cfh =1070 J/kgK, and ρfh = 2400 kg/m3

(porcelain properties).

In Fig. 6-19, I plot the normalized heat-release rate, Q∗, mean inlet velocity, u∗in,

consumption speed at the centerline, S∗c,0, consumption speed at r/D = 1, S∗c,1, and

�ame area, A∗f , as a function of time during a representative cycle when the forcing

amplitude is 70%. Figure 6-20 shows the volumetric heat-release rate contours at the
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Figure 6-18: Normalized total heat-release rate, Q∗, mean inlet velocity, u∗in, con-
sumption speed at the centerline, S∗c,0, and �ame area, A∗f , as a function of time
during a representative cycle when the forcing frequency is 200 Hz, and the forcing
amplitude is 10% of the mean velocity with adiabatic perforated-plate at φ = 0.74.
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Figure 6-19: Normalized total heat-release rate, Q∗, mean inlet velocity, u∗in, con-
sumption speed at the centerline, S∗c,0, consumption speed at r/D = 1, S∗c,1, and
�ame area, A∗f , as a function of time during a representative cycle when the forcing
frequency is 200 Hz, and the forcing amplitude is 70% of the mean velocity with
conductive perforated-plate at φ = 0.74.
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Figure 6-20: Sequential contours of the volumetric heat-release rate and the veloc-
ity �elds with conductive perforated-plate at φ = 0.74. The number on each image
corresponds to the instant shown in Fig. 6-19.
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instants shown by markers on Fig. 6-19.

Figure 6-19 shows that the heat-release rate is almost in-phase with the consump-

tion speed at r/D = 1, and the �ame area oscillations, while the consumption speed

at the centerline lags them by approximately 35 degrees. The oscillation amplitude

of the consumption speed at r/D = 1 is 25% and smaller than the oscillation am-

plitude of the �ame area, which is around 55% of its mean value. At this operating

condition with gas-plate heat transfer, the heat-release rate oscillations arise both by

the consumption speed and the �ame area oscillations; the e�ect of the �ame area

oscillations is more signi�cant. The consumption speed at r/D = 1 oscillates as the

positively curved �ame downstream of the plate surface propagates towards/away

from the perforated-plate as a result of the change in the amount of heat transferred

to the plate. Similar to the baseline adiabatic plate cases, the consumption speed at

the centerline oscillates primarily due to the changes in the �ame tip curvature. The

heat-release rate lags the inlet velocity by approximately 63 degrees, which is higher

compared to the baseline case as a result of the additional impact of the consumption

speed on the heat-release rate. As the forcing frequency approaches the resonant fre-

quency (see Fig. 5-4), the consumption speed oscillations become very strong, causing

the heat-release rate to oscillate at a larger amplitude than the forcing amplitude. In

that case, if the acoustic frequencies of the burner system matches the frequencies at

which this behavior occurs, strong self-sustained oscillations are generated. This is a

characteristic behavior of the perforated-plate stabilized �ames with heat transfer to

the plate, originated from the consumption speed oscillations of the positively curved

�ame downstream of the plate [21, 22, 29, 86].

When the inlet velocity accelerates at its maximum value (instant 1), the �ame is

nearly �at and the total burning rate is small. Because the consumption speed at the

centerline is near its minimum value, the �ame tip moves downstream quickly as the

inlet velocity increases, causing the �ame area to increase. As the �ame tip moves
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downstream, the consumption speed near the �ame tip increases as a result of the

increase in the �ame tip curvature. The consumption speed of the positively curved

�ame downstream of the plate surface also increases, because it anchors further away

from the plate surface, causing the heat loss to decrease. The inlet velocity reaches

its maximum value at instant 2. As the inlet velocity drops from its maximum value,

the positively curved �ame moves towards the plate, its consumption speed drops.

Although the inlet velocity drops, the �ame tip propagates further downstream. The

consumption speed of the �ame tip increases due to the increase in its curvature.

In order to explain this phenomenon, in Fig. 6-21, I plot the streamwise velocity

along the z direction at r/D = 0.01 at instants 2 and 3. Although the inlet velocity

is lower, the velocity near the �ame, and the velocity of the products are signi�cantly

higher at instant 3, compared to instant 2, causing the �ame tip to move downstream.

