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(ABSTRACT)

Pressure pulsations, or thermoacoustic instabilities, as they are called in the research
community, can cause extensive damage in gas turbine combustion chambers. To
understand the phenomena related to thermoacoustics, a simple Rijke-type tube
combustor was built and studied. Extensive experimental results, as well as theoretical
analyses related to the Rijke tube are presented in this thesis. The results, attributable to
both the analyses and the experiments, help explain al the phenomena affecting the
acoustic pressure in the combustor. The conclusion is that there are three separate yet
related physical processes affecting the acoustic pressure in the tube. The three
mechanisms are as follows: a main thermoacoustic instability in accordance to the
Rayleigh Criterion; a vibrating flame instability where the flame sheet exhibits mode
shapes; and a pulsating flame instability driven by heat losses to the flame stabilizer. All
these instabilities affect the heat released to the gas in the combustor. The energy from
the oscillating heat couples with the acoustics of the volume bounded by the tube
structure. The experimental results in the study are important in order to obtain model

parameters for prediction as well as for achieving control of the instabilities.
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Chapter 1 Introduction

1.1 Background

In a dry low NOy-emission gas turbine, problems with pressure pulsations can
occur in the combustion chamber. The pressure pulsations can couple with the structure
and cause violent vibrations to the extent that the whole gas turbine fails. In the past, this
was not a major problem because of the use of diffusion flames in addition to the
secondary air supplied through holes in the combustor walls. Modern gas turbines with a
dry low NOy-system use premixed air-fuel so that it is no longer necessary to add
secondary air. The cooling schemes have aso changed; convective cooling is now often
used instead of film cooling. This process made amost all the holes in the combustor
walls vanish and thus the chamber essentially became a resonator with very little
attenuation. To limit the production of NOy, the flame is kept as lean as possible.
However, this leads to a more unstable flame, with oscillating heat release that couples
with the acoustics of the chamber. Therefore, in the past severa years there has been a
keen interest in the study of thermoacoustic (TA) instabilities, which is defined as the
coupling between the heat release rate and the acoustic pressure. This problem has been
studied for over a century. It began in 1877 when Lord Rayleigh described how the
balance between acoustic dissipation and acoustic excitation, due to unsteady heat
transfer, can lead to a self-excited, unstable acoustic response. The criterion, called the
Rayleigh Criterion, have been studied by severa researchers including Blackshear
(1953), Putnam (1971), and Joos and Vortmeyer (1986). Thisfundamental perspective of
energy balance is very useful in many ways, but it does not provide sufficient detail to
explain al of the characteristics that may be observed during unstable TA response of a
combustor.

A Rijke-type tube, named after an experimental setup presented by Rijke (1859),
is a fundamental setup for the study of thermoacoustic instabilities. Rijke tubes and
related devices have been studied by Putnam (1971), Bailey (1957), and a review of the
field was presented by Raun, Beckstead, Finlinson, and Brooks (1993). The geometry of

a Rijke tube, typically with a large length-to-diameter ratio, is much simpler than the
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geometry of a full-scale combustor used in gas turbines. The large length-to-diameter
ratio basically makes the problem one-dimensional which makes the acoustics easier to
analyze, and, since there are no sudden area changes, the shedding of vortices is limited
compared to a dump combustor. It is therefore possible to isolate specific phenomena
related to thermoacoustics more effectively than in a full-scale combustor. The flame
shape is typically aflat flame compared to the much more complex flames in gas turbine
combustion chambers which means the flame-acoustic interaction also isless involved.

In the past, researchers have studied specific phenomena related to this area
Many researchers have studied the thermoacoustic instability in terms of amplitude and
frequency. They have aso studied how different parameters affect the TA instability.
Others have concentrated on flame-acoustic interaction in terms of pulsating flame
instabilities and vibrating flames. In this thesis, an effort is made to qualitatively
understand al the phenomena that have some visual effect on the pressure power
spectrum in a Rijke-type tube with a burner-stabilized premixed flame.

1.2 Objectivesand Scope

The overall objective of the research conducted by Virginia Active Combustion
Control Group [VACCG] was to increase the understanding of thermoacoustic
instabilities to be able to predict and provide active control of the instabilities in a full-
scale combustor. To achieve that, models for the TA instabilities, including flame
dynamics, fluid dynamics, and acoustic-flame interactions, have to be devel oped.

The part of the project presented in this thesis involves the study of a simple tube
combustor. VACCG members have investigated a number of theories associated with the
phenomena occurring in the combustor. The research presented in this document will,
with the help of extensive experimental data, strengthen the suggested theories. The
experiments conducted will also serve as a database for the VACCG and the research
community within this field. In addition the collected data can be helpful in the
development of reduced-order modeling schemes that provide adequate prediction
capabilities for the occurrence of thermoacoustic instabilities. The experimental
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investigation included a mapping of the tube combustor in terms of acoustic pressure,

temperature distribution, and chemiluminescence for the whole operating region.

1.3 Technical Approach

A very ssimple combustion process was selected to facilitate initia studies of
thermoacoustic instabilities at Virginia Tech. The tube combustor is similar to a Rijke
tube except that the boundary conditions are closed-open versus open-open. According
to the Rayleigh Criterion this leads to a TA instability of the 2" acoustic mode when the
flameis placed at the middle of the tube. There are some important limitations associated
with the study of TA instabilities in Rijke tubes versus real, full-scale combustors.
Primarily, the fluid dynamic coupling is not important, as there are no vortical structures
in the tube flow that can cause periodic heat release. This leads to easier studies of the
features that were the focus of this test device. Specifically, the tube combustor was
intentionally selected to eliminate coupling between TA instabilities and flow-
instabilities. This thesis will, using frequency-domain formats, examine the observed
acoustic and thermal-proportional response characteristics with interpretations based on
the measurements viewed. There is a large amount of information that resides in the
spectral representations of any dynamic system response measurements for linear or
nonlinear systems. The information supports descriptions of physica phenomena
responsible for unique spectral features. Therefore, it can be helpful to discern the details
of the thermoacoustic pressure signatures for both dynamic modeling and system

monitoring in any combustor system.



Chapter 2 Literature Review and Theoretical Background

2.1 Literature Review

This literature review is not intended to be complete as far as al the literature that
has been produced in the area of dynamics in Rijke tube combustors. The purpose of the
review is to give a background to this thesis and to give some insight into the work that

has been conducted in the research areas presented in the following sections.

2.1.1 Thermoacoustics and Rijke-type Tube Combustors

The first published experiments regarding Rijke tubes were conducted by Rijke
(1859) after whom the type of tube is named. He used an open-open tube and had awire-
gauze to locally heat up the air in the tube. By doing this, the tube produced a sound
close to the fundamental tone of the tube. An explanation of the phenomena was
published by Rayleigh (1877), (1878), where he states “ If heat be given to the air at the
moment of greatest condensation, or taken from it at the moment of greatest rarefaction,
the vibration is encouraged.” This statement is now known as the Rayleigh Criterion.
Putnam and Dennis (1953) studied three combustion systems exhibiting acoustical
oscillations: 1) an open-open tube with a premixed flame, 2) a closed-open tube with a
premixed flame, and 3) a closed-open tube with a diffusion flame. They concluded from
tests and from the analysis that oscillations were amplified when two regquirements were
fulfilled simultaneoudly: First, an oscillating component of the heat release was in phase
with the pressure variation, and second, the point of heat release was close to a point of
maximum pressure amplitude in the combustor. By studying different configurations,
they added knowledge to the field by describing the amount and type of change in
apparatus configuration necessary either to eliminate or encourage oscillations. In the
appendix of Putnam and Dennis's paper, a thermodynamic treatment of the phase
requirement between rate of heat release and pressure (the Rayleigh Criterion) was
presented. Putnam and Dennis (1954) made an investigation regarding a combustion
chamber with a mesh-screen flame holder. The exhaust gases passed out through a

converging nozzle and a stack. The depth of the flame holder and the length of the stack
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could be varied. A theory for the gauze tones produced was also presented. Putnam
presents these investigations, and much more information, in his book * Combustion
Driven Oscillations in Industry” (1971), where he states the Rayleigh Criterion in an

integral form. He also concluded that the condition required for combustion driven

oscillations to occur is determined by the integrd § phd(at). Here p is the acoustic

pressure, h the unsteady part of the heat release, and wthe angular frequency. Blackshear
(1953) explained in detail the mechanism whereby the heat addition can drive or damp an
oscillation. In the experimental work he examined the effect of a flame on a standing
wave system by measuring the ability of the flame to damp an imposed standing wave
rather than to examine spontaneous excitation. A system, which was either closed-closed
or closed-open, was used, and the flame's role was investigated by considering the
following variables: fuel-air ratio, inlet temperature, flame holder position, sound
amplitude, and inlet velocity. Bailey (1957) used an open-open tube to study flame-
excited oscillations. His results were in agreement with the Rayleigh Criterion. Joos and
Vortmeyer (1986) investigated how the Rayleigh Criterion is satisfied with superimposed
oscillations in situations when more than one frequency is excited. To do this, they
conducted simultaneous recordings of oscillations in the sound pressure, sound particle
velocity, and energy. For measurements of the heat release rate oscillation, OH*
radiation was studied. OH* is excited OH-radicals which, when going from their excited
state to their ground state, emit light, and are assumed to be proportional to the heat
released. “ The Spectroscopy of Flames’ by Gaydon (1974), a paper by Diederichsen and
Gould (1965), and the thesis “ An Investigation Into the Origin, Measurement and
Application of Chemiluminescent Light Emissions from Premixed Flames’ by Haber
(2000) provide more insight into this area. In accordance to the Rayleigh Criterion, Joos
and Vortmeyer found self-excited oscillations when the sound particle velocity preceded
the sound pressure. This was the case when only one frequency was excited. However,
when more than one frequency was excited the sound particle velocity phase, in relation
to the sound pressure phase, changed with time. The sound particle velocity phase lagged
behind the pressure at some stages, however, the oscillations were still sustained. Their
conclusion was that it is sufficient for sustained oscillations to fulfill the Rayleigh
Criterion temporarily.
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An extensive theoretical investigation was conducted by Bloxsidge, Dowling, and
Langhorne (1988) in conjunction with an experimental investigation by Langhorne
(1988). Their objective was to predict the frequency and onset fuel-air ratio for
oscillations to occur in practical geometries. They developed a model for the dynamic
behavior of the flame in response to an unsteady velocity field. The theoretical
predictions were then tested against experimental data. They found that the predicted and
measured frequencies were within 6 Hz and that the theory was able to predict trends in
variations in frequency as either equivalence ratio, inlet Mach number, or duct geometry
were changed. The oscillation frequency shift, with equivalence ratio, showed a non-
linear behavior both in the experiments and in the calculations. The frequency
dependence on the inlet Mach number showed alinear effect. Cho, Kim, and Lee (1998)
conducted a parametric study, with measurements of acoustic pressure and flame
radiation in various conditions in order to understand the effect of physical parameters,
such as Reynold's number and equivalence ratio, in a ducted premixed flame burner.
They concluded that Reynold’'s number neither affects the maximum pressure peak nor
the fundamental frequency of the system to any large extent. The equivalence ratio,
however, was an important parameter in terms of the maximum pressure peak and the
fundamental frequency.

