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ABSTRACT

Experiments on noise radiation by open turbulent premixed flames
are described. Detailed directionality distributions, scaling rules for
acoustic power radiated, thermo-acoustic efficiency and spectral content
are presented and discussed. Scaling rules for reacting volume are
generated by a direct flame photography technique. These experiments
are shown to be quite useful in decomposing combustion noise scaling laws.

2.1 DE'8 Si'u Fp'u, and combus-

The acoustic power is shown to scale as U
tion nolse spectra peak in the 250-700 Hz range. The directionality is
quite weak for noise from open turbulent flames. The experimental results

are critically examined in the light of the theoretical predictions from

Strahle's theory of combustion noise.
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SUMMARY

Combustion noise has been recognized as a possible major contri-
butor to the overall noise from aircraft turbopropulsion systems and
industrial furnaces. A review of the literature shows that combustion
noise generation is little understood. All the theoretical analyses have
been inadequate due to lack of clear understanding of the mechanism of the
turbulent combustion process itself. The body of experimental data avail-
able does not cover the range of flow velocities typical of turbopropul-
sion systems. PFurther, in most cases, scaling laws for acoustic power
radiated have been based on the assumption of spherically symmetric noise
emission, although, combustion noise is known to be weakly directional.

This report describes experiments conducted on open turbulent
premixed flemes designed to overcome the above shortcomings. A simple
burner configuration is used to enable rational interpretation of the
experimental results and thus provide useful information toward a
systematic approach to noise reduction problems.

Experiments are conducted in an anechoic chamber on pilot-flame
stabilized, turbulent flames at the end of burner tubes of dilameters
0.402" - 0.96". Flow velocities up to 600 ft/sec and fuels propane,
propylene;and ethylene with air as the oxidizer are employed. Mixture
ratios ranging from fuel lean to stoichiometric are used. The study of
noise generation is done primarily through acoustic measurements where
scaling laws for acoustic power radiated, thermo-acoustic efficiency,

spectral content and directicnality are deduced from sound pressure
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measurements made by an array of condenser microphones. The acoustic
experiments are supplemented by the scaling laws on reacting volume gen-
erated by a direct flame photography method.

Combustion noise 1s shown to be weakly directional. Comparison with
Strahle's theory shows refraction of sound at temperature discontinuities
to be the possible explanation of the directionality results. The spectra
of combustion noise show a broad band noise radiation with a single peak

in the 250-700 Hz frequency range. The scaling law for peak frequency is

18 D0.08 S0.53, F-0.69

obtained in the form fc = UO' L

where U is the flow

velocity, D is the burner diameter, S, is the laminar flame speed and F

L
is the fuel mass fraction.

2.7 D2.8 Sl.h

Acoustic power radiated is shown to scale as P < U 1

Fo'h. Errors involved in obtaining the scaling law are discussed. A
thermo-acoustic efficiency as high as 1076 is observed for the 600 ft/sec
flame, indicating that noise generation from high speed flames can be
appreciable.

Detailed scaling laws on flame volume obtained by a direct flame
photography method are shown to be gquite useful in decomposing combustion
noise scaling laws. Flame volume studies show that turbulence structure
in the flame is primarily decided by the pipe flow process and not by
the flame. The results of the overall program are compared with existing
theories and other experimental results. The comparisons with Strahle's
theory show that the theoretical solution of the noise problem is rea-

sonable but that some of the order of magnitude estimates need modification

before satisfactory scaling laws can be obtained from the theory.



CHAPTER I

INTRODUCTION

General

"Noise is unwanted sound." ©Noise produces annoyance, decreases
efficlency and can impair hearing. With increasing population density
around airports and military airfields, aircraft noise has become a prob-
lem of primary concern. The problem is further enhanced by the expected
increases in both number and size of aircraft in military as well as
commercial applications.

It is a well known fact that turbulent combustion generates noise
and that most of the combustion processes in practice are turbulent. A
substantial portion of the noise, in aircraft using turbo-propulsion
systems, could be due to combustion in primary combustors and after-
burners. In the case of afterburning turbojets and turbofans a substantial
portion of the basic engine noise could originate from the afterburner
combustion process, and for "guiet" lifting fans a large contributor
to the noise could be the primary gas turbine combustors. In industrial
furnaces combustion roar is a primary source of noise.

Noise suppression could be achieved either at the source or by some
treatment of the medium separating the source and the environment. The
merits of decreasing the noise at the source are easily recognized. In
order to attempt reduction of combustion noise at its source a detailed
study of the mechanism of noise generation is essential. Also, radiation
characteristics from the source would be essential to devise methods to

control the noise by the use of acoustic baffles and sound absorbent



liners.

Literature Review

The subject of combustion noise has received very little attention
in the literature. The mechanisms of generation and radiation have not
been understood to any appreciable extent. Although combustion generated
noise itself is nothing new, the study of it is of a recent nature.

At the outset, it can be seen that all the theoretical studies were
restricted by the lack of a clear understanding of the mechanism of
turbulent combustion. On the experimental side, a serious limitation has
been noticed as regards acoustic power calculations. Except in a very
few cases, the scaling laws for acoustic power radiated were obtained
from a single microphone sound pressure measurement and the assumption of
spherical symmetry. This could lead to incorrect power scaling laws
since the combustion noise, in almost all the experiments, was found to
be directional, although weakly so. Also, a substantial amount of ex-
perimental data available in the literature is for particular burner
configurations, thus tending to make the task of deriving general scaling
rules almost impossible.

In a theoretical study of the interaction of a free flame with a
turbulence field Tuckerl showed that appreciable noise generation could
result in the region of interaction. He also showed that the intensity
of noise generated would be a strong function of the laminar flame speed.
No expression for acoustic power radiated was derived in this work.

Bragg2 developed a theory based on the wrinkled flame concept of

turbulent flames. The theory predicted the mechanism of turbulent com-



bustion noise generation to be due to a distribution of monopole-like
sources in the reaction zone. Thermo-acoustic efficiency, a measure of
the total energy of the flame converted into acoustic radiation, was
shown to vary as the square of the flow velocity.

At about the same time, Smith and Kilham3 presented experimental
data on noise produced by open premixed turbulent flames. The burner

sizes varied from " to "

in diameter with flow velocities up

to 350 ft/sec. Gaseous fuels ethylene, methane, propane, and propylene
were used with air as the oxidizer. It was observed that the acoustic
power radiated was proportional to (UDSL)2 where U is the flow velocity,
D the burner diameter and SL the laminar flame speed. A more detailed

worku showed that the scaling with S, could vary between 0.6 and 3.U4

L
while the scaling with respect to D and U was quite precise. However,
except for scaling with respect to U, the scaling laws were inferred

from sound pressures measured at the 90O microphone. The results of the
experiments for directionality showed that the noise generated was weakly
directional (~ 3 db) and that the directionality pattern systematically
changed with the flow velocity. The maximum sound pressure was found to
occur at angles of 50° to 80° to the flow direction.

Smith and Kilham cobserved the combustion noise to be a broad band
noise with a single peak in the range of 250-500 Hz. The peak freguency,
in general, was found to increase with the flow velocity. The rate of
increase with velocity, however, was different for different fuels. The
thermo-acoustic efficiency, the ratio of acoustic power radiated to the

total energy per unit time released by combustion, varied between 10_8

and lO_7 (thermal inputs of 1-7 kw) and was found to increase linearly



with flow velocity. Since ethylene flames showed higher efficiencies
almost twice those for propylene, it was concluded that fuels with

higher S. were more efficient sound generators.

L

A study of the noise of diffusion flames was reported by Kotake
and Hatta5. Based on an analysis using the conservation eguations and
upon examination of diffusion flames structure an acoustic model contain-
ing a distribution of monopole and dipole sources in the reaction zone
was postulated. The theoretical analysis would allow an acoustic power
scaling of UED3 in low velcocity flames and a scaling of UMD3 in high
velocity flames. Experiments conducted with equivalence ratios of 1, 2,
and 3, over a rather narrow velocity range of 9 m/sec to 23 m/sec, were
shown to substantiate both the scaling laws. The frequency spectra were
flat at lower frequencies and dropped off at higher frequencies. These
frequency spectra were quite unlike the spectra reported by other inves-
tigators which always exhibited a recognizable peak and amplitude fall
off on both sides of the peak frequency. Once again, scaling rules
depended on the measurements at a single microphone location. No details
are available as to the acoustic environment for these experiments. The
burner sizes were 6.8 mm to 21.8 mm. The flames were stabilized at the
end of c¢onvergent nozzles in contrast with those of Reference 3 where
fully developed pipe flow existed at the burner exit.

Bolinger et §£6 could recognize the presence of combustion noilse
in rocket motor exhaust noise when operating fuel rich. They experimented

upon a 500 lb-thrust RP1-LOX motor and noticed a predominant component of

noise in the low frequency range (~ 500 Hz) when the rocket motor was



fired with excess fuel. The authors concluded that the combustion of the
unburned fuel in the atmosphere outside the nozzle is the most likely

source of this noise.

An entirely new line of approach to the study of combustion noise
resulted due to the experiments of Thomas gE_gi?. They found a one to
cne correspondence between the instantaneous rate of change of the radius
of the flame front and the pressure for spark ignited combustible gases
contained in spherical soap bubbles. Hurle 53_5&6 showed that the rate
of change of emission intensity of CH and 02 radicals in the reaction
zone can be used to derive the instantaneous sound pressure generated by
the flame for the spherically expanding flame fronts as well as for open
turbulent flames. Such a correlation implies a direct relation between
the sound pressure and the volume integral of the first time derivative
of the global reaction rate. A good correlabion was obtained in Reference
8 when the bandwidth of the signals was limited to 50 Hz-1lkHz. Due to
increased noise in the optical system, correlation was poor when higher
frequencies were included. In the computation of the freguency spectrum
from the optical measurements the signal to noise ratio was very low and
hence the comparison between the optically and acoustically obtained
spectra should be viewed with reservations. Hurle et al concluded that
the mechanism of combustion noise conforms to the monopole behavior.

The work of Hurle et al was extended by Price et 2&9 to include
diffusion flames and liquid spray combustion. A good correlation between
the first time derivative of the emission intensity of the 02 radical and

the instantaneous sound pressure was demonstrated in all these cases of

turbulent combustion. The only limitation to this technique was that



there should be no continuum radiation in the flame. The acoustic
radiation from premixed, diffusion and liquid spray combustion was shown
by this study to conform to a monopole source distribution. Experiments
using turbulence grids showed that both r.m.s. sound pressures and r.m.s.
values of the time derivative of the emission intensity increase with
turbulence intensity.

Smithson and Fosterlo, in a short paper, reported a thermo-acoustic
efficiency variation with U2 for a Meker burner using town's gas. Flow
ratesof town's gas varied from 0.092 to 0.12 litres/sec with air/gas ratios
from 1 to 6. The microphone distance quoted would be in the near field
for laboratory Meker burners (1 to 2 cm in diameter) and hence the scaling
rules may be in error. The lowest value of acoustic efficiency & 3 x 10'9)
was reported by Powellll for a gasoline vapor primus stove flame.

The burner size was about 0.2" in diameter. The frequency peaked in the
300-600 Hz range.

Giammar and Putnam12 have studied the noise generated by pure
diffusion flames. Two burner configurations, axially impinging Jjets and
an "octopus" burner, were used. Flow rates were as high as 12 SCFM in
the case of the octopus burner. The only drawback of this extensive body
of data on pure diffusion flames is the complicated burner configuration.
Sound power scaled with firing rate to an exponent of 1 to 2; a thermo-

7

acoustic efficiency as high as 6 x 10™' was obtained for the impinging

jets. In all the experiments the peak frequency was found to be in the
13

range 300-500 Hz. In a recent paper ~, Giammar and Putnam have presented

the results of some experiments on premixed fuel rich flames on commercial

burners of sizes 12", 14" and 2". Heat inputs were of the order of 0.25



to 0.69 million BTU/hr (75-200 kw). Both single burners and burners in
pairs showed that sound power varies, in general, as the square of the
firing rate. The experimental data showed a tendency tc follow an
exponent glightly lower than 2.

Further experiments on diffusion flames were reported by Knottlu.
Hydrogen and ethylene were burned with air and oxygen. Co-flowing jets
and impinging jets configurations were studied. A volume of experimental
data has been presented but in a manner very difficult to interpret. Flow
velocities were 250 fps to 1000 fps. The thermo-acoustic efficiency was
found £o be in the range 1070 - 1077 and it varied as fg for co-flowing

3

jets, l/rhf for impinging jets and as mf

for the premixed case. Here, mf
is the mass flux of fuel. The highest value of thermc-acoustic efficiency
of 2 x lO-5 was reported for the ethylene-oxygen flame. The hydrogen-
oxygen system had a cold flow peak frequency of 6000 Hz and the correspond-
ing combustion noise peaked around 2000-4000 Hz. For the ethylene-air
system (Re. No. 50,000) the combustion noise had a peak in the 600-900 Hz
frequency range. The burner sizes for co-flowing jets were 1.835 cm diam-
eter for the outer tube and 0.813 cm and 0.391 em for the inner tube. For
the impinging jet burner both the tubes had the same diameter, 1.303 cm,
0.8079 ecm or 0.4981 cm.

See‘bold15 has reported ncise data cbtained from a full scale test
furnace as well as from process plant furnaces. The heat release varied
from 1-10 million BTU/hr. The corresponding fuel flow rates would be
roughly 10-100 SCFM. Power output was found to scale with the square of

the heat release. The frequency spectra were found tc peak in the 125-

500 Hz range.



16,17,18

The three papers by Strahle perhaps form the most extensive
theoretical analysis on combustion noise. A rather detailed description
of this work is given here because of the particular significance of the
prediction from Strahle's theory of combustion noise to the experimental
program described in this report.

Following the classical method of Lig;hthilll9’2O in his work on

aerodynamic noise, Strahle's theory starts with (Reference 16)

as the wave equation describing the noise generated from a reglion under-
going turbulent fluctuations. Physical arguments were presented to show
that the appropriate source term FS for the case of combustion noise is
given by—aipT . With this source term the sclution to the wave equa-

XiXiy
tion was shown to be

U N S R (2)
_ il P
uﬂair at2 % Tt ~° & ~e

where V corresponds to the volume undergoing turbulent combustion where
p is dominated by turbulent fluctuations and not by the acoustics. Further

developments of the solution gave the important result (Reference 17)

~
p oYzt L [u - X av ) )

ll.TTa, rp
o]




where W, is the time derivative of the global reaction rate. This showed
that regardless of the turbulence structure and whether or not the flame
is of premixed or of diffusion type, the far field acoustic density (or
pressure) is proportional to the volume integral over the reacting volume
V of the time derivative of the global reaction rate. With this result
Strahle's theory could explain the one to one correspondence established
between the optical and acoustic emissions by the experiments of References
8 and 9.

In Reference 17, considering the particular case of premixed, fuel

lean flames, an expression was developed for the acoustic power P radiated

from a region undergoing turbulent combustion in the form

e
(80/0.)

P=cr—p | AV (
pOaOLmF

where AP represented the density change across the flame, F the fuel mass
fraction, C an autocorrelation of the time derivative of the reaction rate,
V the reacting volume and Vd a correlation volume.

Strahle has shown that scaling laws for acoustic power can be ob-
tained from the above equation by making order of magnitude estimates for
the quantities involved. Since the order of magnitude estimates would
very heavily depend on the model of turbulent combustion used in Reference
17 the scaling laws were deduced for three possible phenomenological

models of turbulent combustion, namely, a) wrinkled flame, b) slow dis-

tributed reaction and c) fast distributed reaction. A similar analysis
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was made in Reference 18 for the scaling laws for diffusion flames.

Strahle's theory recognized flow velocity U, laminar flame speed SL’

burner dimension D, fuel mass fraction F, scale of turbulence £, , and

t’
intensity of turbulence J as the important parameters in the study of

combustion noise. Further, it was predicted that acoustic power radiated

could be expressed by a law of the type

a. a, a, & a. a
P=KUTg p3ptedygl (5)
L t
where the prefactor K and the exponents a ., ..., ac are constants. Ref-

erence 18 studied the effects of convection and refraction on the direc-
tionality of combustion noise and showed that the observed directiocnality
of combustion noise could be explained qualitatively by these effects but
the quantitative agreement with existing experiments is poor.

Kushida and Rupegl, in an investigation of the effect on supersonic
jet noise of nozzle plenum pressure fluctuations, observed that pressure
fluctuations in the plenum chamber of a supersonic nozzle can strongly
increase the noise radiated from the jet plume. Since some appreciable
pressure fluctuations do exist in turbojet engines, the authors conclude
that the reduction or elimination of plenum chamber pressure fluctuations
may be an important method of reducing the total noise from jet engines.

A similar result was obtained by Abdelhamid et EEEE. They found
a good cross ccrrelation betwsen the pressure oscillations in the combustor
and the far field sound pressure. A 3-inch combustor with a 2-inch nozzle

was used in this study. The major conclusion reached was that a large
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portion of the far field noise due to jet aircraft could be from the
combustors.

The literature survey leads to the following conclusions:
1. Combustion noise exists as an identifisble phenomenon in many practical
systems.
2. In almost all the configurations, combustion nolse occupies the lower
range of the freguency spectrum; a typical range is between 150-500 Hz.
3. The acoustic power radiated is found to scale with U to an exponent
between 1 and 4, with D to an exponent between 2 and 3 and with 8, to an
exponent between 0.6 and 3.4. This represents a very wide variation in
the scaling rules, thus making them virtually useless. Furthermore, nmany
of the power scalings in the literature were based on single microphone
measurements and the assumption of spherical symmetry. This could give
misleading results because of the weak directionality of the combustion
noise. Also, only a few of the reported experiments were conducted in
an anechoic enclosure. Finally, the choilce of independént varigbles with
which to derive scaling laws has been insufficient.
4. Very little work has been done on the directionality of the acoustic
radiation. A systematic correlation of the spectral content with the
flow variables and the chemistry has not been attempted in any of the
existing experimental results.
5. The theories of References 16, 17 and 18 can, with experimental sup-
port and verification at various stages of the theoretical solution, yield
useful scaling rules for the acoustic power, spectral content and direc-
tionality of the combustion generated noise.

6. Without firm scaling laws it is impossible at this point to quan-
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titatively estimate the true importance of combustion noise to the total

turbopropulsion noise problem.

Objectives of Research

The literature survey points out a need for further experimentation
in the area of combustion noise. The experimental results, in order to
be applicable to turbopropulsion systems of aircraft, should be cbtained
at velocities comparable to those found in afterburners (= 600 ft/sec).
Also, in order to get a true indication of the acoustic radiation from
the flames all the experiments should be conducted in an anechoic chamber
so that free field conditions can be closely approximated. The sound
presgsures should be measured at various azimuthal positions around the
flame and then integrated for power radiated. A detailed directionality
gtudy should be made. The scaling laws for spectral content should be
generated.

The objectives of the experimental program were decided by the
needs expressed above. However, only the case of open turbulent flames
would be considered because of the simplicity of the burner configuration.
The objectives can be listed as follows:

1. to conduct noise experiments on three burners in an anechoic chamber
to flow velocities of 600 ft/sec using both fuel lean and fuel rich
mixtures. These experiments will be called "Acoustic Experiments" and
are designed to yield scaling laws for acoustic power, thermoacoustic
efficiency, and spectral content. Detalled directionality information
will also be cobtained.

2. to analyze the scaling rules for the volume of the reaction zone.
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These experiments will be entitled "Direct Flame Photography" since direct
flame photography techniques will be employed in reducing the scaling
laws. The analysis of the reacting volume will provide an independent
diagnostic check for Strahle's theory of combustion noise.
3. to compare the experimental findings with the theories of References
15, 16 and 17, and
4. to present the results of the investigation in a form useful to the
practicing engineers.

Thus, it is believed that this study would lead to a better under-
standing of the mechanism of generation of combustion noise and provide

useful scaling rules for the noise generated by open turbulent flames.
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CHAPTER II
ACOUSTIC EXPERIMENTS

The experiments conducted, to determine the scaling rules for
acoustic power, thermo-acoustic efficiency, spectral content and direc-
tionality of combustion nolse generated by open turbulent flames estab-
lished at the end of burner tubes, are described in this chapter. The
measurements are made in the far field since near field information would
be too complicated by the phase relationships to be of any real value.
Also, theories exist, e.g., References 16, 17 and 18, which enable a study
of the mechanism of noise generation based on experimental far field
information. In addition, the far field measurements are of practical
significance in evaluating the noise radiation from sources.

Based on an analysis of the literature, the parameters that affect
the nolse generation from turbulent flames can be recognized as: U, the

flow velocity, D, the burner size, S the laminar flame speed, F, the

L’
fuel mass fraction, £%, the scale of turbulence, and J, the intensity of
turbulence. In this chapter only U, D, SL and F are considered since no
effort is made to devise methods to vary the turbulence intensity inde-
pendently. The experiments are designed so that only one parameter is

varied at a time. However, S_ and F can not be varied independently of

L
each other using the same fuel, but combinations of mixture ratios and
fuel can be worked out so as to vary either SL or F independent of the

other. Since the scaling rules sought for can be obtained by regression
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analysis even when both the parameters vary at the same time, equivalence
ratio ¢ was used as one of the parameters. Equivalence ratio is defined

as the ratio of (fuel/air)actual to (fuel/air)stoichiometric' In order

to identify the various tests conducted the following notation is used.

P — 100 —_— 0.8 -_ 1
Burner
Fuel Diameter
P = Propane Flow Equivalence 1 = 0.402"
Velocity Ratio
E = Ethylene In Ft/Sec 2 = 0.652"
Py = Propylene 3 =0.96"

In this report results of only premixed flames are presented.

Anechoic Chamber

A 13" x 10" x 6' - 6" (working space) anechoic chamber was built
in the Aerospace Propulsion lLaboratory in order that acocustic measurements
be made in conditions close to free field. The chamber would also serve
the secondary purpcse of preventing drafts around the flame. Figures
1(a) and (b) show the basic construction details of the anechoic chamber.
The two walls of the room formed two outer walls of the chamber. The
other two walls were constructed with 8" dry gypsum wall stuffed with
fiberglas. The basic acoustic insulation was provided by 18" thick
fiberglas and a 3" air space between the walls and the fiberglas insula-
tion. The density of fiberglas used was roughly 0.6 lb/cft. The floor
and the ceiling were also covered with 18" thick fiberglas although no

air gap was provided. A grating floor, provided in the chamber, was
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supported on a metal structure. The supporting structure was mounted
on 3" rubber pads to isolate structurally carried vibrations to some
extent.

The chamber hasg two windows (1' x 1') so as to keep a close watch
on the flame. A hinged door, also with the same thickness of insulation
as the walls, provides an entry into the working area. A hydrogen
detector has been installed in the ceiling.

The ventilation to the chamber is provided by a blower. The air
from the blower passes through a long acoustic duct work and enters the
chamber at one of the lower edges. Exhaust ducting with a long and
tortuous passage is provided at the opposite edge of the chamber.

The anecholc chamber was tested with an acoustic driver as the
source at various discrete frequencies and was found to be reasonably
anechoic, in the frequency range of 125 Hz to 5000 Hz, for source to
microphone distances of up to 5 ft (Figure 2). However, the ventilation
blower was observed to produce low frequency oscillations in the sound
meter readings, especially when the sound pressure levels being measured
were of the order of 60 db re.0.0002 u bar (20-20,000 Hz linear). Also,
at this level, it was noticed that the external disturbances, such as the
laboratory compressors, the air conditioning system, and the noise due
to the flourescent tube ballast could add up to 0.5 to 2 db to the
measured sound levels inside the anechoic chamber. This suggests that
the experiments should be done when all these external disturbances are
not operating. The reagons for the appreciable influence of the external
disturbances in the anechoic chamber are 1) the chamber is not structurally

isolated from other parts of the building, and 2) the walls are made of
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light-weight construction and are thus fairly inefficient in the preven-
tion of sound transmission through them. TIn any case, the chamber was
designed to have inner walls which are efficlent in absorbing the incident
sound waves and tests have shown that the purpose has been achieved.