When the inlet velocity decreases to its mean value (instant 3), the consumption

speed at the centerline reaches its maximum value. As the velocity drops towards

its minimum value, the �ame tip with high consumption speed quickly propagates

towards the plate, causing the �ame area and the �ame tip curvature to decrease.

The positively curved �ame continues to propagate towards the plate causing further
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Figure 6-21: Streamwise velocity along the z direction at r/D = 0.01, at instants 2
and 3.
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Figure 6-22: Normalized total heat-release rate, Q∗, mean inlet velocity, u∗in, con-
sumption speed at the centerline, S∗c,0, consumption speed at r/D = 1, S∗c,1, and
�ame area, A∗f , as a function of time during a representative cycle when the forcing
frequency is 200 Hz, and the forcing amplitude is 10% of the mean velocity with
conductive perforated-plate at φ = 0.74.

reduction in the consumption speed in that region. When the inlet velocity is at its

minimum value (instant 4), the consumption speed at the centerline is smaller due

to the decrease in the �ame tip curvature. As the velocity recovers, the �ame tip

moves towards the plate although the inlet velocity increases, because the velocity

near the �ame is lower at instant 1 compared to instant 4. The consumption speed

at the �ame tip drops further as a result of the reduction in the �ame tip curvature.

When the inlet velocity reaches its mean value again, the entire �ame is nearly �at

with low burning rate. The velocity starts to increase towards its maximum value,

and the cycle repeats.

Next, I repeated the simulations by reducing the forcing amplitude to 10%. As

shown in Fig. 6-22, the overall dynamics are similar; the heat release response is

governed by the consumption speed and the �ame area oscillations, the latter being

more signi�cant. The similarity of the dynamics at two di�erent amplitudes show

that the the non-linear e�ects are not strong.
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6.4 Summary

In this chapter, I performed two-dimensional simulations of laminar methane-air

�ames stabilized downstream of a perforated-plate using a reduced chemical kinetic

mechanism for methane combustion in air. I solved for the temperature pro�le within

the perforated-plate by allowing heat transfer between the gas mixture and the solid

plate. The inlet velocity was either kept constant to examine the steady �ame char-

acteristics, or forced sinusoidally at 200 Hz to investigate the unsteady �ame response

to inlet velocity oscillations.

When the gas-plate heat transfer is neglected, a conical �ame with negatively

curved �ame tip forms downstream of the holes, which is anchored near the edge of

the plate. As the equivalence ratio decreases, the consumption speed of the �ame

drops, causing the �ame tip to stabilize further away from the plate surface, which

increases the total �ame area. The consumption speed calculated at the centerline

exceeds the laminar burning velocity of planar �ames as a result of the curvature of

the �ame tip. When the inlet velocity is forced sinusoidally, the heat release dynamics

are governed only by the �ame-area oscillations.

When the gas-plate heat transfer is allowed, a positively curved �ame forms down-

stream of the plate surface. As the equivalence ratio increases, the heat transfer to

the plate rises, the �ame moves closer to the perforated-plate, which increases the

plate's surface temperature consistent with results of the theoretical model. As the

equivalence ratio decreases, the burning velocity of the negatively curved �ame tip

decreases, while the burning velocity of the positively curved �ame downstream of

the plate increases. At a particular value of the equivalence ratio depending on the

plate geometry and material, the burning velocity along the �ame surface becomes

uniform, which is the key assumption of the analytical model. When the inlet ve-

locity is forced, the heat release dynamics are governed both by the burning velocity

oscillations and the �ame-area oscillations.

175



176



Chapter 7

Conclusions

In this thesis, I examined the combustion dynamics of wake-stabilized and perforated-

plate stabilized �ames.

The wake-stabilized �ame dynamics were investigated experimentally in an atmo-

spheric pressure, model backward-facing step combustor. I carried out a parametric

study by varying the equivalence ratio, the Reynolds number, the inlet temperature,

the fuel composition and the location of the fuel injector to examine the �ame-vortex

interactions and the equivalence ratio oscillations, and the relative contribution of

these mechanisms on the dynamics.