In summary, it can be noted that the primary role of the studies of Rijke-type
tubes throughout the literature have either been related to the Rayleigh Criterion, in terms
of confirming it and/or extending it, or they have been related to parametric studies,
where the effects of fuel-air ratio, fluid velocity, flame holder position, and duct

geometry were examined.

2.1.2 Vibrating and Pulsating Flames

Both vibrating and pulsating instabilities are seen in burner-stabilized premixed
flames. Vibrating flames, also called wrinkled flames, are cellular instabilities and are
typically seen at Lewis numbers below unity. Pulsating instabilities, however, occurs at
Lewis numbers above unity and are one-dimensional instabilities in the axial direction of

the combustor system.
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Markstein (1964) published articles on non-steady flame propagation. Among the
relative articles is Markstein's “Perturbation Analysis of Stability and Response,” in
which he discussed vibrating flames which is examined further in Chapter 4 of thisthesis.
Margolis (1980) also discussed pulsating instabilities. He showed, with a linear stability
analysis, that steady burner-stabilized flames with conduction losses to the flame holder
may be unstable to one-dimensional disturbances. His theory will also be further
discussed in Chapter 4. Pelce and Clavin (1982) completed an analytical study to provide
a rigorous description of the coupling between the hydrodynamic and diffusive effects
occurring in premixed flame fronts. A paper by Clavin and Garcia (1983) was a
continuation of their previous work, but here they dropped an assumption about
temperature independent diffusivities. Searby and Clavin (1986) also analyzed wrinkled
flames in weakly turbulent flows. Pulsating and cellular flame instabilities were
examined by Buckmaster (1983). He investigated the linear stability of a premixed flame
attached to a porous plug burner. His results confirmed Margolis's prediction that the
flame holder can make an instability region, in the wave- and Lewis-number plane,
accessible to real mixtures. The flame holder can displace the stability/instability
boundaries to aregion with parameters more realistic for real mixtures.

Van Harten, Kapila, and Matkowsky (1984) made an analysis of the interaction of
a plane, steady flame with a normally incident acoustic wave. They found that the flow
field divides into an outer acoustic region where linear equations can be used, and an
inner flame zone in which diffusion and reaction takes place and the equations are non-
linear. They conclude that the flame influences the acoustics through a density
discontinuity and that the acoustic disturbance affects the flame primarily by changing
the mass flux through the flame. This required an investigation of the flame structure.
The flame structure problem is non-linear which generally means only numerical
solutions can be obtained. They provided analytical solutions for two special cases
though: 1) low-frequency acoustics, and 2) small heat release coupled with low amplitude
acoustics. Mclntosh has written a number of articles in the field of non-steady flames.
Mclntosh and Clarke (1984) made a mathematical analysis of burner-stabilized flames
for arbitrary Lewis numbers, and in a follow-up Mclntosh (1986) included acoustical

interference in the analysis. MciIntosh (1987) also made an analysis similar to the two
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previous papers, but this time he used a finite tube length upstream and downstream of
the burner and aso included the impedance of the burner. An application of the theory
from 1986/1987 was then made by MciIntosh (1990). His theory was applied to predict
where the flame should be located in a tube to cause most amplification of the
fundamental tone. The results showed good correspondence with the Rayleigh Criterion.
Searby and Rochwerger (1991) made an experimental and theoretical investigation of the
coupling between a premixed laminar flame front and acoustic standing waves in tubes.
They investigated a parametric acoustic instability of planar flames which was first
recognized by Markstein. They concentrated on what they call a secondary instability
which oscillates with double the period of the acoustic oscillation. Comparison between
experiments and theory indicated that the mechanism responsible for the self-excited
secondary instability was the parametric instability described by Markstein. Baillot,
Durox, and Prud’homme (1992) conducted an experimental study of vibrating flames
above a cylindrical burner. They examined fundamental characteristics of flow
perturbations and combustion interaction by pumping the flow with a sinusoidal
modulation caused by a speaker. Durox, Baillot, Searby, and Boyer (1997) investigated
the mechanism leading to a change in the flame shape by using a Bunsen burner. They
also examined the motion of the flame front and the modification of the upstream
velocity field. It is concluded that strong acoustic forcing at high frequency (in the order
of 1000 Hz) leads to a strong deformation of a conical flame which deformsto a flattened
hemisphere above the burner exit. A year later Durox, Ducruix, and Baillot (1998)
conducted a similar study to the 1997 study. They observed that beyond a given acoustic
amplitude, cells appear and stay on the flame. The cells were found to oscillate at half

the excitation frequency.

2.1.3 Review Articles

For the interested reader a number of review articles have been produced in the
area of thermoacoustics and Rijke tubes. Putnam and Dennis (1956) conducted a survey
about organ-pipe oscillations in combustion systems and Mawardi (1956) discussed the
generation of sound by turbulence and by heat processes. Feldman (1968) made a short

review of the literature on Rijke thermoacoustic phenomena and Culick (1989) discussed
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combustion instabilities in propulsion systems. McManus, Poinsot, and Candel (1993)
discussed active control, as well as other aspects, of combustion instabilities. An
extensive review of Rijke tubes, Rijke burners, and related devices was produced by

Raun, Beckstead, Finlinson, and Brooks (1993).

2.2 Theoretical Background

In this section a theoretical explanation of a number of terms used throughout this
document will be given. The acoustics of a closed-open Rijke-type tube, an integral form
of the Rayleigh Criterion, as well as the equivalence ratio for methane burning in air will
be discussed.

2.2.1 Solution of the Wave Equation for a Closed-Open Duct
For a closed-open duct, asin Figure 2.1, the pressure will take the following form,

assuming plane waves:
p( X,t) - Aeiax—ikx + Beiax+ikx (l)

where A and B are constants, wthe angular frequency and k the wave number.

Figure2.1  Closed-open duct

Euler’ s Equation for plane waves:

? = ~iwpu(xt) @
X

Here pisthe density of the fluid and u(x,t) the particle velocity.
Take the derivative of p in Equation 1 with respect to x:
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@ = _i kAeiaI—ikx + ikBeinikx (3)
0X

and substitute into Euler’ s Equation:

ikAeiaI—ikx N ikBei(dex

u(x,t) = — : 4)
iwp —iwp
Since k=% , Where c is the speed of sound in the fluid, the expression can be
c
simplified:
iat—ikx _ i at+ike
u(xt) =25 )
Jole
Boundary condition at x = O:
u(0,t)=0 (6)
Thisgives:
it _ iwt
Ae Be o 7)
pC
Which gives:
A-B=0 (8)
Or:
A=B (9)

The boundary condition at x = L is a bit more complicated. The wave impedance there
must equal the radiation impedance of the opening as defined in the equation:

p(L.t) _
U( L,t) = Ziug (10)

For plane waves the opening radiates sound as an unbaffled piston (Kinder, et. a.
(1982)):

Zy = ,oc[%(ka)2 + i0.6ka] (12)

where a isthe radius of the duct.

Here the real part is the resistance and the imaginary part the reactance.
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Using Equations (1), (5), and (9), the left-hand side of Equation (10) can be written as:
p( L,t) B Aeiwt—ikL + Aeiw’[+ikL

= — — 12
U( L,t) Aelwt—lkL _ Aelwt+|kL ( )
Jolo
Or simplified:
p( L,t) B e—ikL + eikL
U( L,t) '0 e—IkL _ e|kL ( )
Since
€'’ =cos(@)+isin(9) (14)
Equation (13) can be written as:
p(L.t) _ Ccos(—kL)+|sm(—kL)+cos(kL)+|sm(kL) (15)

u(L,t) cos(—kL)+isin(—kL)—cos(kL)—isin(kL)

Since cos(—KL ) =cos(kL ), and sin(—kL) = —sin(kL) Equation (15) can be written as:

p(L,t) - e 2cos( kL) (16)
u(L,t) —2isin(kL)
Or:
p(L.t) _.
—u( L) ipccot(kL) @an

For resonance, the resistive part of the radiation impedance goes to zero which gives the
following expression:

z =ipc0.6ka (18)

rad resonance
Equate Equations (17) and (18):

pccot(kL) = pcO.6ka (29)
Or:

cot(kL ) =0.6ka (20)
This equation can be solved numerically, or one can use the fact that for ka<<1

0.6ka = tan(0.6ka) (21)
Equation (20) can now be rewritten as:

cot( kL ) = tan(0.6ka) (22)
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Or:

cos(kL) _ sin(0.6ka)
sin(kL)  cos(0.6ka)

Therefore:

cos( kL )cos(0.6ka) —sin(kL)sin(0.6ka) =0
This can be written as:

cos(kL +0.6ka) =0

The solution of thisequationis:

knL+0.6kna=(2n2_ 1]71 N=123,...

. w
Orsince k=—=—"—;
C C

21t, |, 21, o.6a:(2”2_ 1]77

Cc C

Solving for f, gives:

(Zn—lj
c_cl 2

" 2L+06a
Or:
(2n —1)
C
f = —4
" L+0.6a
The denominator is sometimes referred to as the effective length of the duct.
Ly =L+0.6a

f, are the eigenfrequencies of the system, where n is the mode number.