The ahecholc chamber has a typical background noise of 52 db re.
0.0002 W bar (20-20,000 Hz linear). The spectrum of the background noise

was nearly flat from 100-10,000 Hz.

Burners and Flow Systems

The burners used in this study have been constructed from coaxial
tubing of circular cross section held together by 'Swagelok' heat ex-
changer T-joints as shown in Figure 3. The mixture of reactants flows
through the inner tube and hydrogen for the stabilizing diffusion flames
flows through the annular space between the tubes. The burner sizes are
0.402", 0.652" and 0.96" in diameter. The sizes quoted here are the
inner diameters of the central tube which determines the size of the
flame. The size of the annular gap is less than 1/32 inch in all the
three cases. The two smaller burners are built out of copper tubing while
the largest burner has a stainless steel inner tube and a copper outer
tube. A straight length of 50 diameters is provided for the flow of
reactants preceding the burner port. This ensures fully developed turbu-
lent pipe flow conditions at the burner exit. A mixing chamber filled
with 4 mm glass balls is introduced in the main burner tube just before
the 50 D straight length to aid proper mixing of fuel and air. This
mixing chamber, in addition, serves as a flash-back suppressor. The

burners are mounted in the anechoic chamber with their axes horizontal at
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3 ft above the floor grating and at least 2 ft from the walls.

Figure U4 shows the flow system. Air for the experiments is supplied
by the 1000 ft3 125 PSI Air resorvoir. The flow of air is measured by
two rotameters with overlapping flow ranges. TFuels and hydrogen are
metered by orifice meters; two orifice plates with different orifice
dimensions are used on the fuel metering system to cover the entire flow
range. The control valve downstream of each flow meter is used to intro-
duce the pressure drop required to maintalin a desired upstream pressure
at the meter, thus vastly increasing the metering range of each flow meter.
Fuels, hydrogen and nitrogen are supplied from gas bottles which are
stored outside the room in a separate gas storage area. A muffler is
provided in the alr line to reduce the flow noises. Also, air leaving
the muffler flows through flexible rubber hoses thereby preventing abrupt
flow turns which generate flow noises.

The fuel and air are mixed at a T-joint. The hydrogen line entering
the anecholc chamber is shrouded by nitrogen. Also, both fuel and hydro-

gen lines are provided with nitrogen purge.

Instrumentation

Sound pressures are measured by Bruel and Kjaer type L4134 half-
inch condensor microphones. Flve such microphones mounted on stands in
the same horizontal plane as the burner are used. The microphones are
placed at constant radius with respect to burner port and at angular
locations between 15 and 120° to the flow direction; closer than 15° to
the flow direction would be likely to produce flow noises at the micro-

paone. The outputs of the microphones are directly read out as sound
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pressure levels (db re. 0.0002 wbar) on a Briel and Kjaser type 2604
microphone amplifier, one at a time. They are also amplified by an array
of five NEFF type 122 amplifiers and recorded on five channels of an
AMPEX FR 1300, 14 channel magnetic tape recorder, usuaslly at 30 ips tape
speed. The direct calibration of microphones is done by a Whittaker type
PC-125 acoustic calibrator. In order to provide a calibration reference
for data analysis the sound output from an acocustic driver, producing a
1000 Hz sound and placed under the burner port, is also recorded on the
tgpe. The sound pressure level at each microphone due to the acoustic
driver is read on the microphone amplifier and noted. This procedure
enables the calibration of the entire system directly.

The data acquisition and reduction schemagtic is shown in Figure
5. It can be noticed that only microphones are placed inside the anechoic
chamber. The microphone signhal carrying cables are brought out of the
anechoic chamber through a conduit and connected to the gppropriate
instruments. The spectral analysis of the noise is performed on a Hewlett
Packard type 5645 Fourier analyzer and associated hardware. The spectra
are computed digitally using a fast Fourier transform by the machine.
A multi-sample averaging technique is used to obtain stable results and
eliminate spuricus noise from the signal. The output from the Fourier
analyzer could be observed on the oscilloscope, plotted on an x-y plotter
or printed out on a teletype. In this study x-y plots were preferred

over the other modes of output.

Flame Stabilization

The flames were stabilized at the end of burner tubes by an annular
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diffusion flame of hydrogen. Smith and Kilham3 have studied the effect
of various amounts of hydrogen flow on the noise generated. According
to their study the optimum amount of hydrogen was found to be between
about 2%'to 3%~percent'by volume of the main flow. Before using the
values for the H2 required for stabilization from Reference 3, a test
measurement was made on one of the typical cases. The result of this
experiment is shown in Figure 6. This result is in essential agreement
with the results of Reference 3 and, therefore, in all the experiments
2% percent hydrogen has been used since this would contribute the least
to the overall nolse output. Although this quantity of hydrogen was
found satisfactory in most of the experiments, the flames of velocity

greater than 300 ft/sec on a 0.402" burner required 5 percent for satis-

factory stabilization of the flame.

Combustion Noise and Jet Noise

The relative importance of combustion noise in comparison with
the noise from a pure jet of the same veloclty, and also the air jet
plus pilot flame combination, is presented in Figure 7. The microphone
azimuth of 550 to the flow direction was chosen so as to be somewhat close
to the direction of predominant radiation for all three cases. Combustion
noise dominates over the entire velocity range from 50 ft/sec to 600 £t/
sec. An interesting cbservation made during these experiments was that the
hydrogen diffusion flame was by itself very gquiet. However, when the
main stream of air was turned on the flame would interact with the outer
boundaries of the turbulent jet close to the burner exit and enhance the

noise output from the air jet.
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The results shown in Figure 7 can be used to determine the ap-
proximate scaling laws for power radiated if, for the present, direction-
ality is neglected. The jet noise appears to follow a Uh law for acoustic
power while combustion noise favors an exponent of 2.8. Because of the
higher exponent on U the difference between the combustion noise and the
jet noise decreases with velocity. Nevertheless, even at 600 ft/sec

combustion noise is predominant.

Sound Pressure Measurement

The sound pressures were measured by a B & K type 2604 microphone
amplifier using 20-20,000 Hz linear response with the meter set to slow
response. In most cases, the meter excursions were less than a db and,
in accordance with standard practice23, the arithmetic mean between
the maximum and minimum readings was taken as the sound pressure level.

In doing this any occasional highs and lows of the meter readings should
be neglected.

As explained earlier, the locations of the microphones are deter-
mined with respect to the burner port and the flow direction. For
computation of the acoustic power radiated and the directionality it is
necessary to reference the sound pressures measured to the acoustic center
in the flame. Acoustic center is a point within the noise generating
region from which the noise would appear to originate to a far field
observer. There is both experimentalS’9 and theoretical17 evidence to
show that the noise emitters in the case of combustion noise are confined
to the visible region of the flame. Thus, it can be considered reasonable

to state that the acoustic center in the flame would be located at the
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point of maximum volume per unit length as determined by direct photo-
graphic flame volume measurements. These measurements are explained in
detail in the next chapter.

Figure 8 shows sound pressure level distributions along a line
parallel to the flow direction, i.e., parallel to the length of the flame.
The distance between the microphone and the axis of the burner was kept
constant at 9-7/8". If the noise radiation from the flame were spherically
symmetric the location of maximum sound pressure level would correspond
to the acoustic center. However, since the acoustic radiation from the
flame 1s weakly directional in the forward 90°, the observed maximum will
get shifted towards the flame tip. This shift will depend upon the dis-
tance between the burner axis and the microphone as well. TIn the light
of these facts the location of the acoustic center cannot be obtained from
Figure 8. The acoustic center locations as decided by direct flame photo-
graphy have been indicated on the sound pressure level traces. It can be
noticed that the acoustic center locations do consistently fall below
the maximum sound pressure level location.

In order to determine whether the calculation of acoustic power
radiated from the flame is very sensitive to the inaccuracies in locating
the acoustic center, certain calculations have been made for three typical
cases. The acoustic power radiated was evaluated assuming that the a-
coustic center lay at a) the location of maximum flame volume per unit
length and b) the tip of the flame. Table 1 presents the results of
these calculations. ZEven with a rather drastic shift of the acoustic

center to the flame tip the error introduced is less than 0.4 db.
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Table 1. Errors in Acoustic Power Due to Inaccuracy in
Locating Acoustic Center

Acoustic Power, Watts
W W

1 2
Test Acoustic Center Acoustic Center Difference
at Max Flame at Flame Tip DB
Volume Per Unit w2
Length Location (= 10 log,. —)
10 Wy
P-100-1.0-1 0.3650 x 1073 0.3564 x 1073 -0.1
P-200-0.8-1 0.1700 x 107° 0.162k x 1072 -0.2
P-400-0.8-1 0.1121 x 10T 0.1030 x 107t -0.38

After having established the location of the acoustic center from
flame photography experiments, the measured sound pressures were corrected
for both geometry and magnitude to account for the change in origin. In
the process of calculating the altered values of sound pressures, spherical
divergence was assumed since the measurements are in the far field. To

the corrected sound pressures a polynomial relation,
3
p2 = j? §: 8 cosn S| (6)
* n=0_

suggested by the theory in Reference 18, was fitted by the method of least
squares using all the five sound pressure readings. This polynomial in
cos B was found to fit the data very closely. The maximum error was * 1db
which is of the same order of magnitude as the accuracy of the instrumen-

tation itself.
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Calculation of Acoustic Power Radiated

The acoustic power radiated from the flame is calculated, from the
polynomial relation for sound pressure with 8, by integration over a sphere
of some radius r assuming axial symmetry. For values of sound pressures
beyond the last microphone angular location the value obtained for the
last location was used. To determine the order of magnitudes of the
errors involved due to such an extrapolation, three representative exper-
iments were conducted in which a single microphone was traversed around
the flame up to 170° with the flow direction. The sound pressures measured
were corrected for the acoustic center and a polynomial in cos 98 was fitted
to these readings. Figure 9 shows a comparison between the single micro-
phone directionality pattern and the one from five fixed microphones. The
comparison is quite favorable and is within the accuracy of £ 2 db. More
important, however, is the error involved in calculating acoustic power
based on 5 microphone data. The power calculated from one microphone
covering up to 170O does not involve any appreciable extrapolation and
hence is considered to be the true estimate. Table 2 presents a comparison
of the acoustic power values due to both cases. It can be seen that the
error due to the extrapolation is not excessgive. The use of five fixed
microphones is preferred from a practical standpoint since the time
required for sound pressure measuremeﬁt is drastically reduced compared
to the time it would take to traverse one microphone around the flame. On
quite a few tests, the heat input was so high (~ 100 kw) that the duration
of the tests had to be restricted to a fraction of a minute to keep the

anechoic chamber from getting overheated.
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Table 2. Error in Acoustic Power Due to Using Only Five Microphones
to Measure the Sound Field Around the Flame

Acoustic Power, Watts

Yy Yo
Test One Microphone TMve Fixed Difference
Covering 15° - Microphones DB
170° Covering 15° - W)
120° (= 10 log), =)
2
P-100-0.8-1 0.2266 x 1073 0.1826 x 1073 0.94
P-100-1.0-1 0.4286 x 1073 0.3199 x 1072 1.28
P-200-0.8-1 0.1790 x 1072 0.1536 x 1077 0.66

Referring back to Figure 9, two traces (corresponding to 5 fixed
microphone data) are presented for the P-100-0.8-1 case. These are
from the same experiment repeated on two different days. The difference
in the power calculated between the two traces is about 0.3 db which shows
good repeatability of data. However, the tests of equivalence ratio of
0.6 had a tendency to be rather unstable and, consequently, the repeat-
ability in such instances was not as good. Some experiments of ¢ = 0.6

case could reproduce only within a + 2 db limit.

Experimental Results for Fuel Lean Flames

Directionality of Nolse Radiation

The directionality of the far field radiation from a source can
give some indications regarding the nature of the source. At the same
time, the directional information is required for deciding the most

effective locations for acoustic liners. The directionality results
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presented here are the polynomials.in cos B fitted to experimental
measurements. The origin of reference is the acoustic center in the

flame and the agimuthal positions are measured from the flow direction.

The difference between the maximum sound pressure level observed (any 8)
and the value at the axis (B = 0) when one makes a constant radius traverse
in the plane of the flame can be considered as a quantitative measure of
the directionality of the source.

Figure 10 shows the directionality patterns at various flow
velocities for propane-air flames of equivalence ratio 0.8. It can be
seen that the effect of velocity on the directionality is to shift the
maximum sound pressure location closer to the axis of the flame. The
convection of sources by the flow causes this shift towards the axls with
an increase in flow veloecity.

The effect of burner diameter on the direction of maximum sound
radiation can be seen in Figure 11l. Results are obtalned for all the
three fuels, propane, propylene and ethylene. The sound pressure levels
have been converted to refer to a radius of 57" and are plotted on the
graph instead of quoting all the results at a certain r/D distance. This
was done so as to be able to observe the amplitudes of noise from the
three burners at the same distance from the source. TFigure 11 shows that
there is a distinct effect of diameter on the directionality pattern.
With an increase in diameter the peak in the directionality curve shifts
away from the burner axis, an effect opposite to the velocity influence.
Another effect due to an increase in burner diameter appears to be in-
creased directionality. Furthermore, comparing traces from various

fuels, ethylene-air flames exhibit a stronger directionality than either
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the propane-air or propylene-air flames. This could be the effect due
to laminér flame speed since ethylene-air has the highest laminar flame
speed.

Directionality curves as a function of equivalence ratio are
plotted in Figure 12. The range of ¢ included is between 0.6 and 1.0;
that is, from fuel lean to stoichiometric. The effect of equivalence
ratio on directionality can be seen to be very minor. Again, ethylene
cases show maximum directionality.

Scaling Laws on Acoustic Power Radiated

Velocity Scaling. Velocity of the reactants is one of the primary

parameters that influence noise radiation from regions undergoing turbulent
combustion. Here, the behavior of acoustic power as a function of velocity
is presented in Figures 13 and 14. 1In Figure 13 the acoustic power
radiated is plotted as a function of mean velocity of reactants at the
burner exit for all the three fuels, propane, propylene and ethylene. The
equivalence ratio is 0.8 and the burner diameter is 0.402". Over a 12:1

-9

velocity range, a U2 law is seen to be appropriate for acoustic power
radiated. The ethylene flames appear noisier which will be seen to be

a laminar flame speed effect in the succeeding paragraphs. Also, ethylene
data points appear to prefer an exponent on mean flow velocity slightly
lower than 2.9. Figure 1L shows the results obtained for 0.652" and
0.96" burners. There is a good agreement with the scaling law obtained
for a 0.402" burner, although in this case, a U2'6 law fits the data
better. This result is in agreement with the results of Reference 17
which predicted a velocity scaling exponent to be greater than 2. Also,
this velocity exponent is mucin lower than the velocity scaling for Jet

noiselg’eo.
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Diameter Scaling. The diameter of the burner is yet another param-

eter of interest in noise radiation from flames. A positive exponent of
U obtained in the preceding paragraph would suggest lowering of flow
velocity to decrease noise output. This would imply that burner size
would have to be increased to maintain the same mass flow. The effect of
diameter, therefore, becomes quite important. Primarily, the knowledge
of the diameter effect 1s required in order to predict the noise output
from larger burners.

Figure 15 shows the results of the experiments conducted to deter-

3.0

mine the diameter effect. Arn acoustic power scaling of D is obtained
in the case of all the three fuels. The effect of decreasing flow velocity

can now be considered. TFor a burner of circular cross section the mass

flow is given by

m <« ) D2 (7)

Thus, reducing the velocity by a factor of 4, say, would mean increasing
diameter by a factor of 2 to maintain constant m. Since the noise expo-
nents on U and D are almost equal to each other, there seems to be a
definite advantage in choosing the lowest value of the flow velocity
possible within the other design restrictions.

Laminar Flame Speed Scaling. Laminar flame speed, SL’ is a meas-

ure of the reactivity of the fuel. It represents the velocity of propa-
gation of a laminar flame through a reactive mixture. For turbulent

flames, a turbulent flame speed, St’ could be defined. There is sufficient
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eVideHceeLL to show that turbulent flame speed is proportional to laminar
flame speed; St is always higher due to faster transport processes in a
turbulent flame. Further, St is dependent on flow conditions as well.
Thus, if flow conditions like mean flow velocity, turbulence intensity
and scale are being considered independently, laminar flame speed would
appear to be the correct parameter to choose. In this analysis, there-
fore, laminar flame speed has been chosen to represent the chemistry

effects due to changes in fuel and mixture ratioc. The values used in

this analysis for SL are calculated from the equation

S

L - 2.6 1log. @ +0.94 (8)
SL 10
max
(¢ <1.0)
from Reference 25. The values of SL were also chosen from Reference
max
25. Table 3 shows the values of SL used.
max

Table 3. Values of Laminar Flame Speed from Reference 25 for
Combustion with Air at Atmospheric Pressure and Room

Temperature
S S
Fuel LMax LMax
S Ft/Sec
LMax, Propane
Propane 1.00 1.41
Ethylene 1.75 2.32

Propylene 1.12 1.58
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Figure 16 shows the variation of acoustic power with laminar flame
speed. The independent variation of SL is obtained by changing fuels
with all other parameters held constant. But, there is a certain variation

in fuel mass fraction F even when ¢ is constant because

and (if%Lf> for propane, propylene and ethylene are 0.06k4, 0.625
Stole

and 0.0677 respectively. However, this variation in F is small in

comparison with the SL variation and it will be shown later that the

exponent on F is smaller, also. TFigure 16 should, therefore, yield es-

timates of the scaling on S Acoustic power appears to scale to an

L
exponent of 1.4 - 1.6 with SL for fuel lean to stoichiometric mixtures.
This confirms the belief that noise reduction can be achieved by reducing
the reactivity of the fuel. The extent of reduction possible, however,

cannot be appreciable due to a rather low value of the exponent.

Combined Scaling Law. Although the study of a phenomenon dependent

on many parameters can be made by varylng them one at a time and this
results in ease and clarity of analysis, it is not without disadvantages.
The most serious disadvantage is that a large number of experiments would
have to be performed, this number increasing rapidly with the number of
independent parameters. Alsc, such an analysis using one variable at a

time does not utilize all the information that can be obtained from the
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test results. At certain times, it is possible that two dependent
parameters be considered independent without ever suspecting otherwise.
If such a coupling exists there is a possibility that the process of
obtaining a combined law would give some indications to that effect.

An effective means of examining the experimental data is by re-
gression analysis in which a theoretically derived law is fitted to the

experimental data. In this case, the possible law would be of the type

(10)

where K and the ci's are constants and the xi’s are parameters affecting
a quantity y. By taking logarithms on both sides of Equation (10), it is
possible to curve fit as a linear problem by the method of least squares.
For the case of acoustic power P scaling, Strahle has suggested
that the parameters are U, D, SL and F. Using 57 different tests the

following expression was obtained for the acoustic power radiated from

open turbulent premixed flames:

0-5 U2.68 D2.8u S1.35 Fo.ul

P=4.8x1 L

watts (11)

where 50 < U(fps) < 600
0.0335 < D(ft) < 0.08
0.6 ¢ = 1.0

U and SL are in fps and D is in ft
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An analysis of errors due to the regression fit showed a mean
error of 5.7% with 1249 and -55% as the maximum and minimum errors re-
spectively The standard deviation was 37%. These errors appear at
first sight to be rather large. However, they can be considered very
reasonable because of the following reasons:

a) A very wide range of acoustic powers (from 107% to 1077 watts)
are included in Equation (11).

b) The instrumentation accuracies are of the order of a db (if

power P, is 1 db larger than P

1 then Pl/P2 will be as large as 1.25), and

2)

c) The flow measurement accuracy was no better than 3% of full
flow rates. The flow inaccuracies can affect U and mixture ratio. The

error in mixture ratio will introduce errors in both F and SL.

In order to graphically observe the significance of the regression

fit, the calculated values of acoustic power (P )  were cross

regression

plotted against the measured values (P ) in Figure 17. Without

measurement
doubt it can be said that Equation (11) fits the experimental data very
well. Thus, it can be stated that acoustic power can, in fact, be rep-
resented by a power type law with respect to the parameters U, SL, D and

F. Purther, laminar flame speed S. appears to be quite adequate to rep-

L
resent the chemistry effect due to various fuels.

3 data

It is interesting to note that some of the Smith and Kilham
plotted on Figure 17 show that the measurements of Smith and Kilham can
be reproduced satisfactorily by Equation (11). Reference 3 deduced a

(USLD)2 law for acoustic power. Equation (11) can explain the results

of Reference 3 and has been obtained over a nuch wider range of acoustic



POWER REGRESSION (WATTS)

10°!

S
Ol

t/Ji L
® PRESENT EXPERIMENTS _|

SMITH 8 KILHAM (1963)
A ETHYLENE ©9=0.83 D=0.251
O PROPYLENE @=096 "

1072 1073 10~

| I

POWER MEASURED (WATTS)

Figure 17. Significance of the Regression Fit
for Acoustic Power.

50



51

powers, thus establishing a clear preference over the (USLD)2 law.
Surprising as it may seem, Equation (11) is the first empirical relation
published from which acoustic power can be calculated directly for
noise from hydrocarbon-air turbulent flames. Equation (11) should prove

quite useful to anyone interested in determining ncise output from com-

bustion zones.

Thermo-Acoustic Efficiency

Thermo-acoustic efficiency is a measure of the portion of total
thermal input to the flame converted into noise radiation. Thermo-

acoustic efficiency nta is defined as

n = Acoustic Power Radiated (12)
ta ~ Thermal Input

If m is the mass flow rate of reactants, and H is the heating

value per unit mass of fuel, then
Thermal input = mFH

where as before F is the fuel mass fraction,
. m .2
m=pOHDU

and po is the density of mixture of reactants. Thus,
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P
nta = T 2 (13>
)I DOUD TH

Therefore, the scaling laws for nta can be obtained from scaling
laws for acoustic power radiated. For the premixed open turbulent flames
0.7 0.8 _~0.6 1.4
<
a U D SL

nta' Some representative values of thermo-acoustic efficiency are pre-

of this study, T F would represent the behavior of

t

sented in Table 4. The results for a burner of diameter 0.402" and
equivalence ratio of 0.8 are shown over the entire velocity range. The
6

maximum nta is of the order of 10 ~. This indicates that for high velocity

flames combustion noise could in fact be quite substantial.

Table 4. Thermo-Acoustic Efficiency

Power Radiated

Test 522?2 nta = Thermal Input
P- 50-0.8-1 0.264 x 107 8.36 x 1077
P-100-0.8-1 0.183 x 1073 2.89 x 1070
P-200-0.8-1 0.154 x 1072 1.22 x 1077
P-300-0.8-1 0.423 x 1072 2.23 x 1077
P-L00-0.8-1 0.103 x 107t .01 x 1077
P-500-0.8-1 0.271 x 107t 8.57 x 1077
P-600-0.8-1 0.382 x 107t 1.0l x 10'6

Spectral Content of Combustion Noise

The acoustic emission from regions of turbulent combustion has
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been recognized in the literature as a broad-band noise with a single peak
in the 250 Hz - 1500 Hz range. Discrete frequency components appear when

22,26

the combustion is confined by enclosures This is not of interest
to the present study of open turbulent flames. The frequency spectra
will clearly indicate the type of acoustic material that will be needed
for noise reduction treatments. PFurthermore, the peak frequency will
establish the characteristic time in the flame and comparison with the
theories in References 17 and 18 will assist in determining the most
plausible mechanism of noise generation.