When the fuel is injected far upstream from the step, the equivalence ratio arriv-

ing at the �ame is steady; the dynamics are driven by the �ame-vortex interaction

mechanism alone. In that case, the e�ect of the Reynold number on the dynamics is

negligible. Four distinct operating modes are observed depending on the inlet tem-

perature, equivalence ratio and the fuel composition. At high but lean equivalence

ratios, the combustor is unstable as a result of the strong interaction between the

large unsteady wake vortex and the �ame. The �ame propagates upstream of the

step during a part of the cycle. At intermediate equivalence ratios, the combustor

operates in the quasi-stable mode with the �ame staying attached to the step at all
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times. Near the blowout limit, long stable �ames are observed. When the inlet tem-

perature is atmospheric, the quasi-stable and the unstable �ames couple with the 1/4

wavemode of the combustor. When the inlet temperature is increased, at high but

lean equivalence ratios, the 5/4 wavemode of the combustor is excited, increasing the

resonant frequency signi�cantly. This operating mode is the high-frequency unstable

mode, where the �ame is more compact compared to the unstable case. Increasing

the inlet temperature and hydrogen concentration shifts the response curves of the

combustor towards lower equivalence ratios. As the inlet temperature is increased,

the stable operating band becomes narrower. The vertical velocity of the large wake

vortex is proportional to the heat release parameter, and controls the moment when

the vortex reaches the upper wall of the combustor producing a heat release pulse. I

demonstrated that the consumption speed of strained �ames can be used to collapse

the response curves describing the transitions among di�erent dynamic modes onto

a function of the heat release parameter alone. I predicted the critical values of the

heat release parameter at which transitions between quasi-stable to unstable, and

unstable to high-frequency unstable operating modes take place, which may provide

signi�cant bene�ts during the design stage of the combustors.

When the fuel is injected close to the step, the equivalence ratio arriving at the

�ame oscillates. In this case the equivalence ratio oscillations impact the combus-

tion dynamics. I showed that independent of the phase between the equivalence

ratio arriving at the �ame and the pressure oscillations, the unsteady interactions

between the �ame and the vortex were still dominant, because the local equivalence

ratio near the vortex during burning is large enough to drive the unstable dynam-

ics. Therefore, the combustion dynamics is primarily governed by the �ame-vortex

interactions. However, the equivalence ratio oscillations have secondary e�ects on

the dynamics: (i) When there is no �ow reversal, the amplitude of the acoustic os-

cillations change in each cycle governed by the local �ame blowout near the step;
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(ii) When the equivalence ratio arriving at the �ame is in-phase with the pressure

oscillations, stronger heat-release rate oscillations are generated at the entire range of

mean equivalence ratios, further contributing to the instability; and (iii) The mean

equivalence ratio at the lean blowout limit is higher compared to the case when the

dynamics are driven by the �ame-vortex interactions alone. Therefore, the equiva-

lence ratio oscillations are undesirable when the combustion dynamics are primarily

governed by the �ame-vortex interactions. In order to eliminate the equivalence ratio

oscillations oxidizer-fuel premixing strategies allowing for longer mixing time or faster

mixing rate should be developed.

A simple, instability mitigation strategy by injecting steady air �ow near the �ame

anchoring zone in the cross-stream and the streamwise directions through choked

micro-holes was proposed and tested. At operating conditions when the �ame de-

taches from the step and �ashes back into the upstream channel without air injec-

tion, when air was injected in the cross-stream direction, the �ame anchors slightly

upstream of the step in the �new, stable, aerodynamically created� intense recircula-

tion zone formed near the upper wall of the combustor, instead of on the unsteady

recirculation zone forming downstream of the step. As a result, the �ame dynam-

ics are stabilized. On the other hand, at operating conditions corresponding to the

unstable and high-frequency unstable operating modes of the combustor without air

injection, air injection in the cross-stream direction is ine�ective in stabilizing the

dynamics, which is still governed by the �ame-vortex interactions. In these cases, the

3/4 wavemode of the combustor, in addition to the 1/4 and the 5/4 wavemodes is

excited. When air is injected in the streamwise direction near the edge of step, both

the unstable and the high-frequency unstable dynamics could be stabilized at an op-

timum secondary air �ow rate which depends on the operating conditions. When

e�ective, the secondary air �ow suppresses the shedding of an unsteady vortex, and

hence the �ame-vortex interaction mechanism. Instead, a compact, stable �ame is
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formed near the step. On the other hand, when air injection in the streamwise direc-

tion is ine�ective, the �ame blows out near the step; instead it anchors at the hot top

wall of of the combustor. In this case, the �ame is unsteady, the �ame-vortex interac-

tions are strong, and the dynamics are distinct compared to that at the unstable and

high-frequency unstable modes. Therefore, suppression of the instability could only

be achieved by blocking the interaction between the �ame and the unsteady wake

vortex, the primary mechanism creating the instability.