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

12

In Table 2.1 the frequencies of the first seven modes of a closed-open system at room

temperature, with ¢ = 343 m/s, L = 60 inches and a = 2.85/2 inches. The conversion

factor 1 inch = 0.0254 m has been used
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Table2.1 The 7 first eigenfrequencies of the system

Mode Number n Eiaenfrequency f. [HZ]
55
166
277
388
499
610
721

N[OOI BAWIN(F-

2.2.2 TheRayleigh Criterion

Thermoacoustic instabilities are the result of the coupling between the unsteady
heat release and the acoustic pressure, and they are well described by the Rayleigh
Integral:

t+T
R= [p()Q ()t
t

, Wwhere R isthe Rayleigh Index, p'(t) the acoustic pressure and Q'(t) the unsteady part
of the heat release rate.
The unsteady heat release is proportional to the acoustic particle velocity G'(t —7) , where

risthetime lag between a change in flow rate and a change in heat release rate:
Q(t)~u (-7
This leads to the following integral:

t+T
RO [p @0 (t-dt
t

Adding heat where the Rayleigh Index is negative would add damping to the system,
whereas adding heat where the Rayleigh Index is positive could lead to thermoacoustic
instability if the amount of heat added is large enough to overcome the damping of the

system. In Figure 2.1 are the spatial distribution of the acoustic pressure, particle
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velocity, and the Rayleigh Index shown for a closed-open tube. Note that adding heat
where the Rayleigh Index is maximum would be “ideal” to cause an instability. For the

closed-open system the Rayleigh Index turns out to be maximum at mid-span in the tube.

Figure2.1  The Rayleigh Index for a closed-open system. The solid line shows the
gpatial distribution of the Rayleigh Index.

2.2.3 Déefinition of Equivalence Ratio for M ethane with Air as Oxidizer
The stoichiometric equation for metahane-air combustion is (neglecting minor

Species):
CH ,+2(0, +3.76N,) - CO, + 2H,0 + 2[B.76N,

The fud/air-ratio on volume basis for stoichiometric combustion:

[Fj _ Y Fuel molecules = 1 1
stoich

A Y Air molecules  2[2.76 952

The equivalenceratio ¢ is defined as:
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E \A el _ 9_5{5) =952 Qua
(Fj A actual Qajr
A stoic

where Qg isthe volumetric flow of fuel and Qg is the volumetric flow of air.

The fuel-air ratio on mass basis:;
(Ej _ nfuel Mquel _ 1 IjM\NCH 4
A) goic MW, 2 MW, + 2[B.76 MW,

_ 16.04 1
2[B1.999 + 2[B.76 [28.014 17.12

where n; is the number of moles of speciesi and MW, the molecul ar weight of speciesi.

( F)
m
Aot 17.12( i J =17.12—5
actual

" "
A stoic

air
Here m,,, isthe massflow of fuel and m,, isthe massflow of air.




Chapter 3 Experimental Systemsand Methods

3.1 Overview of Experimental Components
A closed-open Rijke-type tube combustor was used for the work of this study as
shown schematically in Figure 3.1.

Instrumentation amplifier
A

Monochromator + PMT

4 :
Fiber optics v )
Dynamic signal
analyzer
Lens system x
44 Pressure transducers

Thermocouples

8-channel strain gage conditioner
. i b and amplifier
Data acauisition PC |I --------- Ty —+----- -{ }-}-- Igniter ‘

A | ! |

Flame stabilizer

Mass flow meters  f-—--------- Premixed Methane-Air

Figure3.1  Overall experimental setup of the tube combustor

16
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Premixed methane-air coming from a gas mixer was fed into the bottom part of the
combustor through copper tubes with small holes drilled in the cylindrical shaped tubes.
The flame was stabilized by a ceramic honeycomb, |ocated mid-span, where the Rayleigh
Index is maximum for the 2" acoustic mode, as mentioned in Chapter 2. For temperature
measurements seven type K thermocouples were inserted through the combustor wall
with the bead located on the centerline of the combustor. The data was processed in a
data acquisition PC. For pressure measurements, pressure transducers were mounted on
the opposite side as well as one in the bottom of the tube and were connected to a strain
gage amplifier and conditioner. The data was processed in a dynamic signal analyzer.
For chemiluminescence measurements of the flame, an optica system was utilized,
which consisted of lenses, a fiber optic cable, a monochromator, and a photomultiplier
tube (PMT). The signa from the PMT was amplified and analyzed with a dynamic

signal analyzer.

3.2 Tube Combustor

The tube combustor itself consisted of a 60” long steel tube with an inner
diameter of 2.85”, as seen in Figures 3.2 and 3.3. Seven holes, to be used for insertion of
two thermocouples below and five above the flame holder, were drilled and tapped on
one side of the combustor. On the opposite side seven holes for pressure transducers
were drilled and tapped. In addition, an igniter for ignition of the pre-mixed methane-air
was inserted one inch above the flame holder. A hole for a pressure transducer was also
located in the bottom of the tube for use as a reference for the acoustic pressure since a
pressure maximum will aways be located at the closed end regardless of the frequency of
the fluctuation. The flame is viewable through two view windows on each side of the

tube. A mount for the optical system was |located on top of the combustor.
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Figure3.2  Tube combustor dimensions

Figure3.3  Tube combustor equipped with thermocouples, pressure transducers, and

optics system
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The ceramic honeycomb [Al,O3] used for the stabilization of the laminar flamein
the combustor is shown in Figure 3.4. The flame stabilizer was mounted 30” from the

bottom of the tube combustor for excitation of the 2" acoustic mode.

Figure3.4  Ceramic honeycomb used as a flame holder in the tube combustor. The

area restriction was approximately 50%.

3.3 PressureTransducers

The pressure transducers, Sensym low-pressure transducers, were mounted in T-
connections as shown in Figure 3.5. One of the connections in the T was connected to
the tube combustor via a teflon connector. The opposite connection was connected to an
“infinite tube”, a five meters long plastic tube, to limit the reflective pressure waves
travelling back up the line and affecting the pressure at the transducer. The third
connection was used for calibration of the transducers. The calibration procedure is
described in a technical brief by Richards, et. a. (1999). The signals from the eight
pressure transducers were amplified in a strain gage conditioner and amplifier, model
2100, made by Measurements Group Incorporated.

In the pressure measurements, the effects of errors in the strain gage conditioner
and amplifier as well as in the Hewlett Packard dynamic signal analyzer were negligible
compared to the error in the transducer itself. The error for the Sensym pressure

transducers were within + 0.2 %.
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Figure3.5  Sensym pressure transducer mounted in a T-connection

3.4 Thermocouples

The temperature measurements were conducted with thermocouples of type K, as
seen in Figure 3.6. The wire used was 0.01” diameter type K thermocouple wire. The
bead diameter ranged from 0.029” to 0.04” for the thermocouples. The measured surface
temperature of the thermocouple may be considerable different from the desired gas
temperature. With the bead diameter being approximately three to four times larger than
the lead wire, the convective behavior of the bead is close to that of a cylinder [Hibshman
(1999)]. The analysis described by Hibshman was initially used to correct the
temperatures, however, findings by one of the VACCG members, Vivek Khanna,
suggested that due to interaction between the walls, the honeycomb, and the
thermocouple beads, a different approach was necessary. The findings arose at the end of
the author’'s research at Virginia Tech and will not be discussed in this thesis,
consequently, the collected temperature data was | eft uncorrected.

The fabrication procedure of the thermocouples and the data acquisition system
for collection of the temperature data are described in a technical brief by Grove, et. a.
(1999).

The error in the temperature measurements mainly came from the thermocouples.
ASTM standards specify that the initial calibration tolerances for type K thermocouples
be + 2.2°C or + 0.75 %, whichever is greater, for the temperature range 0°C to 1250°C.
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The maximum error in the 8"-order polynomials describing the temperature as a function

of voltageis+ 0.7°C for the temperature range 0°C to 1370°C.

Figure3.6  TypeK thermocouple

3.5 Optical System for Chemiluminescence M easurements

To measure the heat release oscillation of the flame in the tube combustor an
optical system was utilized. Excited OH-radicals, which when going from their excited
state to their ground state emit light, are assumed to be proportional to the heat release
rate from the flame. The optical system used for these chemiluminescence measurements
consisted of the following:

- A system of two short focal length lenses: Two, 25.4 mm fused silicalenses.

- Optical Fiber: 200 um, silica core fiber.

- Monochromator: 0.5 m Jarrell-Ash monochromator.

- Photomultiplier: R955 Hamamatsu ten stages photomultiplier tube.
The setup, constructed by VACCG member Ludwig Haber, is shown in Figure 3.7.
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Figure3.7  Optical system setup for chemiluminescence measurements of light emitted
from the flame in the tube combustor

The two lenses were mounted in a lens holder held up by a structure on top of the tube
combustor. They can be seen in Figure 3.8. The image of the light traveling through the
lenses was minified onto a fiber optic cable which transmitted the light into a
monochromator. The monochromator separated out a wavelength of 309.5 nm which is
in the vicinity of one of the OH-radical wavelength peaks in the light emitted from the
flame. The light was channeled into the photomultiplier tube which created a current
proportional to the light intensity. The PMT signal was amplified in an instrumentation
amplifier and analyzed in adynamic signal analyzer.

The purpose of the chemiluminescence measurements was not to give an absolute
measurement of the heat release rate. Therefore, the error is limited to how accurate the
monochrometer was in terms of wavelengths since a specific wavelength was examined.
The monochromator has an accuracy in wavelength of +1 A for the centerline of the
outlet dlit.
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Figure3.8  Lensesand fiber optics setup on top of the tube combustor

3.6 MassFlow Meters

Two Hastings Instruments HFM-200 mass flow meters, one for the air and the
other for the methane, were utilized for measuring the incoming mass flows to the fuel-
air mixer upstream of the tube combustor.
Air mass flow meter range: 0-25.000 Standard liters/minute.
Methane mass flow meter range: 0-1.5000 Standard liters/minute.

The accuracy specifications for the two mass flow meters were 1 % of full scale.
With full scales as mentioned above, the accuracy would be £0.25 Standard liters/minute
and £0.015 Standard liters/minute respectively. A drift in the zero setting of the air mass
flow meter also occurred where the maximum drift caused an error of +0.25 Standard

litersYminute. The standard state is defined as 0°C, and 760 torr.
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3.7 DataAcquisition Equipment

Two data acquisition boards mounted in a PC Pentium 200 were used to acquire
the fuel and air mass flows as well as the temperature data. The software utilized was
LabView version 4 by National Instruments. Screen shots of the virtual instruments used
in LabView are shown in Figures 3.9 and 3.10. The data acquisition boards used were
DT2801-A for flow measurements and DT2805 for temperature measurements. Pressure
measurement as well as chemiluminescence measurements were analyzed with a Hewlett
Packard dynamic signal analyzer 35665A .