Procedure. The frequency spectra of noise were obtained from the
tape recording of sound pressure signals. A Hewlett Packard Fourier
analyzer was used. The analyzer was programmed to produce power spectra
by the following process. First the analog signal is digitized.

Then, the Fourier transform is taken. This is multiplied by its

own complex conjugate. The process is repeated a set number of times to
obtain a stable average. The number of samples required depends on the
particular signal being analyzed. Also, the number of digital bits of
information used in each sample decides the maximum freguency and the
frequency resolution.

A low-pass filter was inserted between the Fouriler analyzer and
the tape-recorder (Figure 5) to eliminate all frequency components above
a preselected maximum. If this is not done the high freguency components
will fold over and appear as spurious low frequency components due to the
inherent quality of all A to D converters called aliasing. After a
preliminary study, the maximum freguency was selected at 8 kHz for the

noise spectra. Since the filter fregquency response is not flat
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beyond ¢.8 T only spectra up to 5 kHz are presented in

cut-off

this report. The initial spectra were cbtained with the number of samples
used in averaging between 15 and 200. The 15 sample averaging was found
to be adequate to obtain all the information required while the 200 sample
averaging resulted in smoother spectra with less scatter. Thus a majority
of the combustion noise spectra were cobtained with 15 to 50 sample
averaging.

The frequency spectra depend on U, D, SL and F. Also, if combus-
tion noise radiation directionality is frequency dependent, then the
spectra depend on the microphone location as well. The spectra shown
in the figures that follow are smooth lines drawn through the spectra
plotted on the x-y plotter. Figure 18 shows both the actual x-y plot
and the smooth line drawn through the mid-points for a typical case.

The smooth line is found to be quite satisfactory for representing the
spectrum.

Results. The frequency dependence of directionality is studied
in Figures 19(a) and (b). Very similar spectra were obtained in all the
tests conducted. The azimuth and radius are referenced to the burner
exit in these figures. Thus, amplitude comparisons cannot be made
directly without correcting the results for the acoustic center. The
information regarding directionality can, of course, be obtained from
Figures 19(a and b) without any corrections. If the directionality pat-
terns were independent of frequency the spectra at various azimuthal
locations would be parallel to each other. An examination of the spectra
reveals that directionality of noise generated is almost independent of

frequency except for the locations near the axis of the flame which
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exhibit a strong reduction in the high frequency components. Reference
9 observed a much stronger dependence for pure diffusion flames of CHM
and H2 burning in air.

Figure 20 presents the effects of flow velocity and laminar flame
speed on the frequency spectra. There is clearly a tendency for the
peak frequency (frequency corresponding to maximum amplitude on the spec-
trum) to increase with flow velocity. However, the rate of increase is
small. For propane over a 12:1 velocity range the peak changes from 350-
270 Hz while for ethylene over a 10:1 velocity range the peak frequency
varies between 650 and 350 Hz. The increase in peak frequency is a little
more marked for ethylene-air mixtures in comparison with propane-air
mixtures. 1In any case, the peak frequency is a very weak function of flow
velocity and it appears doubtful if using Strouhal number (f D/U) as a
non-dimensional parameter as suggested in References 3 and 5 would serve
any useful purpose. Use of Strouhal number has been found appropriate
for jet noise in Reference 20, where the peak frequency is found to scale
inversely with D and directly with U. The experiments for fuel rich flames
also showed a similar velocity behavior. PFurther, Figure 20 shows that
the peak frequency for ethylene is higher than that for propane. Since
It

ethylene has higher S. values this is clearly an effect due to S

L L
appears, therefore, that the characteristic time in the flame is consider-
ably influenced by the chemical time.

Combustion noise can be seen to peak at lower frequencies with an
increase in burner diameter in Figures 21(a), (b) and (c). This diameter

effect, however, is quite small when compared with a l/D dependence for

Jjet noise. Again, Strouhal number appears to be inappropriate for
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combustion noise.

Figure 22 shows the effect of equivalence ratio on frequency spec-
tra. While propane and propylene flames show negligible effects the
ethylene flames show some effect due to eguivalence ratio.

Peak Frequency. A power type law (Equation (10)) was fitted by

regression analysis to the peak freguencies measured. The procedure fol-
lowed was identical to the one used for obtaining acoustic power law
(Equation (11)). If fC is the peak frequency then the regression analysis

gives

‘0.082 32.53 F"O.69 HZ (l)—l»)

fC = 11.83 Uo'l9 D

where U and SL are in fps and D is in ft.
0.6 < ¢ < 1.0
50 < U(fps) € 600

0.0335 < D(ft) =< 0.08

The number of tests was 56, the mean error was 0.89% and the
standard deviation was 13.4%. Equation (14) shows that 8, and F have the
most effect on peak freguency and U and D effects are negligible. An
inverse SL and F scaling would explain the negligible ¢ dependence of
propane and propylene flames shown on Figure 22. The behavior of fC of

ethylene flames with ¢ is somewhat anomalous .

Discussion of Results

A discussion of the experimental results of this study in the

16,17,18

light of the theories of Strahle and other experimental results
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that are available will be presented in the succeeding paragraphs.

The directionality of combustion noise is seen to be rather weak.
In this study the maximum difference, between the maximum sound pressure
level and the minimum (observed at the 8 = 0° location) sound pressure
level over a constant radius path around the flame in a plane containing
the flame axis, was about 4 db. The general lack of strong directionality
would support the monopole theory of noise generation. Further, there
is some similarity between the experimental results for directionality
and the directionality patterns deduced in Reference 18 considering re-
fraction at temperature discontinuities. Thus, the directionality patterns
can qualitatively be explained by the refraction theory. The general
tendency for the location of peak sound pressure to shift towards the
axis with an increase in velocity is a result of the convection effect.
The spectra of the sound pressures as measured by the five microphones at
various aximuthal positions have shown that directionality is frequency
dependent to the extent that the high frequency components drop off rather
rapidly towards the burner axis. The results of Reference 18 considering
refraction effects showed a similar effect with increasing frequencies.
Thus, the high frequency fall-off near the axis could be at least quali-
tatively explained by the refraction effect. The directionality patterns
of Reference 3 have general similarity with the patterns presented in this
work. DPrice et al saw a more marked effect of frequency on directionality
for a pure diffusion flame of HQ'CHA burning in air. Except for some
results with the 0.402" burner all other results show maximum noise ra-
diation at 500 - 80° to flow direction. An off-axis maximum is very

important for noise reduction efforts using acoustic liners.
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The spectra of combustion noise show a predominantly low frequency

nature. They show a broad-band noise with a single peak and a gradual
amplitude fall-off on either side of the peak. The rate of fall-off on
the high velocity cases was observed to be rather slow. This could be
dve to the fact that the difference between jet noise and combustion noise
decreases with flow velocity as shown in Figure 7. Thus, the higher
velocity flames show a slight increase in higher frequency components.
The ncise spectrum, however, is decided by the predominant combustion
noise. The peak frequency does not seem to be strongly influenced by any
parameter. F and SL appear to have the most effect. For all practical
purposes onhe could summarize the experimental findings by stating that
combustion noise peaks in the 250-700 Hz range for hydrocarbon-air flames.
The values of peak freguencies obtained here are in excellent agreement
with the values obtained by References 3, 11 and 15 for premixed flames.
Even diffusion flames of Reference 12 seem to support the above statement.
Hurle et al report a peak frequency of 1200Hz for a stolchiometric ethylene-
air flame on a 0.175" diameter burner. This value is slightly higher
than what would be obtained from the peak freguency relation deduced in
this work (Equation (14)). However, the spectra of Kotake and HattaB,
which show for stoichiometric natural gas-air flames a flat low-frequency
spectra, look improbable in view of the extensive analysis of our study
which always showed a recognizable low frequency fall-off. Also, it
appears quite Iimproper to try to use Strouhal number to non-dimensionalize
combustilon noise peak-frequencies as suggested by References 3 and 5.

The results shown in Equation (14) emphasize that chemical time

17

is an important characteristic time in the flame. Referring to Strahle's
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theories, all the three models of turbulent combustion can explain the
values of peak frequencles reported.

The scaling laws for acoustic power and thermo-scoustic efficiency
generated in this work are considered to be a major contribution to the
noise data on open turbulent flames. The scaling laws have been obtained
over a much wider range of values of the parameters compared to those of

the only other similar workg. Also, Smith and Kilham3

deduced the scaling
laws on only U by actual sound pressure measurement around the flame while
obtaining those on SL and D by a single microphone sound pressure meas-
urement. PFurther, the important parameter F was not considered in theilr
work. 1In addition, the experimentally measured acoustic powers of Ref-
erence 3 c¢ould be reproduced by the experimental regression equation,
Equation (11), of this study as shown on Figure 17. Thus, it is felt

that the scaling laws for accustic power presented in Equation (11) are
more representative of noilse radiation than the (USLD)2 scaling of Ref-
erence 3.

1
The scaling laws for acoustic power deduced by Strahle ! showed

that for premixed flames, Equation (5)

would allow: a) = 2 -3.5,a =25, a =-1.8, 7y = 2, a_=1.5 -3

2 3 5

and 8 = 0 - 2.5, depending upon the model of turbulent combustion

considered. Notice that with reference to as, a relation (Ap/pF)2 «<

F-l'8 has been used. This relation was obtained for premixed hydrocarbon-



ailr flames at room temperature and atmospheric pressure using the data
available in Reference 27. Comparing the scaling laws above with Equation
(11), it can be seen that the exponent on U is within the values of a)
specified by the theory. 1In view of the facts that only D is considered
in Equation (11) and the result Lt = D from Chapter III, the theory would
allow a D exponent between 3.5 and 8 as compared with the experimental

value of 2.8. For S the theoretical expectation allows an exponent

L?
between 2 and 5 and experimentally 1.4 is observed. As far as F scaling

. 2 . . .
is concerned, an error of F~ has been noticed in the autocorrelation

estimation of Reference 17. If this is taken into account, a Fp'2 law

would result against the experimental FO'M law. Thus, the thecretical
estimates of Reference 17 do not fall completely in line with the exper-
imentally generated scaling laws. The basic differences may be attributed
to incorrect order of magnitude estimates made in the theory of Reference
17 with extremely limited knowledge available at that time. The exper-

imental results of this sbudy should prove very useful in clarifying the

differences between the theoretical and experimental scaling laws.



66

CHAPTER IIT
DIRECT FLAME PHOTOGRAPHY

The decomposition of combustion noise scaling rules can be in part

achieved by a direct flame photographic technique. From Equation (4),

pe[av ) [c(z.9 o (@ (15)

v Vd

where C is an autocorrelation of the reaction rate and Vd is a correlation
volume. The second integral is over V, the reacting volume, which is of

interest to this study. It is furthermore shown that the order of mag-

nitude of Equation (15) may be expected to be given by
Px vy V., C (16)

where C is an order of magnitude estimate of C. The reacting volume is,
therefore, a fundamental quantity in establishing the scaling laws for
combustion noise. The scaling laws on reaction volume directly affect

the scaling rules for combustion noise. An investigation of the parametric
behavior of the flame volume is, therefore, a useful step in understanding
the origin of combustion noise. A theoretical evaluation in Reference 17
deduced an analytical expression for the order of magnitude of the

reacting volume based on physical reasoning. Three different models of
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turbulent combustion were considered. The analytical expression developed

was

v = x U* p°

¢ _d ,e ,f
8, F &t J (17)
where V 1s the flame volume, U is the mean flow veloelity, D the burner
diameter, SL the laminar flame speed, F the fuel mass fraction, &t the
turbulence length scale and J the relative intensity of turbulence. X,

a, b, ¢, d, e and £ are constants. Depending upcn the model of turbulence

chosen the exponents would take the values as shown in Table 5.

Table 5. Scaling laws on Reacting Volume from Strahle's Theory

Exponents on

U D S F oA J

L t

Model of Turbulent Combustion a b ¢ d e f
Wrinkled Flame (WF) 1 2 -1 01 0
Slow Distributed Reaction (SDR) Il 2 20 % £
Fast Distributed Reaction (FDR) 1 2 -1 0 1 0

Thus having established the importance of analyzing the flame
volume in the development of the theory of combustion noise a need of an
experimental study of the subject became evident. If the scaling laws
could be experimentally determined for the turbulent flame volume and
compared with the theoretical predictions of Reference 17 a substantial

improvement in the understanding of scaling lesws for combustion generated
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noise would result. Also, an investigation of this kind would answer,
at least partially, questions on the turbulence structure in the reaction
zone.

An experimental program was therefore developed to decompose the
scaling rules for the flame volume. Spectroscopic studies28 of hydrocarbon
flames have shown that the luminosity of the flame brush is due to the
emission of active radicals like CH, C2 and OH in the reaction zone. Since
these active radicals are present only in the active reaction zone, the
volume of the combustion region can be obtained by direct photography
viewing the flame through an optical filter centered on the radiation of
a particular radical. The volumes could be measured by tracing out the
density curves on a microdensitometer.

The technique of direct photography is fast, direct and simple
compared to methods where thermocouples are used to estimate the extent
of the reaction zone. 1In fact, the direct photography method is free
from the errors due to the presence of the probe in the flame and the
positional inaccuracy of the probe caused by vibrations and deflections
due to aerodynamic forces29. An evaluation of the accuracy of the photo-

graphic method will be done at a later stage in this chapter.

Dimensional Analysis

Dimensional analysis is based on the fundamental requirement of
dimensional homogeneity in a physical equation. If it is possible to
recognize all the parameters that affect a physical quantity, dimensional
analysis can provide an insight into the parametric behavior. The func-

tional form, however, cannot be determined by the dimensional analysis.
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Following the arguments of Reference 17 it is reasonable that the param-
eters that can affect the reacting volume V are: flow velocity, U, burner

diameter, D, laminar flame speed, S turbulence velocity 1n the axial

L’
direction, u/, turbulence length scale, Lt’ and finally the fuel mass

fraction, F, which is already nondimenslonal. Thus over a limited range

of the independent variables it is fair to assume

v =x o " SILlqu LEF (18)

Here, since the fundamental dimensions involved are only length and time
and there are six unknowns to determine, there will be four nondimensional

groups. By dimensional reasoning the following V dependence i1s obtained

Lo ), @), (), 5 s

Any further explanation based on Equation (19) will be deferred until

after the experimental results are presented.

Experimental Procedure

The burners and flow systems used have already been explained in
Chapter II. The flame 1s photographed using a Graflex Speed Graphic
Camera and 4" x 5" black-and-white panchromatic film. An optical filter
centered on the CH radiation (4315%) is used in this work since CH is one
of the predominant components in the emission spectra of these flames.

More importantly, however, it is found from Reference 30 that the spectral
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intensity of CH emission is much more pronounced than any other in fuel
lean flames of propane-air. Thus, CH emission is more appropriate for
determining the reaction volume since a majority of the experiments were
planned using this fuel.

The filter used in this investigation has a half peak transmittance
bandwidth of about 500 A and a peak in the vicinity of 4300 &. The flames
are photographed inside an anechoic chamber since these experiments are
done parallel with the acoustic measurements. As far as optical studies
are concerned the anechoic chamber serves to prevent extranecus drafts
around the flame and also eliminates stray light when photographs are
being taken. A microdensitometer is used to measure the image of the
flame recorded on the photographic negative.

Measurement of the Flame Volume

A turbulent premixed flame stabilized at the end of a burner tube
has a luminous zone contained between fairly well-defined inner and outer
cones. Although the inner and the outer cones of the flame are qualita-
tively simple to visualize, a quantitative study requires that certain
criteria be adopted for the flame volume computation. In this study, it
was decided to fix the outer boundary of the flame by defining it as
the surface which has an intensity 0.1 Imax’ where Imax is the maximum
intensity recorded on the photograph. The definition of the inner cone
presents additional difficulty since it is viewed through a part of the
flame brush by the camera lens. A reasonable estimate is obtained, how-
ever, by considering the inner cone to be defined by the peaks in the
densitometer trace. TFigure 23 clearly explains the procedure adopted.

In order to obtain the volume of the flame the densitometer traces were
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taken at various short distances along the length of the flame. From the
traces the inner and outer radii were measured as shown in Figure 23. The
volumes of the outer and inner cones between the adjacent sections were
computed as truncated cones. The difference between their volumes gives
the reaction volume between the two measurement sections. The total flame
volume is then cbtained as a simple sum of all such elemental volumes.

At this stage, it should be realized that an analysis of this kind
does not yield the true volume of the reaction zone in a strict sense; but
such an analysis is capable of furnishing acceptable scaling laws when

the criteria set forth are consistently adhered to in all the tests.

Experimental Results

Acoustic Center Location

The determination of the location of the acoustic center was one
of the important contributions to the acoustic measurements. Earlier it
has been stated that the volume of the flame was computed as a simple
arithmetical sum of the elemental volumes between varicus longitudinal
sections. These elemental volumes were divided by the corresponding
elemental length of the flame to obtain the volume per unit length which
is plotted as a function of the flame length. Figure 24 shows two such
plots. The acoustic center corresponds to the location of the maximum
volume per unit length in the flame. The results of many experiments
showed that the fraction of flame length at which the maximum volume per
unit length occurred could be expressed as a function of equivalence ratio
¢ alone. This result simplified the task of determining the acoustic

center to one of measuring the length of the flame. The relationship
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between ¢ and fraction of flame length measured from burner port at which
the acoustic center is located is shown in Figure 25. Figures 26(a), (b)
and (c) present some data on the length of the flame which could be used
in the determination of acoustic center. It is interesting to note that
the flame length increases as only U% (Figure 26(a)) and as DO‘6l+ (Figure
26(b)) . Further, the flame length achieves a minimum near stoichiometric
mixtures as seen on Figure 26(c). This is simply a reflection of the fact
that maximum laminar flame speed (and hence the turbulent flame speed) is
obtained for conditions near stoichiometry.

Flame Volume Scaling Laws

The behavior of the flame volume with burner diameter is shown in
Mgure 27. It can be seen that the flame volume increases as the cube of
the burner diameter. Table 5 (page 67) shows that both WF and FDR models
of Strahle's theory can explain this result if the turbulence length
scale &t is proportional to D. In cold jet flows it is known that the

31

turbulence length scale is provortional to the Jjet diameter The result

V= D3

therefore presents a strong possibility that the turbulence length

scale in the reaction zone is also proportional to the burner diameter.

In Figure 27 the effect of SL has not been eliminated from the data points.
Figure 28 presents the flame volume as a function of the mean flow

velocity of the reactants in the burner tube. Based on the result of

Iigure 27 a D3

correction has been applied to the flame volume so as to
take care of the diameter effect and allow a simple graphical correlation.
The flame volume 1s seen to scale linearly with flow velocity, which is

in accord with the theories of Reference 17. Again on this plot the

effects of SL and F have not been considered. The tendency of the ethylene
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data points to remain below those for propane is an indication of the

inverse scaling of V with 8 Following the procedure adopted to get

L
scaling laws for acoustic power and peak frequency by regression analysis
the volume scaling laws were also deduced.

Using 39 different tests on the three burners and the three fuels

at various equivalence ratios between 0.6 and 1.0 and velocities from 50

fps to 600 fps the following relation is obtained:

Vo= 3.b ox 103 UO'87 p3+? 8“0'85 F2'8

!/ s A
L (20)

3

where V is in ft, U is in ft/sec, D is in ft and S. is in ft/sec. The

L
analysis of the errors due to the fit obtained in Equation (18) gave a
mean error of 3.2% with a standard deviation of 29%. The maximum error
was 82%. The rather high standard deviation of the error distribution
was not unexpected. Any linear inaccuracy in linear dimensions on the
photograph shows up cubed in volume computations. The important aspect
of this analysis, however, is not the accuracy of measuring the reaction
volume but rather obtaining the scaling laws. It has been noticed that
the exponents on U, D, SL and F obtained from the regression fit are
quite stable in as much as the exponents varied very little when the
number of tests used for the fit was varied from 14 to 39, the tests
being picked at random. Thus, it is reasonable to assume that good
statistical stability is attained for the results of the correlation of

interest.

The scaling laws obtained from Egquation (20) fall in line with
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those deduced from Figures 28 and 29. The scaling on SL is in favorable
agreement with the estimates of Reference 17.

However, Reference 17 does not allow for any dependence on F
while experimentally there is quite a strong cubic dependence. It is as
i1f each linear dimension were being increased in proportion to the tem-
perature difference across the flame, since the temperature difference
is roughly proportional to F (Reference 27). There is no apparent reason
for this dependence. Although a dependence upon F to the first power might
be reasoned through a temperature (density) effect upon &t, the cubic law
is puzzling. Since only relative photographic intensity and not absolute
intensity is being measured, this cannot be a radiation intensity effect.

Referring back to Equation (17) from the dimensional analysis a
comparison of the experimental data with the nondimensional equation

3 dependence can only be explained if

can be made. An experimental D
{% % D. This independently confirms the earlier deduction that the
turbulent length scale should be proporticnal to the burner diameter.

Further, the exponents on U and S, obtained in Equation (20) are 0.87

L
and -0.85, respectively. This shows that the U and the S, effects mutually

L

balance in Equation (19) . Thus, a dimensional homogeneity can only be
achieved when ul/U is a constant. This result implies that the turbulence
intensity in the flame is relatively independent of the other scaling
parameters. Since it is known for fully developed pipe flow that u'/U

is a constantBO, this analysis tends to support the statement that the
turbulent intensity is not affscted by the flame. The conclusion to be
reached on the turbulence structure in the reaction zcne 1s therefore

that there is no major modification to the turbulence structure due to

the flame.
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Comparison With Acoustic Power Scaling Laws

It 1s now possible to compare the flame volume scaling law of
Vi UO'87 D3'2 S£0'85 FQ'8 with the acoustic power scaling law of Equation
(11) . As was expected in the theory, the flame volume does partially
explain the scaling laws on acoustic power. Both flame volume and the

3

acoustic power scale to about D~ with burner diameter. This shows that
almost all the diameter effect perhaps comes from the scaling of reacting
volume. The reacting volume accounts only partially for the velocity
scaling. This is in accord with the expectations of Reference 17. The
scaling law on SL in flame volume tends to lower the SL exponent for
acoustic power radilated. As has been discussed earlier the F scaling
remains unexplained at this time.

7

Summarizing the comparison with Strahle's theoryl , 1t can be
obgerved that the expression deduced for far field acoustic radiation

in the term of Equation (3) appears to be satisfactory, considering the
experimental results of References 8 and 9. Further, estimates of reaction
volume are gquite satisfactory except for the F scaling. Thus, the order

of magnitude estimates of autocorrelation function of the time derivative

of the reaction rate and the correlation volume can be suspected to be

incorrect.

Concluding Remarks

A comparison of the predictions of the combustion noilse theory of
Strahle with the experimental results has shown that the theoretical
estimates are reasonable. Summarizing the findings, the following con-

clusions can be drawn:
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1. The direct photography technique has been shown to be a useful tool
in decomposing the scaling rules of combustion noise.

2. The turbulence length scale in the reaction zone has been shown to be
proportional to the burner diameter.

3. The preference for WF and FDR models has been established. Since
both these theoretical models yield the same scaling laws for the flame
volume, it is not possible tc judge the superiority of either of the two
models by this method.

4. An evaluation of the experimental findings with the results of
dimensional analysis has demonstrated that the turbulence structure is

determined primarily by the pipe flow process and not by the flame.



82

CHAPTER IV

CONCLUSIONS

A comprehensive study of the radiation of noise from open turbulent
flames has been made. The study has shown that combustion noise predom-
inates over the range of experimental results obtained and that it differs
from jet noise in terms of scaling laws, directionality and spectral
content. Summarizing the results of this investigation it can be concluded
that:

1. Combustion noise predominates over jet noise even for flow velocities
as high as 600 fps.

2. The combustion noise from open turbulent flames 1s weakly directional.
The directionality behavior can be qualitatively explained by refraction
and convection effects of Strahle's theory.