The perforated-plate stabilized �ame dynamics were modeled analytically by con-

sidering the coupled unsteady heat release mechanisms of �ame-acoustic wave in-

teractions, and the �ame-wall interactions. The dynamic planar �ame models of

perforated-plate stabilized �ames were extended to account for the formation of the

conical �ame surfaces downstream of the perforated-plate holes in order to introduce

the e�ect of �ame-area �uctuations. As a result of the heat loss to the solid plate,

the �ame moves away / towards the plate surface, its burning velocity increases /

decreases, amplifying the �ame motion. At a particular resonant frequency, the �ame

propagates between the absolute minimum/maximum distances from the plate in one

cycle, generating strong self-sustained heat-release rate oscillations. At low frequen-

cies with respect to the resonant frequency, the contribution of �ame-area oscillations

to the net heat-release rate is weak compared to that of the burning velocity oscil-

lations. At these frequencies, �ame-area oscillations arise both due to the impact

of inlet velocity and burning velocity oscillations. When the frequency is high with

respect to the resonant frequency, only �ame-area oscillations contribute to the net

heat-release rate �uctuations, which arise as a result of the inlet velocity �uctuations.

The conical �ame surface area increases at high inlet velocity and low equivalence ra-

tio, increasing the impact of the �ame-area oscillations. When the heat transfer to the

plate is signi�cant, the burning velocity drops, the burner plate surface temperature

rises and the resonant frequency increases. Thus, the �ame-area oscillations impact
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the heat-release rate response at higher frequencies. This model could be extended

further upon taking into account the e�ect of expansion velocity while modeling the

conical �ame surfaces, treating the heat transfer inside the burner in more detail, and

using more realistic velocity pro�les.

In order to include these e�ects, and verify some of the assumptions of this model,

a two-dimensional code utilizing a detailed chemical kinetic mechanism was devel-

oped to simulate the steady �ame characteristics and the dynamic response of the

�ame to inlet velocity oscillations. When the gas-plate heat transfer is neglected, a

conical �ame with negatively curved �ame tip forms downstream of the holes, which

is anchored near the edge of the plate. As equivalence ratio decreases, the burning

velocity of the �ame drops, causing the �ame tip to stabilize further away from the

plate surface, which increases the total �ame area. The burning velocity of the �ame

calculated at the centerline exceeds the laminar burning velocity of planar unstretched

�ames as a result of the strong curvature of the �ame tip. When the inlet velocity is

forced sinusoidally at high frequency, the heat release dynamics are governed only by

the �ame-area oscillations.

When the gas-plate heat transfer is allowed, a positively curved �ame forms down-

stream of the plate surface. As the equivalence ratio increases, the heat transfer to

the plate increases, the positively curved �ame moves closer to the perforated-plate,

which increases the plate's surface temperature consistent with the assumptions of the

theoretical model. As the equivalence ratio decreases, the burning velocity of the neg-

atively curved �ame tip decreases, while the burning velocity of the positively curved

�ame downstream of the plate increases. At a particular value of the equivalence

ratio, depending on the plate geometry and material, the burning velocity along the

�ame surface becomes uniform, which is the key assumption of the analytical model.

When the inlet velocity is forced at high frequency, the heat release dynamics are

governed both by the burning velocity oscillations and the �ame-area oscillations,
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the impact of the latter being more signi�cant. As the forcing frequency is dropped

close to the resonant frequency, the burning velocity oscillations become more signi�-

cant; the heat-release rate oscillation amplitude exceeds the forcing amplitude, which

makes the burner system susceptible to strong self-sustained oscillations. The range

of operating conditions, the forcing frequencies and amplitudes should be expanded

in future studies in order to determine the detailed heat release-inlet velocity transfer

functions.
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