(SIS (O] [t rptcmontor =] [t =] [ =]

Fiugre3.9  Front panel of the virtual instrument in LabView used for the flow data

acquisition
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Chapter 4 Rijke-tube Thermoacoustic Characterization

VACCG members have investigated a number of theories associated with the
phenomena occurring in the tube combustor. The research presented in this chapter will,
with the help of extensive experimental data, strengthen the suggested theories. The
experiments conducted aso serves as a database for the VACCG and the research
community within this field. In addition the collected data can be helpful in the
development of reduced-order modeling schemes that provide adequate prediction
capabilities for the occurrence of thermoacoustic instabilities. The experimental
investigation included a mapping of the tube combustor in terms of acoustic pressure,
temperature distribution, and chemiluminescence for the whole operating range.
Different regions in the pressure power spectrum and in the OH*-spectrum (OH-radicals
assumed proportional to the unsteady heat release rate) are analyzed, and the analysis
includes a discussion of two different types of flame instabilities, namely pulsating and
vibrating flames. In addition, temperature profiles and tube resonances are presented.

4.1 Acoustic Pressure

The signature of the acoustic pressure exhibits useful information of the system
and it can help to identify reduced-order schemes that provide adequate prediction
capabilities for the occurrence and control of thermoacoustic instabilities. A typical
pressure spectrum of the tube combustor can be seen in Figure 4.1, where the pressure is
measured with the pressure transducer |ocated at the closed end of the combustor.

26
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Figure4.1  Power spectrum of pressure for ¢= 0.60, Qi = 120 cc/s

In the pressure spectrum several different regions can be distinguished:
1. At around 180 Hz a limit cycle oscillation can be seen. In this case the 2" mode of
the combustor goes unstable in agreement with the Rayleigh Criterion described in

Chapter 2. Also, the harmonics of the limit cycle are visible in the spectrum.

2. A strong signal can be seen at half the limit cycle. The hypothesis is that an
oscillation of the flame sheet occurs with double the period of the forcing function
which in this case is a pulsation of the acceleration of the gas column surrounding the
flame. This is caused by the limit cycle. The harmonics of this subharmonic

frequency are also visible in the spectrum.

3. A low frequency peak, typicaly at 10-20 Hz, isvisible in Figure 4.1. The hypothesis
is that it is caused by a pulsating flame instability. This subsonic response also
modul ates the other peaks in the spectrum.
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In the following text these different features will either be explained, or at least a

hypothesis presented for the origin of these characteristics.

4.1.1 Limit Cycleand Harmonics
In certain non-linear systems a self-excited oscillation, or a limit cycle occurs.
Consider, for example, the following mass-spring-damper system:
mX—c(1-x*)x+kx=0
where m is the mass, c¢(1-x°) the damping term, and k the stiffness term of the system.
For small values of x the damping will be negative and will put energy in to the system,

but for large values of x the damping will be positive and remove energy from the
system. At some displacement amplitude |X of the system, the system will reach a limit

cycle due to this damping term.

For the tube combustor, the 2" acoustic mode is excited and exhibits a limit
cycle. That isin agreement with the Rayleigh Criterion. The second mode turns out to
have a frequency around 180 Hz. In the power spectra, harmonics of the limit cycle are
also visible. In the pressure power spectrum depicted in Figure 4.2, the limit cycle is
marked out.
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Figure4.2  Pressure power spectrum of limit cycle for g= 0.50, Qi = 160 cc/s
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4.1.2 Subharmonic Response

The hypothesis, described by Markstein (1964), assumes that the flame can be
approximated as a membrane which exhibits oscillations. Markstein treated the flame as
a membrane, and forced it with an oscillation of the acceleration of the gas column
surrounding the flame. The differential equation that describes this situation is based on

non-linear second-order dynamics:

(e-1)F,+2(1+k)F, +[ 2k +(1-)(yx ' -1)]F, =0 (31)

/0 unburned

with F4 being the amplitude of the flame distortion, & = , k a dimensionless

p burned

wave number k = KL, where K is the wave number and L a characteristic length. yisa

dimensionless acceleration y(7) = %a(t). Here S, isthe laminar flame speed and a(t)
£

u
the variable acceleration.

When the following substitutions are made in Equation 31.:

1 wr
Z=—owt =

2 2KeS,
e”’Y(z)=F,

where =2 (i +1), with 2= 2(1+£7) S

u

the standard form of the Mathieu’ s equation results:
Y"+(a-2qcos2z)Y =0 (32

where a = (X )?(2ex —k? +e1—¢-1) and q=D. Here D =259
@ e+1L

The solution of the Mathieu’ s equation can be written as:
Y(z)=Ce"*®(z)+C,e " @P(-2) (33)

where C; and C, are arbitrary constants and @( z)is either of double the period of the

forcing function or of the same period as the forcing function. Here u = L , Where Ly,
th
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is the therma width of the flame front L, = k , with k being the thermal

pMu™u

conductivity and ¢, the specific heat at constant pressure.

The solution dependence on the values of 7 and @(z) leads to either a stable or
unstable solution. If unstable, the function @(z) will have either the same period as the

forcing or double the period. In the case of the flame in the tube combustor, the solution
ends up unstable in the region where the period has twice the period of the forcing. The
forcing in this case is, as mentioned before, the pulsation of the acceleration of the gas
column determined by the thermoacoustic limit cycle response. Double the period
corresponds to half the frequency, which means the flame sheet would oscillate with a
frequency half of the limit cycle frequency. When the flame sheet oscillates, the flame
surface area changes, and since the heat release is proportional to the flame surface area
the heat release rate will oscillate. 1n addition, as the flame oscillates, the heat loss to the
flame stabilizer and the combustor walls changes which leads to a change in the net heat
put into the gas. The change in heat release couples with the acoustic particle velocity
and one can expect to see a subharmonic peak at half the limit cycle frequency in the
pressure spectra as well as in the chemiluminescence spectra at a frequency around 90

Hz. A zoom around the subharmonic response can be seen in Figure 4.3.
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Figure4.3  Zoom of pressure power spectrum of subharmonic response for ¢= 0.60,
kot = 120 ccls

To determine if this feature in the tube combustor is the same as Markstein
described, experiments were conducted to dampen the thermoacoustic instability of the
2" acoustic mode or/and shift the TA instability in frequency and therefore also affect the
subharmonic response in level or in frequency. All the pressure gages with the infinite
lines were taken out except for the very bottom one (P1l), where the pressure was
measured. The thermocouples and the igniter were also removed and holes plugged up.
To dampen out the second acoustic mode, refer to the pressure and velocity mode shapes,

asseenin Figures4.4 and 4.5. Thelocations of al the taps are marked out in the figures.
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At first al the holes, except for the very bottom one where the pressure was
measured, were plugged up. As seen in Figure 4.6 the TA instability was then around
180 Hz and the subharmonic instability was clearly visible in the spectrum at 90 Hz
(111dB).
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Figure4.6  Pressure power spectrumwith all holes, in tube combustor, plugged up

To affect the pressure shape and thereby dampen the second acoustic mode the
tap at location P6 was taken out (refer to Figure 4.7 and Figure 3.1). The level of the
limit cycle clearly went down about 10 dB, and the frequency shifted upwards to around
195 Hz. However, the subharmonic was still visible in the spectrum though. The
increase in frequency implies that the hole acted as a spring to provide additional

stiffness.
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Pressure power spectrum with tap at location P6 taken out

To further dampen the mode, the tap at location T5 was taken out as well. With
both the taps at P6 and T5 removed, the limit cycle level dropped an additional 10 dB and

the frequency shifted to around 205 Hz. As can be seen in Figure 4.8 the subharmonic

instability was no longer present in the pressure spectrum.

Figure4.8
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The question is whether the subharmonic instability is mostly dependent on the
limit cycle amplitude or the limit cycle frequency. If the instability is sensitive to the
limit cycle frequency which affects the subharmonic frequency it would support the
hypothesis that the flame sheet does exhibit mode shapes and has some preferred
“resonance frequencies.” To get more information regarding that aspect, the tap at
location T4 seen in Figures 4.9 and 3.1 was removed, while the taps at P6 and T5 were
reinstalled. As seen in Figure 4.9 the level of the limit cycle is just about at the same
level asin Figure 4.8, but the limit cycle frequency is lower. The subharmonic instability
isnot visible in Figure 4.8; however, it is clearly visible in Figure 4.9. This suggests that
the flame sheet has in fact some preferred frequencies which then can be seen as

resonances of the flame.
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Figure4.9  Pressure power spectrumwith tap at location T4 taken out

The above discussion strengthens the hypothesis about flame sheet vibrations.
Please note that all the above measurements were taken under the same conditions,
namely at an equivalence ratio of 0.78 and atotal flow of 118 cc/s.

It should also be noted that the level of the TA instability plays an important for

the subharmonic instability. For a certain frequency of the limit cycle, there is a
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‘threshold’” amplitude that the limit cycle must have to drive the subharmonic instability.
The threshold amplitude changes in level depending on the frequency of the limit cycle,
as discussed previously, where it was stated that the flame sheet seems to have some
preferred frequencies.

Still, further proof of the existence of a vibrating flame is necessary. For this
purpose, a bench-top burner was constructed to study the possibility of a flame sheet
exhibiting mode shapes. The experimental setup, constructed by VACCG member Chris
A. Fannin, is shown schematically in Figure 4.10. A speaker connected to a plenum with
an injection port for reactants, in this case premixed methane-air, and a port for pressure
measurements, was used. On the top of the plenum, a ceramic honeycomb was placed to
stabilize the flame. Phase locked photographs with a CCD camera were taken of the
flame sheet.

_— Ceramic
LLLTTTTTTTH e honeyeomb

7

Pressure
transducer
/”

Plenum

Injection of
premixed
methane-air

Speaker

Figure4.10 Bench-top burner for the study of flame sheet mode shapes

CCD cameraimages of two flame modes are shown in Figures4.11 and 4.12. Thelighter
areas indicate higher flame intensity. The axisymmetric mode in Figure 4.11 shifted
between being dark in the center and light in the center. The non-axisymmetric mode in
Figure 4.12 shifted between one half lit up/one half dark and then reversed.
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Figure4.11 Axisymmetric flame mode

Figure4.12 Non-axisymmetric flame mode

Even though the boundary conditions of the bench top burner were different from
the tube combustor, the experiments further strengthen the hypothesis of flame sheet

mode shapes and resonances for a burner-stabilized flame.

4.1.3 Subsonic Instability

The instability seen at alow frequency, 10-20 Hz, islikely to be a pulsating flame
phenomenon which has been investigated by several researchers including Margolis
(1980) and Buckmaster (1983).