3. Combustion noise is a low frequency broad band radiation with a single
peak. The peak frequency for premixed flames was obtained in the form

fc x U'O':L8 83'53 DO'08 F—O'69. However, for all practical purposes it may
be sufficient to consider combustion noise to peak in the 250-700 Hz
range for hydrocarbon fuels burning with air as the oxidizer.

4. Acoustic power has been found to follow the law P & U'2'7 D2'8 Si'h

0. . . .
F h. An empirical expression from which acoustic power can be directly
obtained has been generated by regression analysis of the experimental

data.

5. Thermo~acoustic efficiency has been shown to follow a nta o Ul'7 DO'8



a3

1. _-0.6
SL 1)

obtained showing that noise cutput from high veloeity flames could be

. -6
law. For a 600 fps flame an nta as high as 10 ~ has been

appreciable.
6. A direct flame photography technique has been shown to be a useful
tool in analyzing combustion noise scaling laws. The flame volume has

been shown to scale as V °‘(U‘/SL)D3.

This study has shown that turbulence
in the flame is primarily decided by the pipe flow process.

7. Comparison of experimental results with Strahle's theory has shown
that the theoretical solution to the noise problem is reasonably good.

The order of magnitude estimates for flame volume are satisfactory.
However, the order of maghitude estimates for the autocorrelation function

of the time derivative of the reaction rate and the correlation volume

appear to be incorrect leading to poor overall scaling laws.
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ABSTRACT

Experiments on ncise radiation from open turbulent premixed
flames are described. Detailed directionality distributions, scaling
rules for accustic power radiated, thermo-acoustic efficiency and
spectral content are presented and discussed. Scaling rules for reacting
volume are generated by a direct flame photography technique; the
reacting volume is shown to be directly related to the sound power output.
Combustion noise is shown to be broad band noise with a single spectral
peak in the range 250-700 Hz for hydrocarbon-air flames. The direction-
ality is quite weak. The sound power output scales with flow velocity
tc an expcnent of 2.7, with burner diameter to an exponent of 2.9, with
laminar flame speed to an exponent of 1.2, and with fuel mass fracticn
to an exponent of 3.0. The results are examined in the light of the

theory of combustion noise.
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SUMMARY

Combustion noise has been recognized as a possible major contri-
butor to the overall noise from aircraft turbopropulsion systems and
industrial furnaces. A review of the literature shows that combustion
noise generation is little understood. All the theoretical analyses have
been inadequate due to lack of clear understanding of the mechanism of the
turbulent combustion process itself. The body of experimental data avail-
able does not cover the range of flow velocities typical of turbopropul-
sion systems. Further, in most cases, scaling laws for acoustic power
radiated have been based on the assumption of spherically symmetric noise
emission, although, combustion noise is known to be weakly directional.

This report describes experiments conducted on open turbulent
premixed flames designed to overcome the above shortcomings. A simple
burner configuration is used to enable rational interpretation of the
experimental results and thus provide useful information toward a
systematic approach to noise reduction problems.

Experiments are conducted in an anechoic chamber on pilot-flame
staebilized, turbulent flames at the end of burner tubes of diameters
0.402" - 0.96". Flow velocities up to 600 ft/sec and fuels propane,
propylenesand ethylene with air as the oxidizer are employed. Mixture
ratios ranging from fuel lean to stoichiometric are used. The study of
nolse generation is done primarily through acoustic measurements where
scaling laws for acoustic power radiated, thermo-acoustic efficiency,

spectral content and directionality are deduced from sound pressure



measurements made by an array of condenser microphones. The acoustic
experiments are supplemented by the scaling laws on reacting volume gen-
erated by a direct flame photography method.

Combustion noise is shown to be weakly directional. Comparison with
Strahle's theory shows refraction of sound at temperature discontinuities
to be the possible explanation of the directionality results. The spectra
of combustion noise show a broad band noise radiation with a single peak
in the 250-700 Hz freguency range. The scaling law for peak freguency is

0.2 _-0.08 0.45 0.31

obtained in the form fc « U D 3 F

1, where U is the flow

velocity, D is the burner diameter, 3. is the laminar flame speed and F

L
is the fuel mass fraction.

2. 2. 1.2
Acoustic power radiated is shown to scale as P = U 7 D 7 SL

730

Frrors involved in obtaining the scaling law are discussed. A
thermo-acoustic efficiency as high as 10—6 is observed for the 600 ft/sec
flame, indicating that noise generation from high speed flames can be
appreciable.

Detailed scaling laws on flame volume obtained by a direct flame
photography methed are shown to be guite useful in decomposing combustion
noise scaling laws. Flame volume studies show that turbulence structure
in the flame is primarily decided by the pipe flow process and not by
the flame. The results of the overall program are compared with existing
thecries and other experimental results. The comparisons with Strahle's
theory show that the thecretical solution of the noise problem is rea-

scnable but that some of the order of magnitude estimates need modification

before satisfactory scaling laws can be obtained from the theory.



CHAPTER I

INTRODUCTION

General

"Noise is unwanted sound.'" Noise produces annoyance, decreases
efficiency and can impair hearing. With increasing population density
around airports and military airfields, aircraft noise has become a prob-
lem of primary concern. The problem is further enhanced by the expected
increases in both number and size of aircraft in military as well ag
commercial applications.

It is a well known fact that turbulent combustion generates noise
and that most of the combusticn processes in practice are turbulent. A
substantial portion of the noise, in aircraft using turbo-propulsion
systems, could be due to combustion in primary combustors and after-
burners. In the case of afferburning turbojets and turbofans a substantial
portion of the basic engine noilse could originate from the afterburner
combustion process, and for "quiet" lifting fans a large contributor
to the noise could be the primary gas turbine combustors. In industrial
furnaces combustion roar is a primary source of noise.

Noise suppression could be achieved either at the source or by some
treatment of the medium separating the source and the environment. The
merits of decreasing the noise at the source are easily recognized. 1In
order to attempt reduction of combustion noise at its source a detailed
study of the mechanism of noise generation is essential. Also, radiation
characteristics from the source would be essential to devise methods to

control the noise by the use of acoustic baffles and sound absorbent



liners.

Literature Review

The subject of combustion noise has received very little attention
in the literature. The mechanisms of generation and radiation have not
been understood to any appreciable extent. Although combustion generated
noise itself is nothing new, the study of it is of a recent nature.

At the outset, it can be seen that all the theoretical studies were
restricted by the lack of a clear understanding of the mechanism of
turbulent combustion. On the experimental side, a serious limitation has
been noticed as far as acoustic power calculations. Except in a very
few cases, the scaling laws for acoustic power radiated were obtailned
from a single-microphone sound pressure measurement and the assumption of
gpherical symmetry. This could lead to incorrect power scaling laws
gince the combustion noise, in almost all the experiments, was found to
be directional, although weakly so. Also, a substantial amount of ex-
perimental data available in the literature is for particular burner
configurations, thus tending to make the task of deriving general scaling
rules almost impossible.

In a theoretical study of the interaction of a free flame with a
turbulence field,TUckerl showed that appreciable noise generation could
result in the region of interaction. He alsc showed that the intensity
of noise generated would be a strong function of the laminar flame speed.
No expression for acoustic power radiated was derived in this work.

Bragg2 developed a theory based on the wrinkled flame concept of

turbulent flames. The theory predicted the mechanism of turbulent com-



bustion noise generation to be due to a distribution of monopole-like
sources in the reaction zone. Thermo-acoustic efficiency, a measure of
the total energy of the flame converted into acoustic radiation, was
shown to vary as the square of the flow velocity.

At about the same time, Smith and Kilham3 presented experimental
data on noise produced by open premixed turbulent flames. The burner
sizes varied from £" to 2" in diameter with flow velocities up
to 350 ft/sec. Gaseous fuels ethylene, methane, propane, and propylene
were used with air as the oxidizer. It was cobserved that the acoustic

power radiated was proportional to (UDS 2 where U is the flow velocity,

)
D the burner diameter and SL the laminar flame speed. A more detailed
workL¥ showed that the scaling with SL could vary between 0.6 and 3.4
while the scaling with respect to D and U was quite precise. However,
except for scaling with respect to U, the scaling laws were inferred

from sound pressures measured at the 900 microphone. The results of the
experiments for directionality showed that the noise generated was weakly
directional (~ 3 db) and that the directionality pattern systematically
changed with the flow velocity. The maximum sound pressure was found to
occur at angles of 50° to 80° to the flow direction.

Smith and Kilham cbserved the combustion noise to be a broad band
noise with a single pesk in the range of 250-500 Hz. The peak frequency,
in general, was found to increase with the flow velocity. The rate of
increase with velocity, however, was different for different fuels. The
thermo-acoustic efficiency, tke ratio of acoustic power radiated to the
total energy per unit time released by combustion, varied between 10~

and 10_7 (thermal inputs of 1-7 kw) and was found to increase linearly



with flow velocity. Since ethylene flames showed higher efficiencies
almost twice those for propylene, it was concluded that fuels with

higher S_ were more efficient sound generators.

L

A study of the noise of diffusion flames was reported by Kotake
and Hattas. Based on an analysis using the conservation equations and
upon examination of diffusion flames structure,an acoustic model contain-
ing a distribution of monopole and dipole sources in the reaction zone
was postulated. The theoretical analysis would allow an acoustic power
scaling of UED3 in low velocity flames and a scaling of UMD3 in high
veloclty flames. Experiments conducted with equivalence ratios of 1, 2,
and 3, over a rather narrow velocity range of 9 m/sec to 23 m/sec, were
shown to substantiate both the scaling laws. The frequency spectra were
flat at lower freguencies and dropped off at higher frequencies. These
frequency spectra were quite unlike the spectra reported by other inves-
figators which always exhibited a recognizable peak and amplitude fall
off on both sides of the peak frequency. Once again, the scaling rules
depended on the measurements at a single microphone location. No detalls
are available as to the acoustic environment for these experiments. The
burner sizes were 6.8 mm to 21L.8 mm. The flames were stabilized at the
end of convergent nozzles in contrast with those of Reference 3 where
fully developed pipe flow existed at the burner exit.

Bollinger et al6 could recognize the presence of combustion nolse
in rocket motor exhaust noise when operating fuel rich. They experimented

upon a 500 1b-thrust RPL-LOX motor and noticed a predominant component of

noise in the low frequency range (~ 500 Hz) when the rocket motor was



fired with excess fuel. The suthors concluded that the combustion of the
unburned fuel in the atmosphere outside the nozzle is the most likely

source of this noise.

An entirely new line of approach to the study of combustion noise
resulted due to the experiments of Thomas et g&?. They found a one-to-
one correspondence between the instantaneous rate of change of the radius
of the flame front and the pressure for spark ignited combustible gases
contained in spherical soap bubbles. Hurle et §£8 showed that the rate
of change of emission intensity of CH and 02 radicals in the reaction
zone can be used to derive the instantaneous sound pressure generated by
the flame for the spherically expanding flame fronts as well as for open
turbulent flames. Such a correlation implies a direct relation between
the sound pressure and the volume integral of the first time derivative
of the global reaction rate. A good correlaliion was obtained in Reference
8 when the bandwidth of the signals was limited to 50 Hz-1lkHz. Due to
increased noise in the optical system, correlation was poor when higher
frequencies were included. In the computation of the fregquency spectrum
from the optical measurements the signsl to noise ratio was very low and
hence the comparison between the optically and acoustically obtained
spectra should be viewed with reservations. Hurle et al concluded that
the mechanism of combustion noise conforms to the monopole behavior.

The work of Hurle et al was extended by Price et g&? to include
diffusion flames and liquid spray combustion. A good correlation between
the first time derivative of the emission intensity of the 02 radical and

the instantaneous sound pressure was demonstrated in all these cases of

turbulent combustion. The only limitation to this technique was that



there should be no continuum radiation in the flame. The acoustic
radiation from premixed, diffusion and liquid spray combustion was shown
by this study to conform to a monopole scurce distribution. Experiments
using turbulence grids showed that both r.m.s. sound pressures and r.m.s.
values of the time derivative of the emission intensity increase with
turbulence intensity.

Smithson and Fosterlo, in a short paper, reported a thermo-acoustic
efficiency variation with U2 for a Meker burner using town's gas. Flow
ratesof town's gas varied from C.092 to 0.12 litres/sec with air/gas ratios
from 1 to 6. The microphone distance gquoted would be in the near field
for laboratory Meker burners (1 to 2 cm in diameter) and hence the scaling
rules may be in error. The lowest value of acoustic efficiency & 3 x 10_9)
was reported by Powellll for a gasoline vapor primus stove flame.

The burner size was gbout 0.2" in diameter. The freguency peaked in the
300-600 Hz range.

Giammar and Putnaml2 have studied the noise generated by pure
diffusion flames. Two burner configurations, axially impinging jets and
an "octopus"” burner, were used. Flow rates were as high as 12 SCFM in
the case of the octopus burner. The only drawback of this extensive body
of data on pure diffusion flames is the complicated burner configuration.
Scund power scaled with firing rate tc an exponent of 1 to 2; a thermo-

7

acoustic efficiency as high as 6 x 107 ' was obtained for the impinging
jets. In all the experiments the peak frequency was found tc be in the
range 300-500 Hz. In a recent paperls, Giammar and Putnam have presented
the results of some experiments on premixed fuel rich flames on commercial

burners of sizes 12", 13" and 2". IHeat inputs were of the order of 0.25



to 0.69 million BTU/hr (75-200 kw) . Both single burners and burners in
pairs showed that sound power varies, in general, as the square of the
firing rate. The experimental data showed a tendency to follow an
exponent slightly lower than 2.

Further experiments on diffusion flames were reported by Knottlu.
Hydrogen and ethylene were burned with air and oxygen. Co-flowing jets
and impinging jets configurations were studied. A volume of experimental
data has been presented but in a manner very difficult toc interpret. Flow
velocities were 250 fps to 1000 fps. The thermo-acoustic efficiency was

found to be in the range lO_8to 1077 and it varied as @, for co-flowing

f

Jets, l/rhf for impinging jets and as m3 for the premixed case. Here, m

f f

is the mass flux of fuel. The highest value of thermo-acoustic efficiency
of 2 x lO_5 was reported for the ethylene-oxygen flame. The hydrogen-
oxygen system had a cold flow peak frequency of 6000 Hz and the correspond-
ing combustion noise peaked around 2000-4000 Hz. For the ethylene-air
system (Re. No. 50,000) the combustion noise had a peak in the 600-900 Hz
frequency range. The burner sizes for co-flowing jets were 1.835 cm diam-
eter for the oubter tube and 0.813 cm and 0.391 cm for the inner tube. For
the impinging jet burner both the ftubes had the same diameter, 1.303 cm,
0.8079 cm or 0.4981 cm.

See’boldl5 has reported noise data obtained from a full scale test
furnace as well as from process plant furnaces. The heat release varied
from 1-10 million BTU/hr. The corresponding fuel flow rates would be
roughly 10-100 SCFM. Power output was found to scale with the square of
the heat release. The frequency spectra were found to peak in the 125-

500 Hz range.



16,17,18

The three papers by Strahle perhaps form the most extensive

theoretical analysis on combustion noise. A rather detailed description
of this work is given here because of the particular significance of the
prediction from Strahle's theory of combustion noise to the experimental
program described in this report.

19,20

Following the classical method of Lighthill in his work on

aerodynamic noise, Strahle's theory starts with (Reference 16)

as the wave equation describirg the noise generated from a region under-
going turbulent fluctuations. Physical arguments were presented to show
that the appropriate source term FS for the case of combustion noise 1is
given'by—aip . With this source term the solution to the wave equa-

XX
tion was shown to be

where V corresponds to the volume undergoing turbulent combustion where
p is dominated by turbulent fluctuations and not by the acousties. Further

developments of the solution gave the important result (Reference 17)

Hp
_y -1 1 r _r
p = T - | (r .t - ) dv ({O) (3)
Ta rp v 0
o)



where w, is the time derivative of the global reaction rate. This showed
that regardless of the turbulence structure and whether or not the flame
is of premixed or of diffusion type, the far field acoustic density (or
pressure) is proportional to the volume integral over the reacting volume
V of the time derivative of the global reaction rate. With this result
Strahle's theory could explain the one-to-one correspondence established
between the optical and acoustic emissions by the experiments of References
8 and 9.

In Reference 17, considering the particular case of premixed, fuel
lean flames, an expression was developed for the acoustic power P radiated

from a region undergeing turbulent combustion in the form

(Ap/po)2
- — [av ) [ete.0 @ @ )
p a Lmp V \'[
O © a

P

where AP represented the density change across the flame, F the fuel mass
fraction, ¢ an autoccorrelation of the time derivative of the reaction rate,
V the reacting volume and Vd a correlation volume.

Strahle has shown that scaling laws for acoustic power can be ob-
tained from the above equation by making crder of magnitude estimates for
the quantities involved. 8Since the order of magnitude estimates would
very heavily depend on the model of turbulent combustion used in Reference
17 the scaling laws were deduced for three possible phencmenclogical

models of turbulent combusticn, namely, a) wrinkled flame, b) slow dis-

tributed reaction and c) fast distributed reaction. A similar analysis
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was made in Reference 18 for the scaling laws for diffusion flames.
Strahle's theory recognized flow velocity U, laminar flame speed SL,
burner dimension D, fuel mass fraction F, scale of turbulence &t’ and
intensity of turbulence J as the important parameters in the study of
combustion noise. Further, it was predicted that acoustic power radiated

could be expressed by a law of the type

a. a, a. au a

a
PP 6 (5)

where the prefactor K and the exponents a

15 s a6 are constants. Ref-

erence 18 studied the effects of convection and refraction on the direc-
tionality of combustion nocise and showed that the observed directionality
of combustion noise could be explained qualitatively by these effects but
the quantitative agreement with existing experiments is poor.

Kushida and Rupegl, in an investigation of the effect on supersonic
jet ncise of nozzle plenum pressure fluctuations, observed that pressure
fluctuations in the plenum chamber of a supersonic nozzle can strongly
increase the noise radiated from the jet plume. Since some appreciable
pressure fluctuations do exist in turbojet engines, the authors conclude
that the reduction or elimination of plenum chamber pressure fluctuations
may be an important method of reducing the total noise from jet engines.

A similar result was obtained by Abdelhamid EE_EEEE. They found
a good cross correlation betwesn the pressure oscillations in the combustor
and the far field sound pressure. A 3-inch combustor with a 2-inch nozzle

was used in this study. The major conclusion reached was that a large
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portion of the far field noise due to jet aircraft could be from the
combustors.

The literature survey leads to the following conclusions:
1. Combustion ncise exists as an identifiable phenomenon in many practical
systems.
2. In almost all the configurations, combustion noise occupies the lower
range of the frequency spectrum; a typical range is between 150-500 Hz.
3. The acoustic power radiated is found to scale with U to an expcnent
between 1 and 4, with D to an exponent between 2 and 3 and with SL to an
exponent between 0.6 and 3.4. This represents a very wide variation in
the scaling rules, thus making them virtually useless. TFurthermore, many
of the power scalings in the literature were based on single microphone
measurements and the assumption of spherical symmetry. This could give
migsleading results because of the weak directionality of the combustion
noise. Also, only a few of the reported experiments were conducted in
an anechoic enclosure. Finally, the choice of independent variables with
which to derive scaling laws has been insufficient.
4. Very little work has been done on the directionality of the acoustic
radiation. A systematic correlation of the spectral content with the
flow variables and the chemistry has not been attempted in any of the
existing experimental results.
5. The theories of References 16, 17 and 18 can, with experimental sup-
port and verification at various stages of the theoretical solution, yield
useful scaling rules for the acoustic power, spectral content and direc-
tionality of the combustion generated noise.

6. Without firm scaling laws it i1s impossible at this point to quan-
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titatively estimate the true importance of combustion noise to the total

turbopropulsion noise problem.

Ob jectives of Research

The literature survey points out a need for further experimentation
in the area of combustion noise. The experimental results, in order to
be applicable to turbopropulsion systems of aircraft, should be obtained
at velocities comparable to those found in afterburners (~ 600 ft/sec) .
Alsc, in corder to get a true indication of the acoustic radiation from
the flames all the experiments should be conducted in an anechoic chamber
so that free field conditions can be closely approximated. The sound
pressures should be measured at various azimuthal positions around the
flame and then integrated for power radiated. A detailed directlonality
study should be made. The scaling laws for spectral content should be
generated.

The cbjectives of the experimental program were decided by the
needs expressed above. However, only the case of open turbulent flames
would be considered because of the simplicity of the burner configuration.
The objectives can be listed as follows:

1. +to conduct nolse experiments on three burners iIn an anechoic chamber
to flow velocities of 600 ft/sec using both fuel lean and fuel rich
mixtures. These experiments will be called "Acoustic Experiments" and
are designed to yield scaling laws for acoustic power, thermoacoustic
efficiency, and spectral content. Detailed directionality information
will alsc be obtained.

2. to analyze the scaling rules for the volume of the reaction zone.
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These experiments will be entitled "Direct Flame Photography" since direct
flame photography techniques will be employed in reducing the scaling
laws. The analysis of the reacting volume will provide an independent
diagnostic check for Strahle's theory of combustion noise.
3. to compare the experimental findings with the theories of References
15, 16 and 17, and
. to present the results of the investigation in a form useful to the
practicing engineers.

Thus, it 1s believed that this study would lead to a better under-
standing of the mechanism of generation of combustion nocise and provide

useful scaling rules for the noise generated by open turbulent flames.



14

CHAPTER IT
ACOUSTIC EXPERIMENTS

The experiments conducted, to determine the scaling rules for
acoustic power, thermo-acoustic efficiency, spectral content and direc-
tionality of combustion noise generated by cpen turbulent flames estab-
lished at the end of burner tubes, are described in this chapter. The
measurements are made in the far field since near field information would
be too complicated by the phase relationships to be of any real value.
Also, theories exist, e.g., References 16, 17 and 18, which enable a study
of the mechanism of noise generation based on experimental far field
information. In addition, the far field measurements are of practical
significance in evaluating the noise radiation from sources.

Based on an analysis of the literature, the parameters that affect
the noise generation from turbulent flames can be recognized as: U, the

flow velocity, D, the burner size, S the laminar flame speed, F, the

LJ

fuel mass fraction, 4,, the scale of turbulence, and J, the intensity of

t’

turbulence. In this chapter only U, D, SL and I are considered since no
effort is made to devise methods to vary the turbulence intensity inde-
pendently. The experiments are designed so that only one parameter is

varied at a time. However, 8. and F can not be varied independently of

L

each other using the same fuel, but combinations of mixture ratios and

fuel can be worked out so as to vary either 8. or F independent of the

L

other. Since the scaling rules sought for can be obtained by regression



analysis even when both the parameters vary at the same time, equivalence
ratio ¢ was used as one of the parameters. Equivalence ratio is defined

as the ratio of (fuel/air) to (fuel/air) In order

actual stoichiometric’

to identify the various tests conducted the following notation is used.

P _— 100 e 0.8 o 1
Burner
Puel Diameter
P = Propane Flow Equivalence 1 = 0.ho2"
Velocity Ratio
E = Ethylene In Ft/Sec 2 = 0.652"
Py = Propylene 3 =0.96"

In this report results of only premixed flames are presented.