The presentation below will follow an analysis described by Margolis (1980).
When the flame sheet is close to the flame stabilizing ceramic honeycomb, heat losses to

the honeycomb decrease the temperature of the flame and therefore the flame speed goes
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down. The forced convection, which is the unburned mixture flowing downstream,
pushes up the flame sheet further away from the flame holder. The heat loss to the
stabilizer then decreases thereby causing the flame temperature to rise and thus the flame
speed will increase. The flame speed will then overcome the forced convection, and the
flame moves down towards the honeycomb again. With the flame moving down, the heat
losses to the ceramic material will increase again, and the flame sheet will oscillate,
typically at low frequencies in the subsonic region. This will cause the overal rate of
heat release to the fluid to be oscillatory which will couple with the acoustic pressure
field.

The problem formulation is as follows:
Assumptions:
- The flow is assumed isobaric for the mean pressure, one-dimensional, and free of body
forces and radiative heat |0sses.
- A multi-component Fick’s law describes species diffusion.
- The only hydrodynamic effect is assumed to be the thermal expansion of the fluid.
- pA, /Dy, and Coi=Cp are al constants, where p is the incoming density of the fluid, A
the thermal conductivity, Dy the diffusion coefficient and c,x the specific heat of species
k.

Conservation of mass of speciesk:

Y, _aY, _ ,_ %,
=AMy = p*D, —= -
ot oy oy

PRM, k=123.....,N -1

Here Yy is the mass fraction of species k, mp the incoming mass flux per unit area, p the
incoming density of the fluid, Dy the diffusion coefficient, R¢ the rate of chemical
production, and My the molecular weight. The spatial coordinate is transferred to a mass

coordinate;
w(xt)= Ep(m)dx

Energy equation in terms of the temperature:
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2
oT, T _pAdT |

Nt 0 0
—+m, OC RM,(h, —h
ot oy c, oy’ (#2,) Z (he=hn)
Here T is the temperature of the fluid and h? the enthalpy of formation for species k.

With the appropriate initial conditions and the boundary conditions stated below for the
two differential equations, the problem is specified.

T(¢=0t)=T,
2

y, - P DO k=123,..N -1
My, Y|,

T.Y,,......Yy_, bounded at ¢ = oo

Here & is the mass fraction of species k before combustion. For an analysis of the above
stated problem, refer to Margolis (1980). His results show that a steady-state adiabatic
flame is likely to be stable for typical parameter values. However, for incoming flow
velocities sufficiently less than the adiabatic flame speed, the unstable region in his
solution becomes feasible for many flames.

In the tube combustor the frequencies for this pulsating flame instability typically
ranges from 10 to 20 Hz. A tendency of an increase in amplitude and frequency isvisible
for an increase in equivalence ratio. Shown in Figure 4.13 is a“zoom” on the frequency
range around the pulsating instability and the tendency of the pulsating frequency to

increase with equivalence ratio can be seen.
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Figure4.13 Pressure power spectrum of pulsating flame instability

The subsonic response of the flame was also observed to cause an amplitude
modulation of the limit cycle, the subharmonic response, and the harmonics of them asis
visualized in Figure 4.14 where three amplitude modulations (AM) are marked. The data
was taken at an equivalence ratio of 0.70 and atotal flow of 100 cc/s.
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Figure4.14 Pressure power spectrum with amplitude modulation

The mathematical description of the modulation is the multiplication of a time
function f(t) by a periodic function cos(at). This causes a translation in the frequency

domain according to the convolution:

o ei%t e—i%t )
O{ f(t)cos(aw,t) = | f(t)Te"“‘dt
or
1 1
f(t)cos(awpt) = EF(w—wo)+§F(w+wo)
or

f(t)cos(wpt) = %F(f— f0)+%F(f+ f,)

For the tube combustor, the modulation signal is the pulsating instability and the
modulated signals are the limit cycle, the subharmonic response, and their harmonics.

The data strengthens the pul sating instability theory for several reasons:



Lars Nord Chapter 4 Rijke-tube Thermoacoustic Characterization 42

- Thefreguency range observed in the tube combustor isin the same range as described
in the theory.

- Theincrease in equivalence ratio increases the frequency of the instability in the tube
combustor. This is also suggested in Margolis theory since an increase in the
equivalence ratio increases the flame temperature which, in turn, means higher flame
speed. The higher flame speed would overcome the forced convection quicker and

thus the frequency would increase.

4.2  Chemiluminescence M easur ements

The optical system, described in Chapter 3, detects light emitted from the flame.
Radicals that get excited by the chemical reaction emit light when moving from their
excited energy state to their ground state. In the present study, light at a wavelength of
309.5 nm, which is in the vicinity of one of the peaks for the light emitted from excited
OH-molecules, was acquired. The lens system minified the flame image onto the optical
fiber which then channeled the light into the monochromator. The monochromator
separated the wavelengths onto a photomultiplier which yielded a current proportional to
the light intensity and was transferred to an instrumentation amplifier.

However, there were some difficulties related to these measurements. The noise
level sometimes buried some of the peaks in the spectra. The noise was due to the
randomness in the chemical reaction, the dark noise of the PMT, obstruction of the lens
view (thermocouples blocking the light emitted from the flame), and other possible
effects. The signal to noise ratio was improved with the removal of the thermocouples
that blocked some of the light emitted from the flame and with the increase in aperture of
the fiber optic cable. A typical spectrum is shown in Figure 4.15.



Lars Nord Chapter 4 Rijke-tube Thermoacoustic Characterization 43

-30

-35

-40

dBVrmsz, ref1 Vrms

-55

0 100 200 300 400 500 600 700 800
Frequency [Hz]

Figure4.15 Power spectrum of the PMT signal for ¢= 0.60, Q = 120 cc/s

Refer to Section 4.6 for further analysis of the chemiluminescence data.

4.3 Comparison of Pressure and Chemiluminescence Spectra

To compare the OH™ spectrum with the pressure spectrum, the two spectra are
shown in the same graph in Figure 4.16. The pressure power spectrum and the
chemiluminescence power spectrum are very similar. The peaks of the spectra are
virtually at the same frequencies with the exception that some peaks of the OH" spectrum
get buried in the noise, as mentioned in Section 4.2. The pulsating instability and
oscillating flame sheet phenomena are generally more visible in the chemiluminescence
spectrum. This makes sense since both these phenomena directly affect the heat release

rate from the flame sheet.
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Figure4.16 Overlapped pressure and OH* power spectra

4.4  Axial Temperature Profiles

To investigate how the axia temperature profile affects the thermoacoustic
instabilities and to get the temperature distribution for the Finite Element Analysis, the
axial temperatures were measured at seven different locations, as seen in Figure 3.1 in
Chapter 3. As expected there is a big jump in temperature at the flame location. The
temperatures upstream of the flame holder were marginally affected by changes in
settings such as changes in equivaence ratio and/or flow rate, whereas the temperatures
downstream of the flame holder were affected significantly more. A typica axia

temperature profile is shown in Figure 4.17.
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Axial Temperature Distribution, phi = 0.60, Qtot = 120 cc/s
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Figure4.17 Axial temperature profilefor ¢= 0.60, Q = 120 cc/s

Refer to Section 4.6 for further analysis of the temperature data.

45 TheOperational Characteristics of the Tube Combustor

As concluded in the previous sections there are three important phenomena that
affect the acoustic pressure in the tube combustor: the thermoacoustic instability that
causes the 2" mode to go unstable; the oscillating flame sheet which appears as a
subharmonic; and a pulsating flame instability at around 10-20 Hz. Figure 4.18 is a
description of the total picture including atable with descriptions of the different peaksin
the spectrum. The data were taken at an equivalence ratio of 0.65 and a total flow of 120
cc/s.
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Figure4.18 Thetotal pictureincluding peak description

4.6 Extensive Mapping of the Operating Region

The fluctuating pressure, chemiluminescence, and temperatures were measured
for a number of settings, in terms of equivalence ratio and total flow rate. The mapping
was made to provide information about how changes in settings affect the pressure and
OH* power spectra. In addition, an extensive mapping like this can provide helpful
information for anyone who would like to model a closed-open duct with, for example,
CFD. InFigure4.19, agraph of al the settings used is shown.
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Typica tendencies, when increasing either equivalence ratio or flow rate (and thereby

i.e., holding equivalence ratio constant and varying the total flow rate or vice versa
increasing the total heat released), can be seen in Figures 4.20, 4.21, and 4.22.

Figure4.19 Tube combustor test settings
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Figure4.22 Effect of an increase in equivalence ratio on the axial temperature profile

Note that the some of the spectra in Figures 4.20 and 4.21 have been shifted
vertically for display purposes. As can be seen in Figure 4.20, for the lowest setting the
heat release is not quite enough to overcome the damping in the tube and to cause a
thermoacoustic instability. Instead we are seeing the tube resonances with the 1% mode
around 55 Hz, the 2™ around 175 Hz, and higher modes at higher frequencies. With a
dlight increase in equivalence ratio, and therefore an increase in the heat released, the
instability appears, reaches a limit cycle, and as mentioned before it is the 2™ acoustic
mode that goes unstable. Also visible are the harmonics of the limit cycle. At yet a
higher equivalence ratio, the subharmonic response appears in the spectrum, as well as
harmonics of it. At an even higher equivalence ratio, the pulsating instability is
somewhat visible, and one can see that it modulates the other peaks. The tendency isthe
same in Figure 4.21. At the lowest setting there are no peaks visible because the
thermoacoustic instability is not present. With an increase in the equivalence ratio, the
TA instability appears, and is followed by the subharmonic response, the pulsating
instability, and their harmonics for yet higher settings. It is hard to draw any conclusions

from the temperature profiles shown in Figure 4.22. The variations are very small and do
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not show any consistency. A better trend of the temperature variations can be seen in
Figure 4.23 and are described in the next paragraph.

The temperature at the T3 location, which can be seen in Figure 4.23, goes up
because of the higher heat release rate and because the flame sheet is thicker at higher
flow rates. The T3 thermocouple would therefore be closer to the top of the flame sheet.
As seen in Figures 4.24 and 4.25, the pressure and OH* limit cycle amplitudes goes up
with a higher flow rate, and this is expected since a higher flow rate means more fuel is
burned in the flame thus more heat being released. The higher heat release rate means
more energy is available to be fed into the acoustics At low flow rates the subharmonic
response is not visible in the spectrum. This can be seen in the amplitude plotsin Figures
4.26 and 4.27 where the levels are very low at flow rates below 120 cc/s. The amplitude
of the subharmonic response reaches a maximum at a flow rate of approximately 160
cc/s. This is further evidence of a vibrating flame phenomenon with preferred flame
sheet frequencies. The frequency of the main instability (around 180 Hz) varies with heat
release rate which then leads to a variation of the subharmonic frequency. If the flame
sheet had some preferred frequencies, a behavior as seen in Figures 4.26 and 4.27 would
be expected.
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Figure4.23 Variation of temperature T3 with flow rate
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4.7 Databaseon theWorld WideWeb

To provide an accesible database for researchers interested in either comparing
data, in terms of pressure power spectra, OH* power spectra, and axial temperature
distribution, or to compare analysis results such as CFD analysis, to data from a Rijke-
type tube combustor, the data has been made available on the WWW. It is possible to
download the data at:

http://www.combustion.me.vt.edu

4.8 Resonance Freqguencies

The acoustic resonances of the tube combustor have been measured and
calculated. The calculations were made with the wave equation (cold casg, i.e., a room
temperature, as described in Chapter 2) and with afirst generation finite element method
(FEM) code which sees the tube as a beam (cold case and hot, i.e, a elevated
temperature when combustion is taken place, case). The cold case measurements were
performed by exciting the tube with random noise through a speaker and measuring the
pressure. The hot case measurements were at a low enough setting, in terms of
equivalence ratio and total flow rate, before the thermoacoustic instability had appeared

asseenin Figure 4.28.


http://www.combustion.me.vt.edu/

Lars Nord Chapter 4 Rijke-tube Thermoacoustic Characterization 54
120
110
100
s 90
o
o
& 80
B M
@ 70 n
k=
S AV VI
% 60 A
50 L‘\/ ]/ \\\4 / \\\\ /\
40 \\\-‘ n r/\
v A Y
30
0 100 200 300 400 500 600 700 800
Frequency [Hz]
Figure4.28 Tube combustor resonances, ¢= 0.475, Qit = 120 cc/s
A listing of al the cases examined isgivenin Table 4.1.
Table4.1 Resonance frequencies of tube combustor
Mode Cold tube Cold tube Cold tube Hot tube Hot tube
measur ements FEM wave eguation measur ements FEM
[HZ] [HZ] [HZ] [HZ] [HZ]
1 55 55 55 58 64
2 159 166 166 175 179
3 272 277 277 310 319
4 380 388 388 419 428
5 494 499 499 548 568
6 594 610 610 670 677
7 713 722 721 780 816

As can be seen in Table 4.1, the cold and hot case calculations generally show a

higher frequency for each mode than the measurements do (note that for the hot case
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calculations uncorrected temperatures were used, as discussed in Chapter 3). An
investigation of the cause of the differences was initiated. All the pressure gages were
removed, except for one located in the very bottom of the combustor at location P1, as
seenin Figure 3.1 in Chapter 3. Also, al the thermocouples were removed as well as the
optics system on top of the tube. The speaker, which excited the tube with fixed sine
waves at chosen frequencies, was mounted at locations P4, T6, and P2 respectively in the

tube combustor (refer to Figure 3.1 in Chapter 3). The results are shown in Table 4.2.

Table 4.2 Resonance fregquencies of tube combustor without pressure transducers,
thermocouples and optics system

Mode Speaker at P4 location Speaker at T6 location Speaker at P2 location
Frequency [HZ] Frequency [HZ] Frequency [HZ]

1 * 54 *

2 161 165 163
3 277 276 273
4 380 378 378
5 495 494 496
6 595 595 595
7 714 713 715

* A single frequency was hard to determine. The resonance was spanned over arange of frequencies.

From a comparison of the data in Table 4.1, it can be seen that the results are
dightly closer to the calculated values, but still there is a relatively big difference
between measurements and calculations in forms of the wave equation and the FEM
code. Also worth noting is that the speaker clearly interacts with the tube combustor
which can be because the frequencies shift depending on where the speaker is mounted.

The flame holder in the tube combustor was present in al the above
measurements. To investigate the role of the flame holder it was taken out of the
combustor. The speaker was, as in the previous measurements, mounted at different
locations and the tube was excited with frequency fixed sine waves. The results of these

measurements are presented in Table 4.3.
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Table 4.3 Resonance frequencies of tube combustor without pressure transducers,

thermocoupl es, optics system and flame hol der

Mode Speaker at P4 location Speaker at T6 location Speaker at P2 location
Frequency [HZ] Frequency [HZ] Frequency [HZ]

1 * 55 *

2 165 168 166
3 278 277 275
4 386 385 386
5 497 496 497
6 607 606 606
7 714 * 720

* A single frequency was hard to determine. The resonance was spanned over arange of frequencies.

The frequencies are closer to the calculated frequencies than before. The calculations are

now within + 1% of the measurements.

A frequency response of the speaker with plenum was also taken to get further

knowledge about the tube combustor — speaker interaction. The amplitude and the phase

of the frequency response is shown in Figure 4.29.
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Figure4.29 Frequency response of speaker including plenum

The speaker plenum exhibited resonances at around 60 Hz and 300 Hz as

demonstrated by the magnitude plot as a peak and in the phase plot as a 180 degrees

phase shift. Thereis also a resonance at a higher frequency, athough not well-defined.
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The plenum resonances do have an effect on the tube resonances, and are especialy
obvious around the 60 Hz area. When the speaker is mounted in locations P2 and P4, the
1% tube resonance gets blurred out. This is possibly due to the speaker plenum’s

resonance in the vicinity of 60 Hz.
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51 Conclusions

All the phenomena that affect the acoustic pressure in a Rijke-type tube
combustor have been experimentally examined in this thesis. In correspondence with
previous research in this area, the Rayleigh Criterion could be verified and proved valid
for the tube combustor in the study. As predicted by theory, the 2" acoustic mode
became excited with a flame mid-span in a closed-open tube. In addition to
thermoacoustic instabilities caused in accordance with the Rayleigh Criterion, several
other phenomena were observed. With the aid of extensive experimental results, a
vibrating flame and a pul sating flame occurrence have been identified.

All the experimental data collected during this work support the suggested
theories for a vibrating flame as well as a pulsating flame instability. The vibrating flame
occurrence is an oscillating behavior of the flame sheet anchored on the flame-stabilizing
honeycomb in the tube combustor. The flame exhibits mode shapes, as proven by a
bench-top experiment and supported by a variety of experiments with the tube combustor
itself. The flame sheet has preferred frequencies for the mentioned oscillation. In the
Rijke-type tube, the flame sheet is unstable at a frequency of half the forcing function.
The forcing function was, in the case of the tube combustor, the main thermoacoustic
instability in accordance with the Rayleigh Criterion.

The pulsating instability is based on heat losses to the flame stabilizer in
conjunction with changes in flame speed caused by the heat losses. When the flame sheet
is close to the ceramic honeycomb, the heat losses to the honeycomb decrease the flame
temperature which in turn causes a decrease in the flame speed. The forced convection,
which is the unburned mixture flowing downstream, forces the flame sheet upwards in
the tube which then leads to a change in the heat released to the gas from the flame.
When the heat losses to the honeycomb decrease, due to the increased distance, the flame
temperature and therefore the flame speed increases and overcomes the forced
convection. The flame sheet will then move back towards the honeycomb and the

scenario will repeat. The changes in the heat release to the fluid will couple with the
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acoustics and a peak will show up in the acoustic pressure spectrum. The pulsating
instability of the tube combustor is at a low frequency in the subsonic region. The above
mentioned phenomena were also visible in the chemiluminescence spectrum of the tube
combustor.

To summarize, there are three phenomena evident from the acoustic pressure and

the chemiluminescence measurements of the tube combustor:

- The man thermoacoustic instability, in accordance with the Rayleigh
Criterion, causing the 2™ acoustic mode of the tube to become unstable.

- The vibrating flame instability with flame mode shapes oscillating with a
frequency of half the thermoacoustic instability.

- The pulsating flame instability with an, in the axial direction of the tube
combustor, oscillation caused by the heat losses to the flame stabilizing
honeycomb, typically in the subsonic frequency region.

Extensive data was taken of the whole operating region of the tube combustor in order to
analyze the above described phenomena and to provide a database accessible over the
Internet for researchers interested in comparing experimental data to theoretical
calculations.

5.2 FutureWork

While this work was in progress, several researchers in the VACCG conducted
experiments and analyses related to the tube combustor. Much work was focused upon
control issues and analytical models of the combustor and its phenomena. The
compilation of data and analyses presented in this thesis should be attempted for a 3-D
combustor where the acoustics is more complicated and fluid dynamics plays a more vital
part. The instabilities described may also occur in 3-D systems and the understanding of
them would be important in attempting to control the instabilities and in predicting
instability frequencies and amplitude levels. The last step would be to investigate a full-
scale gas turbine combustor used in power plants all over the world. By understanding
the phenomena occurring in a simple tube combustor the likelihood of understanding

them in a full-scale gas turbine combustor is much greater. In order to be able to
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successfully control the instabilities occurring in a combustor, an understanding of the
physical occurrencesis very important.

Typicaly, gas turbines are dua fuel machines which means they run both on
gaseous fuel (usualy natural gas) and liquid fuel (usualy fuel oil). It is therefore
important to investigate the thermoacoustic problem also for liquid fuel. This document
only investigated the gas fuel problem which is different from the liquid fuel problem
where such things as fuel atomization, fuel vaporization, and related phenomena occur.

According to Vivek Khanna, member of the VACCG, the correction procedure of
temperatures collected by thermocouples in Rijke-type combustors should be
investigated. The initial correction procedure for the temperature data collected for this
thesis work is not sufficient for these types of combustors. This investigation would be
important for future temperature corrections in Rijke-type combustors and related
devices.