Anechoic Chamber

A 13" x 10" x 6' - 6" (working space) anechoic chamber was built
in the Aerospace Propulsion Laboratory in order that acoustic measurements
be made in conditions close to free field. The chamber would also serve
the secondary purpose of preventing drafts arcund the flame. Figures
1(a) and (b) show the basic construction details of the anechoic chamber.
The two walls of the room formed two outer walls of the chamber. The
other two walls were constructed with 8" dry gypsum wall stuffed with
fiberglas. The basic acoustic insulation was provided by 18" thick
fiberglas and a 3" air space between the walls and the fiberglas insula-
tion. The density of fiberglas used was roughly 0.6 lb/cft. The floor
and the ceiling were also covered with 18" thick fiberglas although no

air gap was provided. A grating floor, provided in the chamber, was
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supported on a metal structure. The supporting structure was mounted
on =" rubber pads to isolate structurally carried vibrations to some
extent.

The chamber has two windows (1' x 1') so as to keep a close watch
on the flame. A hinged door, also with the same thickness of insulation
as the walls, provides an entry into the working area. A hydrogen
detector has been installed in the ceiling.

The ventilation to the chamber is provided by a blower. The air
from the blower passes through a long acoustic duct work and enters the
chamber at one of the lower edges. FExhaust ducting with a long and
tortuous passage is provided at the opposite edge of the chamber.

The anechoic chamber was tested with an acoustic driver as the
source at various discrete frequencies and was found to be reasonably
anechoic, in the frequency range of 125 Hz to 5000 Hz, for source to
microphone distances of up to 5 ft (Figure 2). However, the ventilation
blower was observed to produce low frequency oscillations in the sound
meter readings, especially when the sound pressure levels being measured
were of the order of 60 db re.0.0002 u bar (10-200000 Hz linear). Also,
at this level, it was noticed that the external disturbances, such as the
laboratory compressors, the air conditioning system, and the noise due
to the flourescent tube ballast could add up to 0.5 to 2 db to the
measured sound levels inside the anechoic chamber. This suggests that
the experiments should be done when all these external disturbances are
not operating. The reasons for the appreciable influence of the external
disturbances in the anechoic chamber are 1) the chamber is not structurally

isolated from other parts of the building, and 2) the walls are made of
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light-weight construction and are thus fairly inefficlent in the preven-
tion of sound transmission through them. In any case, the chamber was
designed to have inner walls which are efficient in absorbing the incident
sound waves and tests have shown that the purpose has been achieved.

The anecholc chamber has a typical background noise of 52 db re.
0.0002 W bar (10-20000C Hz linear). The spectrum of the background noise

was nearly flat from 100-10,000 Hz.

Burners and Flow Systems

The burners used in this study have been constructed from coaxlal
tubing of circular cross section held together by 'Swagelok' heat ex-
changer T-joints as shown in Figure 3. The mixture of reactants flows
through the inner tube and hydrogen for the stabilizing diffusion flames
flows through the annular space between the tubes. The burner sizes are
0.402", 0.652" and 0.96" in diameter. The sizes quoted here are the
inner dlameters of the central tube which determines the size of the
flame. The size of the annular gap is less than 1/32 inch in all the
three cases. The two smaller burners are built out of copper tubing whilec
the largest burner has a stainless steel inner tube and a copper outer
tube. A straight length of 50 dlameters 1s provided for the flow of
reactants preceding the burner port. This ensures fully developed turbu-
lent pipe flow conditions at the burner exit. A mixing chamber filled
with 4 mm glass balls is introduced in the main burner tube just before
the 5C D straight length to ald proper mixing of fuel and air. This
mixing chamber, in addition, serves as a flash-back suppressor. The

burners are mounted in the anechoic chamber with their axes horizontal at
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3 ft above the floor grating and at least 2 £t from the walls.

Figure L4 shows the flow system. Air for the experiments is supplied
by the 1000 ft3 125 PSI Air resorvoir. The flow of air is measured by
two rotameters with overlapping flow ranges. Fuels and hydrogen are
metered by orifice meters; two orifice plates with different orifice
dimensions are used on the fuel metering system to cover the entire flow
range. The control valve downstream of each flow meter is used to intro-
duce the pressure drop requlired to maintain a desired upstream pressure
at the meter, thus vastly increasing the metering range of each flow meter.
Fuels, hydrogen and nitrogen are supplied from gas bottles which are
stored outside the room in a separate gas storage area. A muffler is
provided in the air line to reduce the flow noises. Also, alr leaving
the muffler flows through flexible rubber hoses thereby preventing abrupt
flow turns which generate flow nolses.

The fuel and alr are mixed at a T-joint. The hydrogen line entering
the anechoic chamber is shrouded by nitrogen. Also, both fuel and hydro-

gen lines are provided with nitrogen purge.

Instrumentation

Sound pressures are measured by Bruel and Kjaer type 4134 half-
inch condensor microphones. Five such microphones mounted on stands in
the same horizontal plane as the burner are used. The microphones are
placed at constant radius with respect to burner port and at angular
locations between 15 and 120° to the flow direction; closer than 15° to

the flow directicn would be likely to intrcduce flow noises at the micro-

phone. The outputs of the microphones are directly read out as sound
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pressure levels (db re.0.0002 Wbar) on a Briel and Kjaer type 260k
microphone amplifier, one at a time. They are also amplified by an array
of five WEFF type 122 amplifiers and recorded on five channels of an
AMPEX FR 1300, 14 channel magnetic tape recorder, usually at 30 ips tape
speed. The direct calibration of microphones is done by a Whittaker type
PC-125 acoustic calibrator. In order to provide a calibration reference
for data analysis the sound output from an acoustic driver, producing a
1000 Hz sound and placed under the burner port, 1s also recorded on the
tape. The sound pressure level at each microphone due to the acoustic
driver is read on the microphone amplifier and noted. This procedure
enables the calibration of the entire system directly.

The data acquisition and reduction schematic is shown in Figure
5. It can be noticed that only microphones are placed inside the anechoic
chamber. The microphone signal carrying cablegs are brought out of the
anecholc chamber through a conduit and connscted to the appropriate
instruments. The gpectral analysis of the noise is performed on a Hewlett
Packard type 5645 Fourier analyzer and associated hardware. The spectra
are computed digitally using a fast Fourier transform by the machine.
A multi-gsample averaging technique is used to obtain stable results and
eliminate spurious noise from the signal. The output from the Fourier
analyzer could be observed on the oscilloscope, plotted on an x-y plotter
or printed out on a teletype. In this study x-y plots were preferred

over the other modes of output.

Flame Stgbilization

The flames were stabilized at the end of burner tubes by an annular
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diffusion flame of hydrogen. Smith and Kilham3 have studied the effect

of wvarious amounts of hydrogen flow on the noise generated. According
to their study the optimum amount of hydrogen was found to be between
about 2% to 3%—percent'by volume of the main flow. Before using the
values for the H2 required for stabilization from Reference 3, a test
measurement was made on one of the typical cases. The result of this
experiment is shown in Figure 6. This result is in essential agreement
with the results of Reference 3 and, therefore, in all the experiments
2%-percent hydrogen has been used since this would contrivute the least
te the overall ncise output. Although this quantity of hydrogen was
found satisfactory in most of the experiments, the flames of velocity
greater than 300 ft/sec on a C.402" burner required 5 percent for satis-

factory stabilization of the flame.

Combustion Noise and Jet Noilse

The relative importance of combustion ncise in comparison with
the noise from a pure jet of the same velocity, and also the alir jet
plus pilot flame combination, is presented in Figure 7. The microphone
azimuth of 55° to the flow direction was chosen so as to be somewhat close
to the direction of predominant radiation for all three cases. Combusticn
noise dominates over the entire velccity range from 50 ft/sec to 600 ft/
gec. An interesting observation made during these experiments was that the
hydregen diffusion flame was by itself very quiet. However, when the
main stream of air was turned on the flame would interact with the outer
beundaries of the turbulent Jjet close to the burner exit and enhance the

neise output from the air jet.
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The results shown in Figure 7 can be used to determine the ap-
proximate scaling laws for power radiated 1f, for the present, direction-
ality 1s neglected. The jet ncise appears to follow a Uh law for acoustic
power while combustion noise favors an exponent of 2.8. Because of the
higher exponent on U the difference between the combustion noise and the
jet noise decreases with velocity. Nevertheless, even at 600 ft/sec

combustion noise is predominant.

Sound Pressure Measurement

The sound pressures were measured by a B & K type 2604 microphone
amplifier using 10-200000 Hz linear response with the meter set to slow
response. In most cases, the meter excursions were less than a db and,
in accordance with standard practice23, the arithmetic mean between
the maximum and minimum readings was taken as the sound pressure level.
In doing this any occasional highs and lows of the meter readings should
be neglected.

As explained earlier, the locations of the microphones are deter-
mined with respect to the burner port and the flow direction. For
computation of the acoustic power radiated and the directionality 1t is
necessary to reference the sound pressures measured to the acoustic center
in the flame. Acoustic center is a point within the noise generating
region from which the noise would appear to originate to a far field

h
7

1 .
observer. There is both experimentalS’ and theoretical 7 evidence to
show that the noise emitters in the case of combustion noise are confined

to the visible region of the flame. Thus, it can be considered reasonable

to state that the acoustic center in the flame would be located at the



30

roint of maximum volume per unit length as determined by direct photo-
graphic flame volume meagsurements. These measurements are explained in
detail in the next chapter.

Figure 8 shows sound pressure level distributions along a line
parallel to the flow direction, i.e., parallel to the length of the flame.
The distance between the microphone and the axils of the burner was kept
constant at 9—7/8”. If the noise radiation from the flame were spherically
symmetric the location of maximum sound pressure level would correspond
to the acoustic center. However, since the acoustic radiation from the
flame is weakly directional in the forward 900, the observed meximum will
get shifted towards the flame tip. This shift will depend upon the dis-
tance between the burner axis and the microphone as well. In the light
of these facts the location of the acoustic center cannot be obtained from
Figure 8. The acoustic center locations as decided by direct flame photo-
graphy have been indicated on the sound pressure level traces. It can be
noticed that the acoustic center locations do consistently fall below
the maximum sound pressure level location.

In order to determine whether the calculation of acoustic power
radiated from the flame is very sensitive to the inaccuracies in locating
the acoustic center, certain calculations have been made for three typical
cases. The acoustic power radiated%was evaluated assuming that the a-
coustic center lay at a) the location of maximum flame volume per unit
length and b) the tip of the flame. Table 1 presents the results of
these calculations. Even with a rather drastic shift of the acoustic

center to the flame tip the error introduced is less than 0.h db.

*See page 33 for details.
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Table 1. Errors in Acoustic Power Due to Inaccuracy in
Locating Acoustic Center

Acoustic Power, Watts

R Yo
Test Acoustic Center Acoustic Center Difference
at Max Flame at Flame Tip DB
Volume Per Unit W
Length Location (= 10 logy, ;G?
P-100-1.0-1 0.3650 x 1073 0.3564 x 1073 0.1
P-200-0.8-1  0.1700 x 1077 0.1624 x 1077 -0.2
p-i00-0.8-1  0.1121 x 107+ 0.1030 x 107t -0.38

After having established the location of the accustic center from
flame photography experiments, the measured sound pressures were corrected
for both geometry and magnitude to account for the change in origin. In
the process of calculating the altered values of sound pressures, spherical
divergence was assumed since the measurements are in the far field. To

the corrected sound pressures a polynomisl relation,

suggested by the theory in Reference 18, was fitted by the method of least
squares using all the five sound pressure readings. This polynomial in
cos 6 was found to fit the data very closely. The maximum error was £ 1db
which is of the same order of magnitude as the accuracy of the instrumen-

tation itself.
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Calculation of Acoustic Power Radiated

The acoustic power radiated from the flame is calculated, from the
polynomial relation for sound pressure with 6, by integration over a sphere
of some radius r assuming axial symmetry. Tor values of sound pressures
beyond the last microphone angular location the value obtained for the
last location was used. To determine the order of magnitudes of the
errors involved due to such an extrapolation, three representative exper-
iments were conducted in which a single microphone was traversed around
the flame up to 170° with the flow direction. The sound pressures measured
were corrected for the acoustic center and a polynomial in cos 9 was fitted
to these readings. Tigure 9 shows a comparison between the single micro-
phone directionality pattern and the one from five fixed microphones. The
comparison is quite favorable and is within the accuracy of £ 2 db. More
important, however, is the error involved in calculating acoustic power
based on 5 microphone data. The power calculated from one microphone
covering up to 1700 does not involve any appreciable extrapolation and
hence is considered to be the true estimate. Table 2 presents a comparison
of the scoustic power values due to both cases. It can be seen that the
error due to the extrapolation is not excessive. The use of five fixed
microphones is preferred from & practical standpoint since the time
required for sound pressure measuremeﬁt is drastically reduced compared
to the time it would take to traverse one microphone around the flame. On
quite a few tests, the heat input was so high (~ 100 kw) that the duration
of the tests had to be restricted to a fraction of a minute to keep the

anechoic chanber from getting overheated.
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Table 2. Error in Acoustic Power Due to Using Only Five Microphones
to Measure the Sound Field Around the Flame

Acoustic Power, Watts
w W

1 2
Test One Microphone Five Fixed Difference
Covering 15° - Microphones DB
l70° Covering 150 - wl
120° (= 10 logy, ﬁ—)
2
P-100-0.8-1 0.2266 x 1072 0.1826 x 1072 0.94
P-100-1.0-1 0.4286 x 1073 0.3199 x 1073 1.28
P-200-0.8-1 0.1790 x 107° 0.1536 x 107° 0.66

Referring back to Figure O, two traces (corresponding to 5 fixed
microphone data) are presented for the P-100-0.8-1 case. These are
from the same experiment repeated on two different days. The difference
in the power calculated between the two traces isabout 0.3 db which shows
good repeatability of data. However, the tests of equivalence ratio of
0.6 had a tendency to be rather unstable and, conseouently, the repeat-
ability in such instances was not as good. Some experiments of ¢ = 0.6

case could reproduce only within a £ 2 db limit.

Experimental Results for Fuel Lean Flames

Directionality of Noise Radiation

The directionality of the far field radiation from a source can
give some indications regarding the nature of the source. At the same
time, the directional information is required for deciding the most

effective locations for acoustic liners. The directionality results
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presented here are the polynomials'in cos O fitted to experimental
measurements. The origin of reference is the acoustic center in the

flame and the azimuthal positions are measured from the flow direction.

The difference between the maximum sound pressure level cbserved (any 9)
and the value at the axis (8 = 0) when one makes a constant radlus traverse
in the plane of the flame can be considered as a quantitative measure of
the directionality of the source.

Figure 10 shows the directionality patterns at various flow
velocities for propane-air flames of equivalence ratio 0.8. It can be
seen that the effect of velocity on the directionality is to shift the
maxlmum sound pressure location closer to the axis of the flame. The
convection of sources by the flow causes this shift towards the axis with
an increase in flow velocity.

The effect of burner diameter on the direction of maximum sound
radiation can be seen in Figure 11. Results are obtained for all the
three fuels, propane, propylene and ethylene. The sound pressure levels
have been converted to refer to a radius of 57" and are plotted on the
graph instead of quoting all the results at a certain r/D distance. This
was done so as to be able to observe the amplitudes of noise from the
three burners at the same distance from the source. Figure 11 shows that
there is a distinct effect of diameter on the directionality pattern.
With an increase in dliameter the peak in the directionality curve shifts
away from the burner axis, an effect opposite to the velocity influence.
Another effect due to an increase in burner diameter appears to be in-
creased directionality. TFurthermore, comparing traces from various

fuels, ethylene-air flames exhibit a stronger directionality than elther
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the propane-air or propylene-air flames. This could be the effect due
to laminar flame speed since ethylene-air has the highest laminar flame
speed.

Directionality curves as a function of equivalence ratio are
plotted in Figure 12. The range of ¢ included is between 0.6 and 1.0;
that is, from fuel lean to stoichiometric. The effect of equivalence
ratio on directionality can be seen to be very minor. Again, ethylene
cases show maximum directionality.

Scaling Laws on Acoustic Power Radiated

Velocity Scaling. Velccity of the reactants is one of the primary

parameters that influence noise radiation from regions undergoing turbulent
combustion. Here, the behavior of acoustic power as a function of velocity
is presented in Figures 13 and 14. In Figure 13 the acoustic power
radiated is plotted as a function of mean velocity of reactants at the
burner exit for all the three fuels, propane, propylene and ethylene. The
equivalence ratio is 0.8 and the burner diameter is 0.L02". Over a 12:1
velocity range, a U2'9 law is seen to be appropriate for acoustic power
radiated. The ethylene flames appear noisier which will be seen to be

a laminar flame speed effect in the succeeding paragraphs. Also, ethylene
data points appear to prefer an exponent on mean flow velocity slightly
lower than 2.9. Figure 14 shows the results obtained for 0.652" and

0.96" burners. There is a good agreement with the scaling law obtained

for a 0.402" burner, although in this case, a UE'6 law fits the data
better. This result ig in sgreement with the results of Reference 17

which predicted a veloclty scaling exponent to be greater than 2. Also,
this velocity exponent is much lower than the velocity scaling for sub-

1
sonic jet noilse 9’20.
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Diameter Scaling. The diameter of the burner is yet another param-

eter of interest in noise radiation from flames. A positive exponent of
U obtained in the preceding paragraph would suggest lowering of flow
velocity to decrease noilse output. This would imply that burner size
would have to be increased to maintain the same mass flow. The effect of
diameter, therefore, becomes quite important. Primarily, the knowledge
of the diameter effect is required in order to predict the noise output
from larger burners.

Figure 15 shows the results of the experiments conducted to deter-

3.0

mine the diameter effect. An acoustic power scaling of D is obtained
in the case of all the three fuels. The effect of decreasing flow velocity

can now be considered. TFor a burner of circular cross section the mass

flow is given by

) 2
= g U D (7)

Thus, reducing the velocity by a factor of L, say, would mean increasing
diameter by a factor of 2 to maintain constant m. Since the noise expo-
nents on U and D are almost equal to each other, there seems to be a
definite advantage in choosing the lowest value of the flow velocity
possible within the other design restrictions.

Laminar Flame Speed Scaling. Laminar flame speed, SL, is a meas-

ure of the reactivity of the fuel. It represents the velocity of propa-
gation of a laminar flame through a reactive mixture. For turbulent

flames, a turbulent flame speed, S,, could be defined. There is sufficient

t
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evidencezu to show that turbulent flame speed is proportional to laminar

flame speed:; S, is always higher due to faster transport processes in a

t

turbulent flame. Further, 8, is dependent on flow conditions as well.

t
Thus, if flow conditions like mean flow velocity, turbulence intensity
and scale are being considered independently, laminar flame speed would
appear to be the correct parameter to choose. In this analysis, there-
fore, laminar flame speed has been chosen to represent the chemistry

effects due to changes in fuel and mixture ratio. The values used in

this analysis for SL are calculated from the equation

3
L - 2.6 log . F +0.94 (8)
SL 10
max
(¢ =1.0)
from Reference 25. The values of SL were alsc chosen from Reference
max
25. Table 3 shows the values of SL used.
max

Table 3. Values of Laminar Flame Speed from Reference 25 for
Combustion with Air at Atmospheric Pressure and Room

Temperature
S S
Fuel LMa,x LMa.x
S, Ft/Sec

il
"Max, Propane

Propane 1.00 1.4

Ethylene 1.75 2.46

Propylene 1.12 1.58
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Figure 16 shows the variation of acoustic power with laminar flame
speed. The independent variation of SL is obtained by changing fuels
with all other parameters held constant. But, there is a certain variation

in fuel mass fraction F even when ¢ is constant because

o

1- F/Stoic

and 0.0678 respectively. However, this variation in F is small in

for propane, propylene and ethylene are 0.064, 0.0678,

s

comparison with the SL variation and it will be shown later that the
exponent on F is smaller, also. Figure 16 should, therefore, yield es-
timates of the scaling on SL' Acoustic power appears to scale to an
exponent of 1.4 - 1.6 with SL for fuel lean to stoichiometric mixtures.
This confirms the belief that noise reduction can be achieved by reducing
the reactivity of the fuel. The extent of reduction possible, however,
cannot be appreciable due to a rather low value of the exponent.

Combined Scaling law. Although the study of a phenomenon dependent

on many parameters can be made by varylng them one at a time and this
results in ease and clarity of analysis, it 1s not without disadvantages.
The most serious disadvantage is that a large number of experiments would
have to be performed, this number increasing rapidly with the number of
independent parameters. Also, such an analysis using one variable at a

time does not utilize all the information that can be obtained from the
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test results. Furthermore, in a real situation, the various parameters
vary simultaneously rather than one at a time. Thus it would be
meaningful to try to deduce a combined scaling law utilizing all the
experimental results generated for the particular quantity.

An effective means of examining the experimental data is by re-
gression analysis in which a theoretically derived law is fitted to the

experimental data. In this case, the possible law would be of the type

(10)

where K and the ci's are constants and the xi's are parameters affecting
a quantity y. By taking logarithms on both sides of Equation (10), it is
possible to curve fit as a linear problem by the method of least squares.
FPor the case of acoustic power P scaling, Strahle has suggested
that the parameters are U, D, SL and F. Using 57 different tests the
following expression was obtained for the acoustic power radiated from

open turbulent premixed flames:

7h D2.86 Sl.l? Fg.ou

P=6.7x 107° v° I

watts (11)

where 50 < U(fps) s 600

1A

0.0335
0.6

. D(ft) < 0.08

WA

¢ < 1.0

and U and SL are in fps; D is in ft



An analysis of errors due to the regression fit showed a mean
error of 5.5% with 117% and -5 as the maximum and minimum errors re-
spectively The standard deviation was 35%. These errors appear at
first sight to be rather large. However, they can be considered very
reasonable because of the following reasons:

5

a) A very wide range of acoustic powers (from lO_l to 10~ watts)

are included in Equation (11).
b) The instrumentation accuracies are of the order of a db (if

poewer P, is 1 db larger than P

1 then Pl/PE will be as large as 1.25), and

53

c) The flow measurement accuracy was no better than 3% of full
flow rates. The flow inaccuracies can affect U and mixture ratic. The
error in mixture ratio will introduce errcrs in both F and SL.

In order toc graphically cbserve the significance of the regression

fit, the calculated values of acoustic power (P )  were cross

regression

plotted against the measured values (P ) in Figure 17. Without
measurement

doubt it can be said that Equation (11) fits the experimental data very

well. Thus, it can be stated that acoustic power can, in fact, be rep-

resented by a power type law with respect to the parameters U, SL, D and

F. PFurther, laminar flame speed SL appears tc be guite adeguate to rep-

resent the chemistry effect due to variocus fuels.

It is interesting to note that some of the Smith and Kilham3

data
plotted on Figure 17 show that the measurements of Smith and Kilham can
be reproduced satisfactorily by Equation (11). Reference 3 deduced a

(USLD)2 law for accustic power. Equation (11) can explain the results

of Reference 3 and has been obtained over a much wider range of acoustic
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powers, thus establishing a clear preference over the (USLD)2 law.
Surprising as it may seem, Equation (11) is the first empirical relation
published from which acoustic power can be calculated directly for
noise from hydrocarbon-air turbulent flames. Equation (11) should prove
quite useful to anyone interested in determining noise output from com-

bustion zones.

Thermo-Acoustic Efficiency

Thermo-acoustic efficiency is a measure of the portion of total
thermal input to the flame converted into noise radiation. Thermo-

acoustlc efficiency nta is defined as

n _ Acoustic Power Radiated (12)
ta Tharmal Input

If m is the mass flow rate of reactants, and H 1s the heating

value per unit mass of fuel, then
Thermal input = MFH
\

where as before F 1s the fuel mass fraction,

. T _2
m=pOHDU

and po is the density of mixture of reactants. Thus,
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N, = ——— (13)

a 1 2
E pOUD FH

Therefore, the scaling laws for 1 can be obtained from scaling

nta
laws for acoustic power radiated. For the premixed open turbulent flames

. 1.7 0, .0 1.
of this study, nta <[y~ D 9 F2 SL 2 would represent the behavior of

nta' Some representative values of thermo-acoustic efficiency are pre-
sented in Table 4. The results for a burner of diameter 0.L02" and

equivalence ratio of 0.8 are shown over the entire velocity range. The
6

mazximum nta is of the order of 10~ This indicates that for high veloecity

flames combustion noise could in fact be guite substantial.