It would also be beneficial to create a CFD model of the tube combustor system to

compare the experimental results with the calculated results.
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Appendix A Pressure Power Spectra for Constant
Equivalence Ratio

In Appendix A, power spectra of the pressure measurements from the extensive mapping
experiments will be presented. The equivalence ratio was held constant with varying
flow rate for each data series. First the 0.50-equivalence ratio series will be presented,
followed by ¢ = 0.60, 0.80 and 1.00 respectively. All sound pressure levels have a

reference pressure of 2e-5 Pa.
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Power Spectrum p1, phi=0.50, Qtot=110 cc/s
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Figure A1  Pressure power spectrumfor ¢= 0.50, Q=110 cc/s

Power Spectrum p1, phi=0.50, Qtot=120 cc/s
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Figure A2  Pressure power spectrumfor ¢= 0.50, Q=120 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.50, Qtot=140 cc/s
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Power Spectrum p1, phi=0.50, Qtot=180 cc/s
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Power Spectrum p1, phi=0.50, Qtot=220 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=85 cc/s
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Power Spectrum p1, phi=0.60, Qtot=95 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=105 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=115 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=125 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=135 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=145 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=155 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=165 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=175 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.60, Qtot=185 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1l, phi=0.60, Qtot=195 cc/s

160

140

120

SPL [dB]

80

60

40

0

100

200

300

400

500

Frequency [Hz]

600

700

Figure A.30 Pressure power spectrumfor ¢= 0.60, Q=195 cc/s

160

Power Spectrum p1, phi=0.60, Qtot=200 cc/s

800

140

120+

100 ¢

SPL [dB]

80

60 -

40}

0

100

200

300

Frequency [Hz]

400

500

600

700

Figure A31 Pressure power spectrumfor ¢= 0.60, Q=200 cc/s
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Appendix A Pressure Power Spectra for Constant Equivalence Ratio

Power Spectrum p1, phi=0.80, Qtot=90 cc/s
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Figure A.34 Pressure power spectrumfor ¢= 0.80, Q=120 cc/s
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Power Spectrum p1, phi=1.00, Qtot=115 cc/s
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Power Spectrum p1, phi=1.00, Qtot=140 cc/s
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Figure A.38 Pressure power spectrumfor ¢= 1.00, Q=140 cc/s
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Appendix B Pressure Power Spectrafor Constant Flow
Rate

In Appendix B, power spectra of the pressure measurements from the extensive mapping
experiments will be presented. The flow rate was held constant with varying equivalence
ratio for each data series. First the 100 cc/s flow rate series will be presented, followed
by Q = 120, 140, 160, 180, and 200 cc/s series. All sound pressure levels have a
reference pressure of 2e-5 Pa.
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Appendix B Pressure Power Spectra for Constant Flow Rate

Power Spectrum p1, phi=0.55, Qtot=100 cc/s
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Power Spectrum p1, phi=0.70, Qtot=100 cc/s
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Power Spectrum p1, phi=0.85, Qtot=100 cc/s
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Power Spectrum p1, phi=0.475, Qtot=120 cc/s
160 . . : . . . .
140} g
120} 4
@ 100} _
=
-
o
[4)]
0 100 200 300 400 500 600 700 800
Frequency [Hz]
FigureB.6  Pressure power spectrumfor ¢= 0.475, Q=120 cc/s
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Power Spectrum p1, phi=0.55, Qtot=120 cc/s
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Figure B.10 Pressure power spectrumfor ¢= 0.65, Q=120 cc/s
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Power Spectrum p1, phi=0.75, Qtot=120 cc/s
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FigureB.12 Pressure power spectrumfor ¢= 0.75, Q=120 cc/s
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Power Spectrum p1, phi=0.85, Qtot=120 cc/s
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Power Spectrum p1, phi=0.95, Qtot=120 cc/s
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Power Spectrum p1, phi=1.025, Qtot=120 cc/s
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Power Spectrum p1, phi=0.45, Qtot=140 cc/s

Appendix B Pressure Power Spectra for Constant Flow Rate
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Power Spectrum p1, phi=0.60, Qtot=140 cc/s
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Figure B.22 Pressure power spectrumfor ¢= 0.60, Q=140 cc/s
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Figure B.23 Pressure power spectrumfor ¢= 0.70, Q=140 cc/s
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Power Spectrum p1, phi=0.80, Qtot=140 cc/s
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Figure B.24 Pressure power spectrumfor ¢= 0.80, Q=140 cc/s
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FigureB.25 Pressure power spectrumfor ¢= 0.90, Q=140 cc/s
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Power Spectrum p1, phi=1.20, Qtot=140 cc/s
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Figure B.28 Pressure power spectrumfor ¢= 1.20, Q=140 cc/s
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Power Spectrum p1, phi=0.45, Qtot=160 cc/s
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Power Spectrum p1, phi=1.20, Qtot=160 cc/s
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Figure B.33 Pressure power spectrumfor ¢= 1.20, Q=160 cc/s
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FigureB.34 Pressure power spectrumfor ¢= 1.30, Q=160 cc/s
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Power Spectrum p1, phi=0.45, Qtot=180 cc/s
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Figure B.35 Pressure power spectrumfor ¢= 0.45, Q=180 cc/s
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FigureB.36  Pressure power spectrumfor ¢= 1.30, Q=180 cc/s
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Appendix C  OH™ Power Spectrafor Constant Equivalence

Ratio

In Appendix C, power spectra of the OH™ measurements from the extensive mapping
experiments will be presented. The equivalence ratio was held constant with varying
flow rate for each data series. First the 0.50-equivalence ratio series will be presented,
followed by @ = 0.60, 0.80 and 1.00 respectively. All OH* voltage levels have a

reference voltage of 1 Vrms.
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.60, Qtot=105 cc/s
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Power Spectrum PMT, phi=0.60, Qtot=115 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.60, Qtot=125 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.60, Qtot=135 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.60, Qtot=145 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.60, Qtot=155 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.60, Qtot=165 cc/s

-10 T T T T T T T

_60 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700
Frequency [Hz]

OH’ power spectrumfor @= 0.60, Q=165 cc/s

Power Spectrum PMT, phi=0.60, Qtot=170 cc/s

800

-10 T T T T T T T

_60 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700
Frequency [Hz]

OH’ power spectrumfor @= 0.60, Q=170 cc/s

800

121



Lars Nord
NU)
g
>
[a1]
©
Figure C.26
NU)
£
>
[an]
©

Figure C.27

215}
20tk
251
-30
-35
-40

50}

215k
201
251
-30
-35
-40
50|

55}

Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.60, Qtot=175 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.60, Qtot=185 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.60, Qtot=195 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.80, Qtot=90 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=0.80, Qtot=120 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=1.00, Qtot=115 cc/s
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Appendix C OH* Power Spectra for Constant Equivalence Ratio

Power Spectrum PMT, phi=1.00, Qtot=140 cc/s
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AppendixD  OH’ Power Spectrafor Constant Flow Rate

In Appendix D, power spectra of the OH  measurements from the extensive mapping
experiments will be presented. The flow rate was held constant with varying equivalence
ratio for each data series. First the 100 cc/s flow rate series will be presented, followed
by Q = 120, 140, 160, 180, and 200 cc/s series. All OH* voltage levels have areference
voltage of 1 Vrms,
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.55, Qtot=100 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.70, Qtot=100 cc/s
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Power Spectrum PMT, phi=0.85, Qtot=100 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.475, Qtot=120 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.55, Qtot=120 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.75, Qtot=120 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.85, Qtot=120 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.95, Qtot=120 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=1.025, Qtot=120 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.45, Qtot=140 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.60, Qtot=140 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.80, Qtot=140 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=1.00, Qtot=140 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=1.20, Qtot=140 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.45, Qtot=160 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.60, Qtot=160 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=1.20, Qtot=160 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.45, Qtot=180 cc/s
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Appendix D OH* Power Spectra for Constant Flow Rate

Power Spectrum PMT, phi=0.45, Qtot=200 cc/s
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Appendix E  Axial Temperature Distribution for Constant

Equivalence Ratio

In Appendix E, axial temperature distributions of the extensive mapping experiments will
be presented. The axia distance is measured from the closed bottom end of the
combustor. The equivalence ratio was held constant with varying flow rate for each data
series. First the 0.50-equivalence ratio series will be presented, followed by ¢ = 0.60,
0.80 and 1.00 respectively.
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Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio
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Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio
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Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio
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Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio
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Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio
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Figure E.10 Axial temperature distribution for ¢= 0.60, Q=95 cc/s
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FigureE.11 Axial temperature distribution for ¢= 0.60, Q=100 cc/s
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Axial Temperature Distribution, phi = 0.60, Qtot = 105 cc/s
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FigureE.12 Axial temperature distribution for ¢= 0.60, Q=105 cc/s

Axial Temperature Distribution, phi =0.60, Qtot = 110 cc/s
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FigureE.13 Axial temperature distribution for ¢= 0.60, Q=110 cc/s
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Axial Temperature Distribution, phi = 0.60, Qtot = 115 cc/s
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FigureE.14 Axial temperature distribution for ¢= 0.60, Q=115 cc/s

Axial Temperature Distribution, phi =0.60, Qtot = 120 cc/s
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FigureE.15 Axial temperature distribution for ¢= 0.60, Q=120 cc/s
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Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio
Axial Temperature Distribution, phi = 0.60, Qtot = 125 cc/s
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Axial Temperature Distribution, phi =0.60, Qtot = 130 cc/s
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FigureE.17 Axial temperature distribution for ¢= 0.60, Q=130 cc/s
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Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio
Axial Temperature Distribution, phi = 0.60, Qtot = 135 cc/s
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Axial Temperature Distribution, phi =0.60, Qtot = 140 cc/s
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FigureE.19 Axial temperature distribution for ¢= 0.60, Q=140 cc/s



Lars Nord Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio 161

Axial Temperature Distribution, phi = 0.60, Qtot = 145 cc/s

800 T T T T
| | | |
| | | |
| | | |
700+ - —-—-—-———-—— T —-—--- 4--—-—-—-—-—--- - === === = T ===
| | | |
| | | |
| | | |
600 - | | | |
| | | |
| | | |
| | | |
500 | | | |
[ | | R4 |
° | | | |
E | | | |
8400+ -——-—-——-——-———— === - = — = 4=
I | | | |
£ | | | |
2 | | | |
30+ --——-—-————— e i - — = e 4o m—— === -
I I I * I
| | | |
| | | |
S I T T C T T I
| | | |
| | | . |
100 | | | |
| | | .
| . | | |
. | | |
0 t t t t
0 10 20 30 40 50 60

Axial distance [Inches]

Figure E.20 Axial temperature distribution for ¢= 0.60, Q=145 cc/s

Axial Temperature Distribution, phi = 0.60, Qtot = 150 cc/s
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FigureE.21 Axial temperature distribution for ¢= 0.60, Q=150 cc/s
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Axial Temperature Distribution, phi = 0.60, Qtot = 155 cc/s
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FigureE.22 Axial temperature distribution for ¢= 0.60, Q=155 cc/s

Axial Temperature Distribution, phi =0.60, Qtot = 160 cc/s
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Figure E.23 Axial temperature distribution for ¢= 0.60, Q=160 cc/s
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Axial Temperature Distribution, phi = 0.60, Qtot = 165 cc/s
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FigureE.24 Axial temperature distribution for ¢= 0.60, Q=165 cc/s