Table L. Thermo-Acoustic Efficiency

Power Radiated

Test .52:?2 nta = Thermal Input
P- 50-0.8-1 0.26L x 1o'u 8.36 x 1079
P-100-0.8-1 0.183 x 1073 2.89 x 10'8
P-200-0.8-1 0.15L x 1072 1.2 x 1077
P-300-0.8-1 0.he3 x 1072 2.23 x 1077
P-L00-0.8-1 0.10k x 107 h.10 x 1077
P-500-0.8-1 0.271 x 107t 8.57 x 1077
P-600-0.8-1 0.382 x 107t 1.01 x 10'6

Spectral Content of Combustion Noise

The acoustic emission from reglons of turbulent combustion has
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been recognized in the literature as a broad-band noise with a single peak
in the 250 Hz - 1500 Hz range. Discrete frequency components appear when

22,26

the combustion is confined by enclosures This 1s not of interest
to the present study of open turbulent flames. The frequency spectra
will clearly indicate the type of acoustic material that will be needed
for noise reduction treatments. Furthermore, the peak freguency will
establish the characteristic time in the flame and comparison with the
theories in References 17 and 18 will assist in determining the most
plausible mechanism of nolse generation.

Procedure. The frequency spectra of noise were obtained from the
tape recording of sound pressure sighals. A Hewlett Packard Fourier
analyzer was used. The analyzer was programmed to produce power spectra
by the following process. First the analog signal is digitized.

Then, the Fourier transform is taken. This is multiplied by its own
complex conjugate. The process is repeated a fixed number of times to
obtain a stable average. The nutber of samples required depends on the
particular sighal being analyzed. Also, the number of digital bits of
information used in each sample decides the maximum frequency and the
frequency resolution.

A low-pass filter was inserted between the Fourler analyzer and
the tape-recorder (Figure 5) to eliminate all frequency components above
a preselected maximum. If this is not done the high freguency components
will fold over and appear as spurious low freguency components due to the
inherent quality of all A to D converters called aliasing. After a
preliminary study, the maximum frequency was selected at 8 kHz for the

noige spectra. Since the filter freguency response is not flat
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beyond 0.8 f only spectra up to 5 kHz are presented in

cut-off

this report. The initial spectra were cbtained with the number of samples
used in averaging between 15 and 200. The 15 sample averaging was found
tec be adequate to obtain all the information reguired while the 200 sample
averaging resulted in smocother spectra with less scatter. Thus a majority
of the combustion noise spectra were dbtained with 15 to 50 sample
averaging.

The frequency spectra depend on U, D, SL and F. Also, 1f combus-
tion neoise radiation directionality is frequency dependent, then the
spectra depend on the microphone location as well. The spectra shown
in the figures that follow are smocth lines drawn through the spectra
plotted on the x-y plotter. Figure 18 shows both the actual x-y plot
and the smooth line drawn through the mid-points for a typical case.

The smooth line is found to be quite satisfactory for representing the
spectrun.

Results. The frequency dependence of directionality is studied
in Figures 19(e)and (b). Very similar spectra were obtained in all the
tests conducted. The azimuth and radius are referenced tec the burner
exlit in these figures. Thus, amplitude compariscns cannct be made
directly without correcting the results for the accustic center. The
information regarding directiocnality can, of course, be obtained from
Figures 19(a and b) without any corrections. If the directicnality pat-
terns were independent of frequency the spectra at various azimuthal
lccations would be parallel to each other. An examination of the spectra
reveals that directionality of noise generated is almost independent of

frequency except for the locations near the axis of the flame which
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exhibit a strong reduction in the high frequency components. Reference
9 obgerved a much stronger dependence for pure diffusion flames of CHM
and H2 burning in air.

Figure 20 presents the effects of flow velocity and laminar flame
speed on the frequency spectra. There is clearly a tendency for the
peak frequency (frequency corresponding to maximum amplitude on the spec-
trum) to increase with flow velocity. However, the rate of increase is
small. For propane over a 12:1 velocity range the peak changes from 350-
270 Hz while for ethylene over a 10:1 velocity range the peak frequency
varies between 650 and 350 Hz. The increase in peak freguency is a little
more marked for ethylene-air mixtures in comparison with propane-air
mixtures. TIn any case, the peak frequency is a very weak function of flow
velocity and it appears doubtful if using Strouhal number (f D/U) as a
non-dimensional parameter as suggested in References 3 and 5 would serve
any useful purpose. Use of Strouhal number has been found appropriate
for jet noise in Reference 20, where the peak frequency is found to scale
inversely with D and directly with U. The experiments for fuel rich flames
also showed a similar velocity behavior. Further, Figure 20 shows that
the peak frequency for ethylene is higher than that for propane. Since
It

ethylene has higher S_ values this is clearly an effect due to S

L L’
appears, therefore, that the characteristic time in the flame is consider-
ably influenced by the chemical time.

Combustion noise can be seen to peak at lower frequencles with an
increase in burner diameter in Figures 21(a), (b) and (c¢). This diameter

effect, however, is quite small when compared with a l/D dependence for

jet noise. Again, Strouhal number appears to be inappropriate for
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combustion noise.

Figure 22 shows the effect of equivalence ratio on frequency spec-
tra. While propane and propylene flames show negligible effects the
ethylene flames show some effect due to equivalence ratio.

Peak Frequency. A power type law (Equation (10)) was fitted by

regression analysis to the peak frequencies measured. The procedure fol-
lowed was identical to the one used for cbtaining acoustic power law
(Equation (11)). If fC is the peak frequency then the regression analysis

gives

fc - 198.9 Uo.eo D-o.08 Si.u5 Fp.31 - (11)

where U and SL are in fps and D ig in ft.
0.6 ¢ < 1.0
50 < U(fps) £ 600

0.0335 < D(ft) <0.08

The number of tests was 56, the mean error was 0.85% and the
standard deviation was 13.3%. Equation (12) shows that SL and F have the
most effect on peak frequency and U and D effects are negligible. An
inverse SL and F scaling would explain the negligible ¢ dependence of
propane and propylene flames shown on Filgure 22. The behavior of fc of

ethylene flames with ¢ is somewhat anomalous.

Discussion of Results

A discussion of the experimental results of this study in the

16,17,18

light of the theoriles of Strahle and other experimental results
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that are available will be presented in the succeeding paragraphs.

The directionality of combustion noise is seen to be rather weak.
In this study the maximum difference, between the maximum sound pressure
level and the minimum (cbserved at the & = o° location) sound pressure
level over a constant radius path around the flame in a plane containing
the flame axis, was about 4 db. The general lack of strong directionality
would support the monopole theory of nolse generation. TFurther, there
is some similarity between the experimental results for directionality
and the directionality patterns deduced in Reference 18 considering re-
fraction at temperature discontinuities. Thus, the directicnality patterns
can gualitatively be explained by the refraction theory. The general
tendency for the location of peak sound pressure to shift towards the
axis with an increase in velocity is a result of the convection effect.
The spectra of the sound pressures as measured by the five microphones at
various aximuthal positions have shown that directionality is fregquency
dependent to the extent that the high freguency components drop off rather
rapidly towards the burner axis. The results of Reference 18 considering
refraction effects showed a similar effect with increasing freguencies.
Thusg, the high frequency fall-off near the axis could be at least quali-
tatively explained by the refraction effect. The directionality patterns
of Reference 3 have general similarity with the patterns presented in this
work. Price et al saw a more marked effect of freguency on directionality
for a pure diffusion flame of HQ-CHM burning in air. Except for some
results with the 0.L02" burner all other results show maximum noise ra-
diation at 500 - 80° to flow direction. An off-axis maximum is very

important for noise reduction efforts using acoustic liners.
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The spectra of combustion ncise show a predominantly low freguency
nature. They show a broad-band noise with a single peak and a gradual
amplitude fall-off on either gide of the peak. The rate of fall-off on
the high velocity cases was observed tc be rather slow. This could be
dve to the fact that the difference between jet ncise and combustion ncise
decreases with flow velocity as shown in Figure 7. Thus, the higher
velocity flames show a slight increase in higher frequency components.
The noise spectrum, however, is decided by the predominant combusticn
ncise. The peak freguency does not seem to be strongly influenced by any
parameter. T and SL appear to have the most effect. TFor all practical
purpcses one could summarize the experimental findings by stating that
cambusticn noise peaks in the 250-700 Hz range for hydrocarbon-air flames.
The values of peak frequencies cbtained here are in excellent agreement
with the values obtained by References 3, 11 and 15 for premixed flames.
Even diffusion flames of Reference 12 seem to support the above statement.
Hurle et al report a peak frequency of 1200Hz for a stoichiometric ethylene-
air flame on a 0.175" diameter burner. This value is slightly higher
than what would be cbtained from the peak freguency relation deduced in
this work (Eguation (14)). However, the spectra of Kotake and Hatta5,
which show for stocichiometric natural gas-air flames a flat low-freguency
spectra, loock improbable in view of the extensive analysis of our study
which always showed a recognizasble low freguency fall-off. Also, it
appears gquite improper to try to use Strouhal number to non-dimensicnalize
combustion ncise peak-frequencies as suggested by References 3 and 5.

The results shown in Equation (14) emphasize that chemical time

L7

ig an important characteristic time in the flame. Referring to Strahle's
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theories, all the three models of turbulent combustion can explain the
values of peak freguencies reported.

The scaling laws for acoustic power and thermo-acoustic efficiency
generated in this work are considered to be a major contribution to the
noise data on open turbulent flames. The scaling laws have been obtained
over a much wider range of values of the parameters compared to those of
the only other similar works. Also, Smith and Kilham3 deduced the scaling
laws on only U by actual sound pressure measurement around the flame while

cbtaining those on S_ and D by a single microphone sound pressure meas-

L
urement. PFurther, the important parameter F was not considered in their
work. In addition, the experimentally measured acoustic powers of Ref-
erence 3 could be reproduced by the experimental regression eguation,
Equation (11), of this study as shown on Figure 17. Thus, it is felt
that the scaling laws for acoustic power presented in Equation (11) are
more representative of noise radiation than the (USLD)2 scaling of Ref-
erence 3.

1
The scaling laws for acoustic power deduced by Strahle 7 showed

that for premixed flames, Equation (5)

would allow: a, = 2 - 3.5, a, = 2 -5,a, =-1.8, 8, = 2, a_=1.5 -3

3 >

and ay = 0 - 2.5, depending upon the model of turbulent combustion

considered. Notice that with reference to as, a relation (Ap/pF)2 o

-1. . . : . .
F 8 has been used. This relation was obtained for premixed hydrocarbon-
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air flames at room temperature and atmospheric pressure using the data

available in Reference 27. Comparing the scaling laws above with Equation
(11) , it can be seen that the exponent on U is within the values of aq
specified by the theory. In view of the facts that only D is considered
in Equation (11) and the result {£ = D from Chapter III, the theory would
allow a D exponent between 3.5 and 5 as compared with the experimental

value of 2.9. For S the theoretical expectation allows an exponent

LD
between 2 and 5 and experimentally 1.2 1s observed. As far as F scaling
is concerned, an error of F2 has been noticed in the autocorrelation

estimation of Reference 17. If this is taken into account, a Fp'2 law

would result against the experimental F3'O law. Thus, the theoretical
estimates of Reference 17 do not fall completely in line with the exper-
imentally generated scaling laws. The basic differences may be attributed
to incorrect order of magnitude estimates made in the theory of Reference
17 with extremely limited knowledge available at that time. The exper-

imental results of this study should prove very useful in clarifying the

differences between the theoretical and experimental scaling laws.
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CHAPTER ITI
DIRECT FLAME PHOTOGRAPHY

The decomposition of combusticn noise scaling rules can be in part

achieved by a direct flame photographic technique. From Equation (4,

pe[avz) [olr,o v (@ (15)

where C is an autocorrelation of the reaction rate and Vd is a correlation
volume. The second integral is over V, the reacting volume, which is of

interest to this gtudy. It is furthermore shown that the order of mag-

nitude of Equation (15) may be expected to be given by
PV V,C(C (16)

where C is an order of magnitude estimate of C. The reacting volume is,
therefore, a fundamental quantity in establishing the scaling laws for
combustion noise. The scaling laws on reaction volume directly affect

the gcaling rules for conbustion noise. An investigation of the parametric
behavior of the flame volume is, therefore, a useful step in understanding
the origin of combustion noise. A theoretical evaluation in Reference 17
deduced an analytical expression for the order of magnitude of the

reacting volume based on physical reasoning. Three different models of
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turbulent combustion were considered. The analytical expression developed

was
v =k u® p° si pd &i SF (17)

where V 1s the flame volume, U is the mean flow velocity, D the burner
diameter, SL the laminar flame speed, F the fuel mass fraction, &t the
turbulence length scale and J the relative intensity of turbulence. K,
a, b, ¢, d, e and f are ccnstants. Depending upon the model of turbulence

chosen the exponents would take the values as shown in Table 5.

Table 5. Scaling Laws on Reacting Volume from Strahle's Theory

Exponents on

U D SL F &t 3

Model of Turbulent Combustion a b ¢ d e f
Wrinkled Flame (WF) 1 2 -1 0 1 ©
Slow Distributed Reacticn (SDR) £ 2 20 % %
Fast Distributed Reaction (FDR) 1 2 -1 0 1 0

Thus having established the importance of analyzing the flame
volume in the development of the theory of combustion noise a need of an
experimental study of the subject became evident. If the scaling laws
could be experimentally determined for the turbulent flame vclume and
compared with the theoretical predictions of Reference 17 a substantial

improvement in the understanding of scaling laws for combustion generated
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noise would result. Also, an investigation of this kind would answer,
at least partially, questions on the turbulence structure in the reaction
zone.

An experimental program was therefore developed to decompose the
scaling rules for the flame volume. Spectroscopic studies28 of hydrocarbon
flames have shown that the luminosity of the flame brush is due tc the
emission of active radicals like CH, 02 and OH in the reaction zone. Since
these active radicals are present only in the active reaction zone, the
volume of the combustion region can be obtained by direct phctcography
viewing the flame through an cptical filter centered on the radiation of
a particular radical. The volumes could be measured by tracing cut the
density curves on a micrcdensitometer.

The technique of direct photography is fast, direct and simple
compared to metheds where thermocouples are used to estimate the extent
of the reaction zone. 1In fact, the direct photography method i1s free
from the errors due tc the presence of the probe in the flame and the
positicnal inaccuracy of the probe caused by vibrations and deflections

29

due to aerodynamic forces An evaluation of the accuracy of the photo-

graphic method will be done at a later stage in this chapter.

Dimensional Analysis

Dimensional analysis is based on the fundamental requirement of
dimensional homogeneity in a physical equaticn. If it is possible to
recognize all the parameters that affect a physical guantity, dimensicnal
analysis can provide an insight into the parametric behavior. The func-

tional form, however, cannot be determined by the dimensional analysis.
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Following the arguments of Reference 17 it is reasonable that the param-
eters that can affect the reacting volume V are: flow velopity, U, burner

diameter, D, laminar flame speed, S turbulence velocity in the axial

L)

direction, u/, turbulence length scale, 4

4 and finally the fuel mass

fraction, F, which is already nondimensional. Thus over a limited range

of the independent variables it is fair to assume

n
L

£
v=kU D' s uP Al (18)
Here, since the fundamental dimensions involved are only length and time

and there are six unknowns to determine, there will be four nondimensional

groups. By dimensional reasoning the following V dependence is obtained
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Any further explanation based on Equation (19) will be deferred until

after the experimental results are presented.

Experimental Procedure

The burners and flow systems used have already been explained in
Chapter II. The flame is photographed using a Graflex Speed Graphic
Camera and 4" x 5" black-and-white panchromatic film. An optical filter
centered on the CH radiation (43153) is used in this work since CH is one
of the predominant components in the emission spectra of these flames.

More importantly, however, it is found from Reference 30 that the spectral
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intensity of CH emission is much more proncunced than any other in fuel
lean flames of propane-air. Thus, CH emission is more appropriate for
determining the reactiocn volume since a majority of the experiments were
planned using this fuel.

The filter used in this investigation has a half peak transmittance
bandwidth of about 500 3 and a peak in the vicinity of 4300 i. The flames
are photographed inside an anechoic chamber since thege experiments are
done parallel with the acoustic measurements. As far as optical studies
are cohcerned the anechcic chamber serves to prevent extraneous drafis
around the flame and also eliminates stray light when phcotographs are
being taken. A microdensitometer is used to measure the image of the
flame recorded on the photographic negative.

Measurement of the Flame Volume

A turbulent premixed flame stabilized at the end of a burner tube
has a lumincus zone contained between fairly well-defined inner and outer
cones. Although the inner and the outer cones of the flame are qualita-
tively simple to visualize, a quantitative study requires that certain
criteria be adcpted for the flame volume computaticn. In this study, it
was declded te fix the outer boundary of the flame by defining it as
the surface which has an intensity 0.1 Imax’ where ImaX is the maximunm
intensity recorded on the photograph. The definition of the inner cone
presents additional difficulty since it is viewed through a part of the
flame brush by the camera lens. A reasonable estimate is obtained, how-
ever, by considering the inner cone toc be defined by the peaks in the
densitometer trace. TFigure 23 clearly explains the procedure adocpted.

In order to obtain the veolume of the flame the densitometer traces were
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taken at various short distances along the length of the flame. From the
traces the inner and outer radii were measured as shown in Figure 23. The
volumes of the outer and inner cones between the adjacent sections were
computed as truncated cones. The difference between their volumes gives
the reaction volume between the two measurement sections. The total flame
volume is then obtained as a simple sum of all such elemental volumes.

At this stage, it should be realized that an analysis of this kind
does not yield the true volume of the reaction zone in a strict sense; but
such an analysis is capable of furnishing acceptable scaling laws when

the criteria set forth are consistently adhered to in all the tests.

Experimental Results

Acoustic Center Location

The determination of the location of the acpustic center was one
of the important contributions to the acoustic measurements. Rarlier it
has been stated that the volume of the flame was computed as a simple
arithmetical sum of the elemental volumes between various longitudinal
sections. These elemental volumes were divided by the corresponding
elemental length of the flame to obtain the volume per unit length which
is plotted as a function of the flame length. Figure 24 shows two such
plots. The acoustic center corresponds to the location of the maximum
volume per unit length in the flame. The results of many experiments
showed that the fraction of flame length at which the maximum volume per
unit length occurred could be expressed as a function of equivalence ratio
¢ alone. This result simplified the task of determining the acoustic

center to one of measuring the length of the flame. The relationship
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between ¢ and fraction of flame length measured from burner port at which
the acoustic center is located is shown in Figure 25. TFigures 26(a), (b)
and (c) present some data on the length of the flame which could be used
in the determination of acoustic center. It is interesting to note that
the flame length increases as only U%'(Figure 26(a)) and as DO.6u (Figure
26(b)) . Turther, the flame length achieves a minimum near stoichiometric
mixtures as seen on Figure 26(c). This is simply a reflection of the fact
that maximum leminar fleme speed (and hence the turbulent flame speed) is

obtained for conditions near stoichiometry.

Tlame Volume Scaling laws

The behavior of the flame volume with burner diameter is shown in
TMigure 27. It can be seen that the flame volume increases as the cube of
the burner diameter. Table 5 (page 67) shows that both WF and FDR models
of Strahle's theory can explain this result if the turbulence length

scale %t is proportional to D. In cold jet flows it is known that the

31

turbulence length scale is proportional to the Jet diameter The result

3

V &« D- therefore presents a strong possibility that the turbulence length

scale in the reaction zone is also proportional to the burner diameter.

In Figure 27 the effect of S. has not been eliminated from the data points.

L
Figure 28 presents the flame volume as a function of the mean flow
veloecity of the reactants in the burner tube. Based on the result of

Figure 27 a D3

correcticn has been applied to the flame volume so as to
take care of the diameter effect and allow a simple graphical correlation.
The flame volume 1s seen to scale linearly with flow veloecity, which is

in accord with the theories of Reference 17. Again on this plot the

effects of SL and F have not been considered. The tendency of the ethylene
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data points to remain below those for propane is an indication of the
inverse scaling of V with SL' Following the procedure adopted to get
scaling laws for acoustic power and peak freguency by regression analysis
the volume scaling laws were also deduced.

Using 39 different tests on the three burners and the three fuels
at various equivalence ratios between 0.6 and 1.0 and velocities from SO

fps to 600 fps the following relation is obtained:

v = 4.5 UO.86 D3.l6 S£0.65 Fl.3h (20)

3

where V is in ft”, U is in ft/sec, D is in ft and &, is in ft/sec. The

L
analysis of the errors due to the fit obtained in Fquation (18) gave a
mean error of 3.4% with a standard deviation of289%. The maximum error
was 789%. The rather high standard deviation of the error distribution
was not unexpected. Any linear inaccuracy in linear dimensions on the
photograph shows up cubed in volume computations. The important aspect
of this analysis, however, 1s not the accuracy of measuring the reaction
volume but rather cobtaining the scaling laws. It has been noticed that

the exponents on U, D, 3. and F obtained from the regression fit are

L
quite stable in as much as the exponents varied very little when the
nurber of tests used for the fit was varied from 14 to 39, the tests
being picked at random. Thus, it 1s reasonable to assume that good
statistical stability is attained for the results of the correlation of

interest.

The scaling laws obtained from Equation (20) fall in line with
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those deduced from Figures 28 and 29. The scaling on SL is in favorable
agreement with the estimates of Reference 17.

However, Reference 17 does not allow for any dependence upon F
while experimentally there 1s a dependence. Tt may be explained on the
basis of a density effect, increasing the flame thickness for a fixed
input turbulence length scale. While this 1s speculative no other
reasonable interpretation has been found.

Referring back to Equation (19) from the dimensional analysis a
comparison of the experimental data with the nondimensional equation

3

can be made. An experimental D- dependence can only be explained if
%t & D. This independently confirms the earlier deduction that the
turbulent length scale should be proporticnal to the burner diameter.

Further, the exponents on U and S, obtained in Equation (20) are 0.86

L
and -0.65, respectively. This shows that the U and the St effects
mutually balance in Equation (19). Thus, a dimensional homogeneity can
only be achieved when u'/U is a constant. This result implies that the
turbulence intensity in the flame is relatively independent of the other
scaling parameters. Since it is known for fully developed pipe flow that

31, this analysis tends to support the statement that

u'/U is a constant
the turbulent intensity is not affected by the flame. The conclusion to
be reached on the turbulence structure in the reaction zone is therefore

that there is no major modification to the turbulence structure due to

the flame.
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Comparison With Acoustic Power Scaling Laws

Tt is now possible to compare the flame volume scaling law of

v o 086 [3:16 (-0.65 1.3k

L with the acoustic power scaling law of

Equation (11). As was expected in the theory, the flame volume does
partially explain the scaling laws on acoustic power. Both flame volume
and the acoustic power scale to about D3 with burner diameter. This shows
that almost all the diameter effect perhaps comes from the scaling of
reacting volume. The reacting volume accounts only partially for the
velocity scaling. This is in accord with the expectations of Reference
17. The scaling law on SL in flame volume tends to lower the SL exponent
for acoustic power radiated.