Axial Temperature Distribution, phi = 0.60, Qtot = 170 cc/s
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FigureE.25 Axial temperature distribution for ¢= 0.60, Q=170 cc/s
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Axial Temperature Distribution, phi = 0.60, Qtot = 175 cc/s
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FigureE.27 Axial temperature distribution for ¢= 0.60, Q=180 cc/s
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Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio
Axial Temperature Distribution, phi = 0.60, Qtot = 185 cc/s
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FigureE.28 Axial temperature distribution for ¢= 0.60, Q=185 cc/s
Axial Temperature Distribution, phi = 0.60, Qtot = 190 cc/s
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Figure E.29 Axial temperature distribution for ¢= 0.60, Q=190 cc/s
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Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio
Axial Temperature Distribution, phi = 0.60, Qtot = 195 cc/s
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FigureE.30 Axial temperature distribution for = 0.60, Q=195 cc/s
Axial Temperature Distribution, phi = 0.60, Qtot = 200 cc/s
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FigureE.31 Axial temperature distribution for ¢= 0.60, Q=200 cc/s
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Axial Temperature Distribution, phi = 0.80, Qtot = 90 cc/s
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Figure E.32 Axial temperature distribution for ¢= 0.80, Q=90 cc/s

Axial Temperature Distribution, phi =0.80, Qtot = 100 cc/s
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Figure E.33 Axial temperature distribution for ¢= 0.80, Q=100 cc/s
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Axial Temperature Distribution, phi = 0.80, Qtot = 120 cc/s
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FigureE.34 Axial temperature distribution for ¢= 0.80, Q=120 cc/s

Axial Temperature Distribution, phi = 0.80, Qtot = 140 cc/s
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Figure E.35 Axial temperature distribution for ¢= 0.80, Q=140 cc/s
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Axial Temperature Distribution, phi = 1.00, Qtot = 115 cc/s
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FigureE.36 Axial temperature distribution for ¢= 1.00, Q=115 cc/s

Axial Temperature Distribution, phi = 1.00, Qtot = 120 cc/s
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Figure E.37 Axial temperature distribution for ¢= 1.00, Q=120 cc/s



Lars Nord Appendix E  Axial Temperature Distribution for Constant Equivalence Ratio 170

Axial Temperature Distribution, phi = 1.00, Qtot = 140 cc/s
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Figure E.38 Axial temperature distribution for ¢= 1.00, Q=140 cc/s

Axial Temperature Distribution, phi = 1.00, Qtot = 160 cc/s
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Figure E.39 Axial temperature distribution for ¢= 1.00, Q=160 cc/s



Appendix F Axial Temperature Distribution for Constant

Flow Rate

In Appendix F, axial temperature distributions of the extensive mapping experiments will
be presented. The axia distance is measured from the closed bottom end of the
combustor. The flow rate was held constant with varying equivalence ratio for each data
series. First the 100 cc/s flow rate series will be presented, followed by Q = 120, 140,
160, 180, and 200 cc/s series.

171



172

Appendix F  Axial Temperature Distribution for Constant Flow Rate

Lars Nord

=100 cc/s

0.55, Qtot

Axial Temperature Distribution, phi

| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | | *
| | | |
e B e |
| | | |
| | | |
| | | |
| | | | .
| | | |
| | | |
| | | |
| | | |
| | | [
| | | |
| | | |
| | | |
| | | |
| | | |
| | g |
| | | |
| | | |
S T N SO RO RO
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
il nii i TS T T T
| | | |
| | | |
| | | | -
| | | |
| | | |
| | | |
| | | |
| | | |
- =-=-—=-—-—-- +--——+t-——4+-—=—--—-- *
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
W W W W
o o o o o o o o o
o o o o (=} o o o
[=°) ~ © wn < o N -

[o] ainjesadwal

60

40

10

Axial distance [Inches]

Axial temperature distribution for ¢g= 0.55, Q=100 cc/s

FigureF.1

=100 cc/s

0.60, Qtot

Axial Temperature Distribution, phi

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | [ 2

| | |
\\\\\\\\ e e A |

| | |

| | |

| | |

| | ,’

| | |

| | |

| | |

| | |

| | . |

| | |

| | |

| | |

| | |

| | |

| | * |

| | |

| | |
(R T S ¢ i

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |
\\\\\\\\ L it S

| | |

| | |

| | | -

| | |

| | |

| | |

| | |

| | |
\\\\\\\\ F-—-—t - === === ——— 4+ — — &

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |

: , W : W

o o o o o o o o o
o o (=3 o (=] o o o
© ~ © (2] < (] N -

[0] @injesadwal

60

50

40

20

10

Axial distance [Inches]

Axial temperature distribution for ¢= 0.60, Q=100 cc/s

FigureF.2



173

Appendix F  Axial Temperature Distribution for Constant Flow Rate

Lars Nord

=100 cc/s

0.70, Qtot

Axial Temperature Distribution, phi

[o] ainjesadwal

| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | | *
| | | |
e B e |
| | | |
| | | |
| | | |
| | | | .
| | | |
| | | |
| | | |
| | | |
| | | I e
| | | |
| | | |
| | | |
| | | |
| | | |
| | | *
| | | |
| | | |
N T & N SO R
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
il nii i TS T ST T T
| | | |
| | | |
| | | | .
| | | |
| | | |
| | | |
| | | |
| | | |
i i * -
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
W W W W
o o o o o o o o o
o o o o (=} o o o
[=°) ~ © wn < o N -

60

40

10

Axial distance [Inches]

Axial temperature distribution for ¢= 0.70, Q=100 cc/s

FigureF.3
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Axial Temperature Distribution, phi = 0.85, Qtot = 100 cc/s
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FigureF.5  Axial temperature distribution for ¢= 0.85, Q=100 cc/s
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=120ccls

0.60, Qtot

Axial Temperature Distribution, phi

[0] @injesadwal

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | [ 4

| | |
\\\\\\\\ e e A |

| | |

| | |

| | |

| | ‘,

| | |

| | |

| | |

| | |

| | - |

| | |

| | |

| | |

| | |

| | |

| | * |

| | |

| | |
R T S A B

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |
\\\\\\\\ L it S

| | |

| | |

| | | -

| | |

| | |

| | |

| | |

| | |
\\\\\\\\ +r----t---—-"—"—"—"—"—"—"—"—"—" 4+ — — ® 7

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |

: , W : W

o o o o o o o o o
o o (=3 o (=] o o o
© ~ © (2] < (] N -

60

50

40

20

10

Axial distance [Inches]

Axial temperature distribution for ¢= 0.60, Q=120 cc/s

Figure F.9



177

Appendix F  Axial Temperature Distribution for Constant Flow Rate

Lars Nord

=120ccls

0.65, Qtot

Axial Temperature Distribution, phi

| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | | *
| | | |
e B e |
| | | |
| | | |
| | | |
| | | | .
| | | |
| | | |
| | | |
| | | |
| | | e
| | | |
| | | |
| | | |
| | | |
| | | |
| | | *
| | | |
| | | |
R T N SO R
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
il nii i TS T T T
| | | |
| | | |
| | | | .
| | | |
| | | |
| | | |
| | | |
| | | |
- =-=-—=-—-—-- +--——+t-——4+-—=—--—-- *
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
W W W W
o o o o o o o o o
o o o o (=} o o o
[=°) ~ © wn < o N -

[o] ainjesadwal

60

40

10

Axial distance [Inches]

Figure F.10 Axial temperature distribution for ¢= 0.65, Q=120 cc/s
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FigureF.11 Axial temperature distribution for ¢= 0.70, Q=120 cc/s
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FigureF.12 Axial temperature distribution for ¢g= 0.75, Q=120 cc/s
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FigureF.13 Axial temperature distribution for ¢= 0.80, Q=120 cc/s
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FigureF.14 Axial temperature distribution for ¢= 0.85, Q=120 cc/s
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FigureF.15 Axial temperature distribution for ¢= 0.90, Q=120 cc/s
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FigureF.16 Axial temperature distribution for ¢g= 0.95, Q=120 cc/s
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FigureF.17 Axial temperature distribution for ¢= 1.00, Q=120 cc/s
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Figure F.18 Axial temperature distribution for g= 1.025, Q=120 cc/s
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FigureF.19 Axial temperature distribution for ¢= 1.04, Q=120 cc/s
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Figure F.20 Axial temperature distribution for ¢g= 0.45, Q=140 cc/s
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FigureF.21 Axial temperature distribution for ¢= 0.50, Q=140 cc/s
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Figure F.22 Axial temperature distribution for ¢= 0.60, Q=140 cc/s

=140ccls

0.70, Qtot

Axial Temperature Distribution, phi

[0] @injesadwal

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | (K 4

| | |
\\\\\\\\ e e A |

| | |

| | |

| | |

| | ‘,

| | |

| | |

| | |

| | |

| | . |

| | |

| | |

| | |

| | |

| | |

| | * |

| | |

| | |
R T A H N B

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |
\\\\\\\\ L it S

| | |

| | |

| | | .

| | |

| | |

| | |

| | |

| | |
\\\\\\\\ +r----t---—-"—"—"—"—"—"—"—"—"—" 4+ — — ® 7

| | |

| | |

| | |

| | |

| | |

| | |

| | |

| | |

: , W : W

o o o o o o o o o
o o (=3 o (=] o o o
© ~ © (2] < (] N -

60

50

40

20

10

Axial distance [Inches]

Figure F.23 Axial temperature distribution for ¢= 0.70, Q=140 cc/s
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Figure F.24 Axial temperature distribution for ¢= 0.80, Q=140 cc/s
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Figure F.25 Axial temperature distribution for ¢= 0.90, Q=140 cc/s
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Figure F.26 Axial temperature distribution for ¢= 1.00, Q=140 cc/s
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FigureF.27 Axial temperature distribution for ¢= 1.10, Q=140 cc/s
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Figure F.28 Axial temperature distribution for ¢g= 1.20, Q=140 cc/s
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Figure F.29 Axial temperature distribution for ¢g= 0.45, Q=160 cc/s
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Figure F.30 Axial temperature distribution for ¢= 0.50, Q=160 cc/s
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Figure F.31 Axial temperature distribution for ¢= 0.60, Q=160 cc/s
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FigureF.32 Axial temperature distribution for ¢= 0.70, Q=160 cc/s
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Figure F.33 Axial temperature distribution for ¢
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FigureF.34 Axial temperature distribution for ¢
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Figure F.35 Axial temperature distribution for ¢
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Figure F.36 Axial temperature distribution for ¢



Lars Nord Appendix F  Axial Temperature Distribution for Constant Flow Rate 191

Axial Temperature Distribution, phi = 0.45, Qtot = 200 cc/s
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Figure F.37 Axial temperature distribution for ¢=0.45, Q=200 cc/s
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