Sunmarizing the compariszon with Strahle's theoryl7, it can be
cbserved that the expression deduced for far field acoustic radiation
in the term of Equation (3) appears to be satisfactory, considering the
experimental results of References 8 and 9. Further, estimates of reaction
volume are quite satisfactory except for the F scaling. Thus, the order
of magnitude estimates of autocorrelation function of the time derivative
of the reaction rate and the correlation volume can be suspected to be

incorrect.

Concluding Remarks

A comparison of the predictions of the combusticn noise theory of
Strahle with the experimental results has shown that the theoretical
estimates are reasonable. Summarizing the findings, the following

conclusions can be drawn:



1. The direct photography technique has been shown to be a useful tool
in decomposing the scaling rules of combustion noise.

2. The turbulence length scale in the reaction zone has been shown to be
proportional to the burner dianeter.

3. The preference for WF and FDR models has been established. Since
both these theoretical models yield the same scaling laws for the flame
volume, it is not possible to judge the superiority of either of the two
models by this method.

4. An evaluation of the experimental findings with the results of
dimensional analysis has demonstrated that the turbulence structure is

determined primarily by the pipe flow process and not by the flame.
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CHAPTER IV

CONCLUSIONS

A comprehensive study of the radiation of noise from open turbulent
flames has been made. The study has shown that combustion nolse predom-
inates over the range of experimental results obtained and that it differs
from jet nolsge in terms of sgcaling laws, directionality and spectral
content. Summarizing the results of this investigation it can be concluded
that:

1. Combustion noise predominates over jet noise even for flow velocities
as high as 600 fps.

2. The combustion noise from cpen turbulent flames is weakly directional.
The directionality behavior can be gqualitatively explained by refraction
and convectlon effects.

3. Combustion noise is a low frequency broad band radiation with a single
peak. The peak frequency for premixed flames was obtalined in the form

0.2 0.45 D—O.08 F0.31

f =« U S

o 1, . However, for all practical purposes it may

be sufficient to congider combustion noise to peak in the 250-700 Hz

range for hydrocarbon fuels burning with air as the oxidizer.

2. 2. 1.2
L. Acoustic power has been found to follow the law P = U 7 D 7 SL
FS'O. An empirical expression from which acoustic power can be directly

obtained hag been generated by regression analysis of the experimental
data.

5. Thermo-acoustic efficiency has been shown to follow a nta o Ul'7 Ip'9
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1.2 2.0 -
S F law. For a 600 fps flame an nta as high as 10 6 has been

L
obtained showing that nolse output from high velocity flames could be
appreciable.
6. A direct flame photography technique has been shown to be a useful
tool in analyzing combustion noise scaling laws. The flame volume has
been shown to scale as V <= (U/SL)D3. This study has shown that turbulence
in the flame is primarily decided by the pipe flow process.
7. Several discrepancies exist between the experimental findings and the
theory of Reference 17. Tn agreement with the theory, combustion noise
is monopole in nature, the noise 1s generated within the reacting volume
and the estimates for flame volume are satisfactory. The primary deficiency
appears to lie in estimation of the autocorrelation function of the time
derivative of the reaction rate and in estimation of the correlation
volume. However, it 1s noted that SL has not been varied over a suf-
ficiently wide range to give confidence in the SL scaling of acoustic

power or frequency. Consequently, judgment on the theoretical accuracy

must be reserved until a wider SL variation is experimentally achieved.
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ABSTRACT

Continuation of experimental and theoretical work on the problem
of combustion generated noise in turbopropulsion systems 1is presented.
Tasks completed during the current period have been (a) experimental and
theoretical correlation of noise power and spectra from open premixed
flames of propane, propylene, ethylene and acetylene-air, (b) crosscorrela-
tion of C2 emission with the far field acoustic pressure, and (c) experi-
mental and theoretical investigation of ducting effects upon the noise
radiating capability of the flame. The nolse radiation from simple
flame types 1s now understood with sufficient theoretical and experimental
detall that estimates may be made for combustion noise in turbopropulsion
systems. It is shown that the ducting of a flame changes primarily only
the radlation impedance. Feedback effects of reflected waves upon the
noise source may be neglected in noise work if the system is damped

heavily enough to avoid combustion instability.
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SUMMARY

The results of the second year of the current combustion noise
program are presented in this report. The objective of the program is
to understand through theory and experiment the mechanism of noise
radiation from turbulent combustion regions with sufficient detail to
be able to deduce the relative importance of combustion noise to the
overall noise radiated from turbopropulsion systems. Tasks completed
during the second year have been (a) experimental and theoretical corr-
elation of noise power and spectra from open premixed flames of propane,
propylene, ethylene and acetylene-air, (b) crosscorrelation of 02 emission
with the far field acoustic pressure and (c) experimental and theoretical
investigation of ducting effects upon the noise radiating capability of
the flame.

In order to expand the anechoic chamber results of free flame
noise radiation to include greater variation of fuel reactivity, some
acetylene-air runs have been added to the results obtained during the
first year. Correlations have been obtained for the thermoacoustic
efficiency and Strouhal number of maximum radiated sound power as functions
of Damkdhler's first similarity group, Reynolds number, Mach number and
fuel mass fraction. A revised, simplified theory of combustion noise
has been constructed which recovers the experimental results quite nicely
and which allows rather simple estimates of combustion noise.

The time derivative of the C,. emission intensity has been shown

2

to have a strong crosscorrelation with the far field acoustic pressure.

The time derivative of this intensity is directly proportional to the

time derivative of the heat production rate which directly enters the



theory of combustion noise. This work proves that the nolse is directly
generated in the combustion region and shows that the theory of combus-
tion noise is basically sound.

The open flames have been ducted in a simulated cylindrical
infinite tube to determine the effects of ducting on the radiated sound.
The reasonable match of theoretical and experimental tube wall pressures
under the theoretical assumption of no feedback interaction between the
flame and wall-reflected pressure waves 1s significant. It shows that,
at least in the case where the system is damped heavily enough to avoid
combustion instability, feedback effects are unimportant in computation
of the radiated noise. The primary effect of the ducting is to change
the radiation impedance of the flame as compared with the free flame

value. This effect is computeable.



CHAPTER I

INTRODUCTION

This interim report describes the second year's effort on a
program in combustion generated nolse. The first year's effort 1s
reported in Ref. 1. In this program attention is centered on direct
combustion noige - noige generated in and radiated from a region under-
going turbulent combustion. The objective of the program is to understand
through theory and experiment the mechanism of noise radiation from
turbulent combustion regions with sufficient detail to be able to deduce
the relative importance of direct combustion noise to the overall radiated
noise from turbopropulsion systems.

The first year program was devoted to a literature review of com-
bustion noise, anechoic facility development, the measurement of reacting
volume by direct flame photography and the generation of noise power
output, spectra and directionality data for open turbulent premixed
flames of propane, propylene and ethylene-air. The reacting volume and
noise data were necessary to investigate the adequacy of a recent theory
of combustion noise2’3. It was found that the sound power output and
frequency of maximum radiated power were not adequately predicted by
the theory. The reacting volume of the flame was found to scale in
accordance with the theory, except for a curious scaling behavior with
variations in the fuel mass fraction. In any event, further diagnostics
were deemed required to investigate the adequacy of the foundation of
the theory and to suggest theoretical modification to accurately re-

produce observed scaling laws.
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In a recent review paper it was shown that the use of a non-

dimensionalization procedure of Ref. 5 would yield scaling laws for
acoustic power which are in accord with experiment, using either the
theory of Ref. 3 or of Ref. 5. However, the scaling laws produced for
the frequency of maximum radiated power were in poor agreement with
experiment. Consequentl&, in this year's effort measurements of light

emission from the C, radial, further free flame experiments on a more

2
reactive fuel, and theoretical studies to modify the theory of combustion
noise have been carried out to probe the foundations of the theory in

more detall. The goal 1s to merge experiment and theory on a simple

flame type so that there is confidence in applying the theory to more
complex configurations.

In this year's work the problem of ducting of flame and the
attendant modification of the noise output has been experimentally and
theoretically investigated. Since all useful burners are enclosed and
wall reflections of generated pressure waves are expected to interact
with the flame, it is imperative to understand the enclosure effects.

The main body of this report deals with three areas - the additional
free flame experiments and modification of the theory, C2 radiation from
flames and enclosure effects on flames. The first two items are treated
with only summary statements since publications are attached as Appendices
which cover this material in detail. The enclosure effects are, however,

treated in detail in the body of the report, since no publication of

these results has been made.



CHAPIER IT
OPTICAL EMISSION STUDIES

The theory of Ref. 3 deduced that the far field acoustic pressure
should be directly proportional to the Eulerian time derivative of the
global reaction rate integrated over the reacting volume. This quantity
can be and has been6 measured by viewing the entire flame through an

optical filter centered on C, and CH radiation and measuring the time

2
derivative of the emission intensity. Indeed Ref. 6 found that the far
field pressure and the mreasured guantity had similar spectra and behavior
with a change in flow velocity andé that the emission trace, if appropriately
filtered, could be overlayed upon the pressure trace. Because of the
crucial connection between the measurement and the deductions of the theory,
it was decided to perform these measurements in this laboratory and to
widen the range of flow and geometric variables over which the correlation
holds. Also, a positive technique of crosscorrelation of the pressure and
emission traces was used, in addition to scaling laws and spectral comparisons.
The details are located in Ref. 7, which is included as Appendix 'A‘
in this report. It is concluded that (a) there is a definite one-to-one
correspondence between the time derivative of the emission trace and the
sound pressure trace and (b) as a consequence the basic theoretical deduc-

tion appears correct and the concept of direct noise being generated in

the region of active reaction is correct.



CHAPTER III

COMPLETION OF FREE FLAME EXPERIMENTS
AND ANALYSIS

Guided by the results of Chapter II that the basic theory appears
correct it was sought to merge theory and experiment so that the theory
would be a useful tool for more complex flame types. Because of mistrust
of the experimental results of the frequency behavior with fuel reactivity
(laminar flame speed) runs were added with acetylene-air. The final
results for the free flame correlations are presented in Appendix 'B'. A
modified theory of combustion noise is also presented in Appendix 'B'.

It retains the connection of reaction rate and noise as presented in
Chapter II but uses different techniques for estimating magnitudes of
quantities and recognizes certain changes in the turbulence structure as
the reactive mixture traverses the distance from the burner tip to the
flame tip. The theory is also simple and more oriented toward physical
interpretation of results. The acoustic power correlations are almost
exactly matched by the theory. The correlation for frequency of maximum
radiated power 1s not as exact as one would like but it is better than
had been previously deriVedu. One remaining problem is that there 1g
some experimental uncertainty concerning the behavior of frequency with
burner diameter. This will be rectified by the construction of a 2 inch
diameter burner for the third year of the program so that the overall
program will have varied the dlameter over a 5:1 ratio. Nevertheless,
it is concluded that the theory in its new form is now accurate enough

to be used as a design tool for other burner type.
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CHAPTER IV

ENCIOSED FLAME THEORY AND EXPERIMENTS

If flames are enclosed by any reflecting surfaces whalsoever
there are at least three mechanisms by which the radiated sound charact-
eristics may change as compared with the open flame. The first is that
the radiation impedance of the flame may change causing a change in the
radiated sound power. This occurs because the reflected waves alter the
phase relation between pressure and velocity fluctuations. The second
effect is a feedback effect between the reflected pressure waves and the
combustion process resulting in either an amplification or attenuation of
the wave. This phenomenon is well known through many combustion insta-
bility studies over the years. The third effect is a change in the flame
aerodynamics and perhaps the turbulence structure by the presence of
surfaces near the flame. The purpose of the theory and experiments of
this section is to investigate the importance of the first two effects.
The experiment is so designed to eliminate the third effect.

The effect of radiation impedance alteration will always occur
with any sound radiator, when it is enclosed. Concerning noise measure-
ment, however, the importance of the feedback effect, which may generally
be assumed to occur, is unknown. If it is Important, & large uncertainty
is added in noise predictions because the amplification or attenuation
effect cannot be calculated at present. Consequently, if the feedback
effect is important, data on open flames cannot be used with confidence
in installed configurations. The approach taken here is to construct a

theory for the designed experimental apparatus assuming no feedback

interaction. If the theory matches the experimental results (wall



11

sound pressure and spectra measurements), the feedback effect can be
considered negligible. If not, further work in this area would be
warranted.

Experimental Apparatus

The apparatus designed for these experiments is shown in Fig. 1.
It consists of a U4 inch diameter tube, 4 ft. long, 1/2 of which is "Pyrex",
for viewing the flame, and the other half is steel. The length is chosen
to satisfy the requirement of the theory that the ratio of flame length
to tube length should be small. The diameter is chosen to provide only
a small aerodynamic change in the flame while being small enough to
avoid excitation of transverse modes at frequencies near the frequency
of maximum radlated power from the open flame. The burner used is the
3/8" burner from chapter II.

From theoretical and data reduction standpoints it would be
desireable that the tube length be infinite. This i1s impossible from a
practical standpoint, so acoustic terminations were designed to simulate
as closely as possible perfectly absorbing ends. A total of 12 types of

' were designed, built and tested

acoustic terminations, termed "mufflers,'
for their acoustic impedance. The main reqguirement was high abosrbtion
at low frequency. The final design selected is shown in Fig. 2. Within
the screen wire framework is an attic mineral fiber thermal insulation
material. A sheet aluminum core which determins the open area vs length
is shown in Fig. 3. The shape of this liner wag found to be an extremely
important design parameter, as compared to relatively unimportant para-

meters such as core length and muffler diameter. In any event the

measured impedance parameters, by the traversing microphone methodg,
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are shown in Fig. 4. The specific acoustic impedance is related to
o and 8 by

¢ = cothin(a - ig - 1/2)] = 2 (1)

;-

u pec

where pl and u’ are the acoustic pressure and velocity at the muffler
entrance plane, respectively, and 5 is the steady state density and ¢ is
the steady state speed of sound. The variation of { with g, the frequency,
is reguired in the data reduction procedure outlined below.

As mentioned previously it was desired to not alter the aero-
dynamics or structure of the flame as compared with its structure when
open. Shown in Fig. 5 is a visual comparison of the open and ducted
flames. Although there is air aspiration into the tube from the flames
pumping action, it 1s apparently weak, because the oversll geometry
appears preserved.

There are two effects which occur with this apparatus which are
not properly accounted for in the theory. The first is the induced air
flow, aspirated by the flame. Since the Mach number induced upstream
and the Mach number downstream of the flame, caused by both the induced
flow and burner flow, are low (< 0.1), the duct acoustics can safely
neglect Mach number effects. However, the impedance of the terminations
may be altered over the no flow case. The downstream muffler is expected
to be most strongly affected. However, since the Mach number is low this
is expected to be a weak effect. The second major effect is that there

are radial and axial temperature gradients downstream of the flame and

this may affect the duct acoustics and the termination impedance. Measure-

ments of the wall temperatures downstream of the flame have shown that
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Twall < 500°F for the highest thermal input flame tested (propane-air,
¢ - 0.8, U = 300 ft/sec.). Consequently, some correction could be
anticipated as needed for temperature effects. These will be described
below.

Two microphone positions are employed, one at 16 in. and one at
24 in., upstream of the burner mouth. The objective is to measure the
sound pressure levels and the spectra and to compare with theoretical
calculations using duct acoustics and the experimental data on the flame
burning in the open. If the theory and experiment match, feedback effects

on the flame may be concluded as negligible.

Theory
The theory is applied to the configuration of Fig. 6. All tem-

perature effects are considered confined to the left of the origin and
to the right uniform properties are considered. The mean flow velocity
is assumed zero and the walls of the tube are assumed hard. At x =4
and -&2 known impedances are assumed. The source region is assumed a
monopole combustion noise sourceS. In the region containing the source

2 2
+ = 2
ve, tkp =f (2)

where p_ 18 the Fourier transform of the pressure, k is the wave number
W

w/c and fw is the Fourier transform of the monopole source strength.

In this region the speed of sound is a constant. In the region which

contains the temperature gradients but no source

2 gc 2 _
pr'l'va-' 2+kp =0 (3)
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Assuming that ¢ = c(x) only so that only axial temperature gradients

exist, and integrating Eqs. (2) and (3) over the tube crossection,

2~ 2m a

¢ Py vk =F = f f rdrde (L)
2 Py =% =y W

dx o o©

and

o -

dp d;
W w d 2 2-  _
5t ax etk P, = 0 (5)

result from Egqs. (2) and (3), respectively. Here

211' a
- = f f P, rdrd9e
O o
The solution to Eq. (U4) is
x
- ikx -1kx i -1kx 1kx) - 6
Py = A R T 2k ( - 0[ o dx (6)
where
Al = - k(1 + Dy A, = k(Z— - 1)F
L 93
Y
[e‘l}% -7 r e e ) A
F =y & L == —_— (7)
2k (L_ )(1 _1)e-1k4,1+<;_+l> (L+1) ikt
g& gr QL Cr

Here gr and QL are the specific acoustic impedances at x = Ll and x = 0,
respectively. Specification of these numbers implies only plane wave

motion, so attention is being restricted to frequencies below that of the



first transverse mode. Furthermore, the approximation has been made in
Eq. (6) that ki <<1, or equivalently, that the flame length is very much
less than a wavelength. Actually, however, it has been shown3 that the
much less restrictive assumption that k&e <<l will yield the same results
where Le is the integral scale of turbulence.

Now an approximate soultion to Eq. (5) is desired, in order to a
assess the magnitute of the temperature effect. Letting,

- -+ 2
P =Tz Mm=1T?¢% c” = yRT

where ¢ is the ratio of specific heats and R is the gas constant Eq. (5)

becomes

_d._g_.'z_+k2 l(l{_z 1£\I =0 8
R R P @

If the temperature profile is chosen such that

2
T = (x-C,) o (9)
T 1+ TLz/TO
C; =4 7 [
Lo 1 - TO/TL
2
2
c, = TO/Cl
Eq. (8) becomes
2 2 (10)
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Since the absolute temperature variation is less than a factor of two in
the experiments, k2 varies by less than a factor of two over the length &2
and Eq. (10) is a good candidate for solution by the WKBJ method.9 This
approximate solution is

\

X

i=—C. tn(l-5=)
C C

By ety L 1

with 7
B LW D LW 1
> =2i—C. An(l+E) 14— C, (1- =) (11)
—=e ‘c_ 1 C c 1 C
Bl ¢ 1 0 2
1Yo (Z-+1) -1
o )
Matching this solution to Eq. (7) at x = O yields
{1 + Be/Bﬁ (Iv-12)
¢, =ik 5
i el
1 e} 1 1 o~

The procedure is to use Egs. (11) and (12) to compute {,» and the pressure
in the cold tube may then be computed from Egs. (6) and (7).

The only unknown in the theory arises from Eq. (7) as

£ L
l— -
1= r £, 0x = J £, dx
o

However, I is assumed known from free flame experiments, since when radiating

to a free field3

p, =I1pm— (13)
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in the far field where R is the radial distance from the source. Measure-
* *
ment of the free field spectrum and overall power determines II , where I
- - ¥
is the complex conjurgate of I. From Eqs. (6) and (7) p D may then be

computed at any axial location in the duct.

Results
Shown in Fig. 7 is a sample result of the theory and experiment.

The nomenclature for the test is as follows:
E - 100 - 1 - 1 3Ethylene, 100 ft/sec, $= 1.0, 3/8" burner

where @0 is the equivalence ratio. The pressure spectrum is shown for the
flame burning uwnenclosed in the anechoilc chamber and the overall sound pres-
sure level at 25 inches from the source is also shown. The microphone is at
a 90° azimuth with respect to the downstream axis. In the theory this
measurement determines II* as a function of frequency, from Eq. (13). This
guantity is then input to compute iwiw* for the ducted flame and this result
is shown on Fig. 7 as the theoretical curve. The theoretical overall sound
pressure level at a particular duct location is also shown together with the
measured spectrum and measured overall sound pressure level at the same duct
position. It is seen that there is good agreement between theory and experi-
ment concerning the overall sound pressure level. The spectrum appears to have
the correct resonances but they are emphasised in magnitude as compared with
experiment. The major resonances between 100 and 300 Hz occur due to the
failure of the mufflers to be highly absorbent in this frequency range.
Although data are shown to 8000 Hz, comparison of theory and experiment are
only shown to 2000 Hz, since above this limit transverse modes appear. Since
greater than 90% of the total sound pressure is below 1000 Hz in frequency

content, this presents no error to the calculation.
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Figure 7 does have some adjustments in the computation which will
now be discussed. It has been assumed that (a) the origin of coordinates
lies 6 inches to the right of the burner mouth, (b) T{g = 1000°R and
(c) the o for the hot end muffler is twice the measured value when cold.
The reasons for these inputs are described in Figs. 8-10. Viewing Fig. 8
it is seen that if one assumes the origin is at the burner mouth and that
the downstream muffler behaves as it does when it is in cold, guiescent
alr, and that there is no temperature gradient, the spectral comparison
is quite poor. The flame length here is about 8 inches and it is known
that the flames radiate sound mostly from the flame tip region. Assuming
that the origin is shifted downstream six inches {curve labeled offset in
Fig 8), substantial improvement is achieved in the spectral comparison,

although little change occurs in the overall sound pressure level. Assuming

no offset but setting T = 1000°R in the computation (curve labeled C-H in

5

Fig. 8), the spectral comparison is also improved insofar as the resonance
frequencies are better predicted. One suspects, therefore, that reasonable
inputs to the theory will improve the spectral shape while still allowing
reasonable agreement in the overall sound pressure level.

Figure 9 shows an experimental traverse of the tube pressure level,
which produces a roughly constant sound pressure level. The theory, however,
assuming either offset or no offset, high temperature or the cold value,
produces a varlable pressure. This occurs primarily because of the mode
structure at low frequencies near the reasonance peaks. The reason for the
sound pressure level agreement between theory and experiment in Fig. 8 is
due to the fact that the microphone location was at x = 24 inches. Assuming
various multipliers on the cold and hot end g's as shown in Figs. 9 and 10,

it is seen that the highter the w's the more suppressed are the resonance
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peaks, as expected, and the flatter is the pressure vs distance curve. In
Fig. 10 the offset and high temperature conditions have been used. There
appears no justification for manipulating the cold end w, however. In all
following computations the ¢ in the hot end has been raised by a factor of

two over the eXperimental value as a compromise between improving the spectral
fit and the pressure vs distance while not varying o over an unreasonable
range.

Using the offset, high temperature, and high « hot end assumptions,
the data have been reduced for three propane-air flames. The comparisons are
shown in Figs. 11-13. All sound pressure measurements in the tube are made
at the 24 inch location. In all cases the spectral comparisons are fair
but the overall sound pressure comparisons are good. The general agreement
in pressure level is of the order of 3 db. The experimental values are

always higher than the theoretical values, but this may be due to the modal

pattern predicted by the theory as shown in Fig. 9.

It appears that the experimental system, either through muffler behavior
or wall dissipation, is more heavily damped than would be expected from the
no flow impedance measurements. UWevertheless, the predicted overall pressure
levels are not sensitive to this behavior at the 24 inch microphone location
(see Fig. 9). Consequently, even if the spectral comparisons are somewhat
poor for some tests the overall pressure predictions appear to have a
positive correlation with the experimentally achieved values, and it appears
that the basic assumptions are valid. The major conclusion, therefore, is
that i1f the characteristics of the unenclosed flame are known the enclosed
noilse can be predicted within about 3 db accuracy. Of course, this assumes

the enclosure acoustics are perfectly known. While there are certain to be



ll;lllll 1 1 |41414|

RELATIVE [B

P-100-1-|
ENCLOSED FLAME  Fso
db
THEORY(116-3) | 4g
K EXPT  (119-0)
/"/// / -3
\\/l’,\\\
v/ ‘\\\ o0
10
FREE FLAME EXPT(765) ©
T T T 1 T Iil | 1 I T L [] lT - T T ] 1] LI |
100 FREQUENCY (HZ) 1000 10000

Figure 1l1l. Comparison of Theory and Experiment for Propane-Air at

100 ft/sec, &= 1.0

ot



1 ! T S A 1 1 N W N T A I 1 TS N N T |
. P‘lOO‘OB_I - 50
ENCLOSED FLAME
- THEORY (115-Odb) |40
EXPT  (117-5ab)
A
//
@ 7 \ L3O
o 1
> L/
= \ .
j— \\ /’, RN Lgo
H:J W \\
N
\\
- =10
. . -0
FRec FLAME EXPT(74:5db)
1 1 \ T | L l I 1 ¥ T 777 TT T T 1 7T 1 L]
100 FREQUENCY (HZ) iI000 0000
Figure 12. Comparison of Theory and Experiment for Propane-Air at

100 ft/sec, = 0.8

T€



|

RELATIVE DB

e ! N I ! Lo g 1 L0 0
- P-300-0-8-1 fso
/
i
ENCLOSED FLAME
l — THEORY(128:64p) [ 40
/
// [
// ) II
- \\/ —-30
\ -~
\ VRN
\/ N ~-20
~/ o
. | 10
-0
FREE FLAME EXPT (86-0db)
i ] | ] [ [ L [—l T - T 1 ) T 1 1 1 l T L) T 1 T 1 1
100 FREQUENCY(HZ) 1000 10000

Figure 13. Comparison of Theory and Experiment for Propane-Air at

300 ft/sec, = 0.8

2e



Page missing from report



34

CHAPTER V

CONCLUSIONS

There exists a direct proportionality of the far field acoustic pressure
from open flames and the volume-integrated Fulerian time derivative of
the heat release rate in the flame.

As a result of conclusion #1 the basic theory of Ref. 3 appears adequate
with the major fault occurring in manipulations occurring after the
pressure-reaction rate link is derived.

Completion of the open flame tests and modification of the theory have
produced an accurate correspondence between theory and experiment on

this flame type, at least as far as the radiated power is concerned.

One point of poor accuracy between theory and experiment is the scaling
law produced on frequency of maximum radiated power. Further experiments
at larger burner diameters are warranted to check the accuracy of the
empirical law in this regard.

For systems which are damped sufficiently to avoid combustion instability
the noise output of an enclosed flame may be predicted if the open flame
noise radiation characteristics are known and the acoustics of the
enclosure are known.

The theory is sufficiently accurate that it may now be used for other
flame types if the turbulence parameters may be estimated. As a
consequence of conclusion #5 a primary requirement for estimation of

ducted flame noise behavior is a knowledge of the duct acoustics.
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AN EVALUATION OF CCMBUSTION NOISE SCALING LAWS
BY AN CPIICAL TECHNIQUE

B. N. Shiva.sha.nlca.ra*, Warren C. Stra.hle** and John C. Handley***
School of Aerospace Engineering
Georgla Institute of Technology
Atlants, Georgia 30332

Abstract

An investigation which was conducted to verify
the existence of a one~to-one correspondence be-
tween the acoustic and optical emissions fram open
premixed turbulent flames is described. The sound
pressure and the time derivative of the emission
intensity of light radiation have been compared
using (&) direct time traces, (b) a cross-
correlation technique and (cs spectral analysis.
Further substantiation to the existence of the
correlation has been provided by evaluating com-
bustion noise scaling laws using optical measure-
meats. These laws have been compared with existing
scaling laws obtalned from sound pressure measure-
ments. Important conclusions regarding the origin
of combustion noise have been drawn from these re-
sults.

Introduction

Combustion noise scaling laws have been deduced
in the past by the measurement of sound pressures
in the far field. Although this provides important
scaling rules for the far field noise radiation,
there is a clear need for additional information in
order to fully understand the mechanism of noise
genergtjion. The experm?zé 8l findings of Hurle
et alll) and Price et al appear to be an :'1(m-
portant step in this direction. Hurle et al 1)
showed that the sound pressure waveform could be
deduced from the waveform of the time derivative
of the emission intensity when the flame is viewed
through a narrow band optical filter. Open tur-
buwlent flames and spherically expanding flame ,
fronts were considered in this work. Price et al‘-z)
extended the validity of such a correlation to in-
clude diffusion flames as well as liquid spray cam-
bustion. In both References 1 and 2, the one-to-one
correspondence between the optical and acoustic
waveforms was established over a limited band-wldth
of the signals, The limitation of band-width was
primarily necessitated by the large amount of noise
in the optical circuitry. Since the band-width
considered included the predominant frequencies of
combustion noise, the correlation could be con-
sidered significant. In an a.ttemp’f S:o theoretically
explain the results of Hurle et al 1) ang Price
et a1(2), Stranle(3) obtained an expression for the
far field acoustic density in the form

"“I“’t(i’o’t‘f_)d"(i’o) (1)
v )

where g is the time derivative of the reaction
rate referred to a retarded time corresponding to
the distance r between the source and the far field
location at which density is measured. This result

#*  Post Doctoral Fellow

*# Professor, Member ATAA
**% Research Engineer

supports the findings of References 1 and 2 and
states that the far field acoustic density can be
expressed as a volume integral of the time deriv-
ative of the time retarded reaction rate.

A good cross-correlation between the instanta-
neous sound pressure p(t) and the time derivative
of the emission intensity I(t) from zones of tur-
bulent combustion would establish that the noise
emitters are solely restricted to regions of active
reaction thus isolating the origin of combustion
noise. PFurther, the theoretical prediction of Ref-
erence 3 would be verified. If in fact p(t) and
i(t) are correlated, it should be possible to de-
duce at least some of the scaling laws on the ra-
diated sound power by the optical technique without
the use of any sound measuring equimment.

The experiments on premixed turbulent flames in
References 1 and 2 used burner sizes varylng from
0.17" to 0.67" diameter with flow velocities up to
about 100 ft/sec. An equivalence ratio of 0.9 to
1.3 was covered. The experimental study described
in this paper was conducted with an aim to de-
termine if the correlation between the acoustic
and optical emissions does exist for higher velocity
flames also. A 100 ft/sec to 600 ft/sec velocity
range was chosen. Burners up to 0.96" in diameter
were used. The mixture ratio was varied between
0.8 and 1.25. The comparison of p(t) and I(t) was
accomplished by the use of (a) direct time traces
and (b) spectral analysis as was done by Hurle
et a1(l) and Price et a1(2). In addition to these
two methods, cross-correlation function analysis
was also employed. Further, using I, p g values
scaling laws of radiated acoustic power with respect
to flow velocity and burner diameter were deduced.

BExperimental Set-Up

The experimental facility used for these experi-
ments was the same as the one used for the nolse
measurements of Reference L. The burner sizes were
0.402", 0.652" and 0.96" in diameter. Gaseous
fuels propane and ethylene were used with air as
the oxidizer. The open, premixed turbulent flames
were stabilized using a pilot flame of hydrogen.
The anechoic chamber provided a satisfactory dark
enclosure for the light measurements to be made.
The image of the flame was focused on the cathode
of a photamltiplier tube (RCA931A or EMIG601S)
using a f/4.5-50m enlarger lens fixed to the front
end of the photormiltiplier tube housing. The photo-
miltiplier tube was placed with its axis in the same
horizontal plane as the burner axis and at 90° to
the flow direction., In the experiments conducted,
the distance between the burner and the front of
the lens was 53.5 to 75 inches. At this distance,
it was determined that the lens would capture the
light from the entire flame brush over the complete
range of experimental conditions. The light col-
lected by the lens was filtered through a narrow



band optical filter centered on Co radiation
(5165%). The peak transmission of the filter was
at £155 %A with a half-peak transmittance band-width
of 50%A. The selection of the filter was based on
the recommendations of References 1 and 2. It is
known from spectroscopic studies (e.g. see Ref-
erence 5) that radicals like CH, Cp and OH exist
only in the zone of reaction. The mean intensity
of emission of any one of these active radicals
should be proportional to the global reaction rate
in the flame while the time derivative of the
emission intensity should be proportional to the
time derivative of the global reaction rate. Thus,
by focusing the entire flame onto the photomzlti-
plier tube an effective volume integration is per-
formed over the reacting volume.
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Fig. 1 Instrumentation schematic.

Pigure 1 shows the instrumentation used in this
study. The output of the photomaltiplier tube 1s
amplified using a NEFF type 122 d.c. amplifier.

The mean emission intensity I is measured by a d.c.
digital voltmeter at this stage. The outpu} of the
amplifier is then differentiated to cbtain I(t).
The particular differentiating circult was known to
vield -de(t)/dt when a voltage e(t) was introduced
at the input. Necessary correction was applied

for this in the data analysis. The differentiated
signal was then passed through a Krohn-Hite Model,
3202R filter and recorded on one of the channels of
an Ampex 1300FR, 1k channel magnetic tape recorder
using necessary amplification.

Two Briiel and Kjaer type 4134 half-inch condenser
microphones, stationed at 90° to the flow direction
with reference to the burner exit, were used for
sound pressure measurement. The microphones were
placed between 14" and 25" from the burner part.
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The outputs from the microphones were also filtered
by band-pass filters identical to the one used to
rilter I(t). The sound pressure waveforms were
recorded simultaneously with I(t) on two other
channels of the tape recorder. In some instances,
the filtering was done at the time of reproduction
of the recorded signals. The data were recorded
at 30 inch/sec tape speed. The tape recorder had
a flat response (+ 1 db) up to 10 kHz at this tape
speed setting. In order to expand the time scale
of instantaneous traces on the oscillograph the
tape was played back at 1-7/8 ips producing a
speed reduction of 16. The reproduced signals were
plotted on a paper chart using a CEC type 5-12k A
oscillograph. A paper speed of 64 1n/sec was used
for this purpose. The spectra of p(t) and I{t) as
well as the cross-correlation functions between
them were obtained from the magnetic type record
using a Hewlett Packard type 5465 Fourier Analyzer.
This system had ananalog to digital converter along
with an 8K camputer to perform the necessary cal-
culations. In order to obtain stable results a

100 sample averaging technique was used.

Comparison of Instantaneous Waveforms

The instantaneous time traces of sound pressure
p(t) and_ the time derivative of the emission in-
tensity I(t) are compared in Figure 2. Three
typical cases are presented. The following no-
tation is used to identify the tests:

P - 100 - 0.8 - 0.k

Fuel Flow Equivalence  Burner
= Propane Velocity Ratio Diameter
= Ethylene (ft/sec) (inches)

The waveforms shown are oscillograph recordings
redrawn incorporating a time shift t*. 1% = r/ag
is the amount of time by which the p(t) waveform
is moved in the -t direction to account for the
time taken by sound to travel the distance between
the source (the flame) and the receiver (the micro-
phone). The optical radiation from the flame
reaches the photomultiplier almost instantaneously
in comparison with ¢%*. The tape recorder used is
known to introduce phase differences between sig-
nals recorded on diffegrent channels. The maximum
phase difference is about 20° for a signal of fre-
quency 1000 Hz. Also, the phase difference is
directly proportional to the frequency. Due to
this phase difference it is possible that an error
of the order of 5% (of %) is introduced in the
time shift +% on Pigure 2, which is quite small
since only qualitative comparlsons are being made.
Some similarities exist between the p(t) and I(t)
waveforms over a wide range of experimental con-
ditions. Thus, it has been demonstrated that the
results of References 1 and 2 can be extended to
include high velocity flames. Further, one- to-one
correspondence between p(t) and I(t) has been shown
to exist for different burners and mixture ratios.
The most important conclusion of this correlation
between optical and acoustic emissions is that
sources of combustion noise are primarily located
in the visible flame brush. This can be considered
to support the theory of Reference 3 which recog-
nized the value of eveluating the flame wvolume in
studying combustion noise scaling laws.
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Although comparing the instantanecus p{t) and I{t)
would establish a one-to-one correspondence di-
rectly, certain experimental difficulties are in-
volved. These difficulties arise mainly due to
spurious electronic noise in the instrumentation.
The p(t) is relatively free fram spurious noise.
However, the differentiator in the optical cir-
cuitry tends to megnify the relative importance of
noise making the signal to noise ratio in I(t)
rather low. In many cases (for example P-100-0.8-
0.4) it was very difficult to compare the two wave-
forms and decide whether or not a reasonable simi-
larity existed between them. PFurther discussion
on the spurious noise has been presented later in
this paper.

The foregoing discussion clearly demonstrates
that more definite evidence than what was presented
in Figure 2 is required before a one-to-one corre-
spondence between optical and acoustical emissions
from turbulent flames can be accepted. Therefore,
further experiments almed at obtaining cross-
correlstion and spectral distributions were con-
ducted.

Cross-Correlation

The cross-correlation function(6) glves a messure
of the simllarity between two waveforms used in the
calculation. If the seme signal is used in the
place of both waveforms, an auto-correlation func-
tion would result. The suto-correlation function
is an extension of the concept of the root-mean-
sguare value of a wave. The auto-correlstion
function is always symmetric about the point of
zero delay; i1t has a maximm value equal to the
mean square value of the wave at the point of zero
delay.

The cross-correlation function, on the other hand,
does not always maximize at zero delay. In fact,
the point at which the maximum occurs is one of the
most significant results arising from the cross-
correlation function analysis of two signals. This
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delay time at which the maximum occurs forms an im-
portant basis in Isolating the source of a dis-
turbance.

Correlation technlgues have been used extensively
in aero-?%mstic pro'?é?ms, for example, in t1:1e work
of Bh?t'g and Goff‘\“’/. Recently, Abedlhamid
et all9 employed this technique to establish
correlation between the noise from high-speed Jets
and combustor pressure disturbances. Mathematical-

ly, the cross-correlation function G between two
waveforms x(t) and y(t) can be expressed as

T
)
6(r) = 1m £{ [ x(e) y(t - 1) at}  (2)
"3
For the case at hand
x(t) = p(t)

(3)

lif}
He
—

ct
~

y(t)

Recall that the sound wave takes & time 1% to reach
the microphone. Thus, for a one-to-one correspon-
dence between p(t) and I(t), we should have

p(t) = KI(t - %) (%)

where K is some constant. The cross-correlation
function, therefore, becomes

(1) =2m { [ It - It -1 at}

T -

iR —— 3

and would meximize at v = ¢¥. Thus, the experi-
mental crogs-correlation functions should maximize
at r = v% 1f a one-to-one correspondence exists
between the optical and acoustic emissions from
the turbulent flames.

"

| T o~
i g
P-800-08-0-4 $-600-0-8-0-4
80~ 1800N2 80 —-1600M
pop (a0) (o PiaT)- pE) |y

Fig. 3 Cross-correlation function between (a}
p(t) waveform with itself and (b} p(t)
at 24", Vertical scale is arbitrary.

The correlation functions are obtalned using
the Fourler Analyzer. The cross-correlstion func-
tion displayed on the Fourier Analyzer system



oscilloscope screen is photographed. The traces
shown in Figures 3 and 4 are redrawn using thesge
photographs. Figure 3 essentially illustrates how
cross-correlation works. PFigure 3(a) shows an
auto-correlation function for the p(t) of the
P-600-0.8-0.40 case. Figure 3(b) is a display of
the cross-correlation function between p(t) &s
measured by the microphones at 14" and 24" from
the flame.

the two microphones. In Figure 3, as well as in

Figure L4, trace lengths of T/Y have been cleared at

both ends of the time axis. This is figsired in
order to eliminate wrap around errors . Cross-
correlation functions between I(t) and p(t) wave-

forms over various experimental conditlons are pre-

sented in PFigure 4. Figure L{a) shows the cases
for which p(t)'s from the microphone at 14" have
been used. The cross-correlations maximize for
7 ~ 1.0 msec in these cases. Figure 4(b) is for
p(t)"'s from microphone at 24". The time delay at
which maxima occur is ~ 1.8 msec. In PFigure 4 the

P-600-0'8-0-4

| msec 60-1600Hz

P-300-0-6-0-4

/\ 60-1600Hz

P-100-0-8-0-4

60-1600Hz A
] S~V VU
P-100-125-0-4
A 60- 6000 Hz /\
1 U/ '}
P-100-1:0-0-4
60-6000Hz A
E-100-0-8-0-4
60-1600Hz
v —T V T
{a) {b)

Fig. 4 Cross-correlation between p(t) and i(t)
vaveforms.
() p{t) from microphone at 2uL".

experiments include a flow velocity range of 100-600

fps. The fuels propane and ethylene are used and
both fuel-lean and fuel-rich mixtures are included.

This, over a wide range of parameters a good cross-

correlation between p(t) and I(t) exists.

Frequency Spectra of Optical Emisslon

After having established that a good cross-

correlation exists between the acoustic and optical

Notice that the cross-correlation maxi-
mizes at ¢ = 0.8 msec which corresponds to the time
taken by sound waves to travel the distance between

N A

{a) p(t) from microphone at 14",

L1

emissions, the spectra of 1(%) and p(t) were com-
pared. These spectra should show identical fre-
quency distributions if a one-to-one correspondence
exists.

First, the P-100-1.25-0.40 cmse is considered.
The comparison between the instantancous p{t) and
I(t) traces was shown to be quite reasonable in
Figure 2(a) for this caze. Figure 5(a) shows that
the spectra of 1 and p are in excellent agreement
up to 1000 Hz. The correspondence between the
spectra grows progressively worse due to electronic
noise at higher frequencies. Since in Figure 2(a)
the waveforms were restricted to 2000 Hz, it was
possible to observe a reasonable similarity.

Figure 5(b) shows the spectra for the case
P-100-0.8-0.40. It has been stated earlier that
an instentaneous waveform comparison was found
to be extremely difficult for this case. The
spectra for optical emission is almost flat gver
the entire frequency range showing that the I(t)
signal is dominated by spurious noise. The reason
for the difference in behavior between the two
cases shown in Figure 5 can be explained to some
extent by their mean intensities. It will be shown
later, in Pigure 7, that electronic noise dominates
for flames with low mean intensity. The P-100-1.25
-0.40 flame, being much brighter

RELATIVE DB
1
[
T

P-100-125-0-4 .
_20 | N — | I I T S
(a)
100 1000
FREQUENCY, Hz
o
@ eI h.
7T} [ /’,’ 1 \\~“~\
2 ’
- - L S
L -0 e
@ | P-100-08-04 Ty
x
S -l 1 | TS | |
20 (o)
100 1000

FREQUENCY, Hz

Fig. 5 Irequency spectra of I and p {a) for
P-100-1.25-0.4 case and (b) for
P-100-0.8-0.4 case.

than the P-100-0.8-1 flame, has a better sigmal to
noise ratio and, therefore, shows a reasonable
spectral comparison.

Similar spectral comparisons were made at wvarious
other experimental conditions. In general, it was
observed that above about 1000-2000 Hz frequency
electronic noise dominates I(t). Thus, any study
using uptical emissions from flames should exclude
frequency camponents above 1000-2000 Hz unless



wetter electromics are available. OSince, iIn Rerl-
erence U, it has been established that for hydro-
carbon-air flames the combusiion noise peaks in

the 250-T700 Hz range, this should not be a major
restriction. Nevertheless, electronic noise appears
to be a major problem to guard a%ainst in optical
emigsion studies. Hurle et al(l presented the
spectra of both total I signal as well as the
electronic nolse. The signal to noise ratio was
found to be very close to unity for frequencies
below 200 Hz and above about HOOO Hz. In the range
of 200-4000 Hz the signal to noise ratio was found
to be about two at best. The spectrum of I cor-
rected was compared with the spectrum for the sound
pressure and moderate correspondence was ob esved
by the authors in Reference 1. Price et al 2

state that the overall I, , 4. values were cor-
rected for electronic noise. In the present ex-
periments the corrections applied on the overall
Ip.m,5. Were between about 2 to 10 db (see Fig-

ure 83. Although these corrections are rather

high there is reason to believe that the corrections
applied for the data of References 1 and 2 must also
have been of comparable magnitude.

Scaling Iaws for Acoustic Power from
Optical Emission Measurements

The investigation discussed in this section arises
as a natural consequence of the results presented
sc far in this paper. If, in fact, there is a one-
to-one correspondence between p(t) and I(t), then
it should be possible to obtain at least the scaling
laws on the flow velocity U and burner diameter D
for the radiated acoustic power from the optical
experiments. The scaling laws with respect to 3p,
and F would require the use of more than one fuel.*
Since the line intensities in the optical spectra
for various fuels differ, there are bound to be
additional corrections reguired for mean intensi-
ties. Because of the presence of substantial
amounts of spurious noise in the I measurements,
the scaling laws by the optical technique should be
considered more as a substantiation to the existence
of the correlation rather than as a method for
generating combustion noise scaling laws. The fol-
lowing paragraphs describe experiments using pro-
pane as the fuel designed to recover the velocity
and diameter scaling on the radiated acoustic
power.

The photo-multiplier tube output was amplified
and differentiated. The differentiated signal was
passed through a band-pass filter set to allow
frequencies between 180-1000 Hz. This restriction
on frequency was decided by the results of the
spectral analysis. The filtered I was measured by
the volt meter of a B & K 260l microphone amplifier.
The r.m.s. value of I was read out as db (re. 1Vpmg-.
The meter was set to the "slow" position. The gain
on the amplifier was noted. The voltage supply to
the photomultiplier tube, the band-width of the
filters, the distance between the photomultiplier
tube and the flame etc., were left undisturbed over
a sequence of runs over which either velocity or
the burner diameter was varied. This would ensure
that changes in Ir.m.s. measured would be repre-
sentative of the changes at the flame. The In n.g.
measured would be due to both the true signal and
the electronic noise. Since it had been determined
that electronic noise is appreciable it was nec-

*F 1s the fuel mass fraction and Sy, is the laminar
flame speed.

. F_‘
AN

essary to correct the measured I, for electroi-
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1C noise.
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Fig. 6 Mean intensity as a function of flow
velocity.
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Fig. 7 Electronic noise I as a function of mean
intensity.

Electronic noise in I is known to0 be a function
of the mean intensity I received by the photo-
miltiplier tube. Figure 6 shows the variation of
mean intensity of the particular flame under con-
sideration with flow velocity. These mean in-
tensity values were measured by a d.c. volt meter
at the input to the differentiator without dis-
turbing any of the instrument settings. Using a
standard lsmp supplied with ripple-free d.c. cur-
rent, a light source with_ hegligible light flick-
ering was obtained. The I, p o measured for this
case should be indicative of the electronic noise.
Figure 7 shows the (Ir.m,s.)elec. noise S & func-
tion of mean intensity I. Using Figures 6 and 7
together the welues of electronic neoise at various
flow velocities for the particular flame could be
determined. Now,

(ir.m.s.) = (ir.m.s.)

in db in db

- db correction

true measured

The values of db correction were obtained fro
standard ba ound noise corr?c ion graphs( .
Hurle et al and Price et a1l2) alsc found that
corrections such as these were needed for their
measurenents.



Figure 8 shows (Ipr.m.s.)true &8 o function of
flow velocity U. Also, values of (Ip.m.s.)total
have been shown on Figure 8 to indicate that cor-
rections applied are $u1te heavy. (I)%.m.s. aD-
pears to scale as U2 This implies a P « e 7
scaling which is in excellent agreement with the

-7 law of Reference (4).* However, it should be
cautioned against considering the optlcal method to
be accurate based on the IE , 4. « U2-7 result.
Below 200 fps, the signal to noise ratio was so low
as to make it impossible to get (I, ;5. )tmue-
Also, recall that a rather restricted frequency
range of 180-1000 Hz has been used for these
experiments.

o} PROPANE CoLINE(SI65R)
8;8'.3'02 180-1000 Hz
o

o] o o
o
I . /
- I
{db) rms, measured
(o] =2 "
Irms, true

- . | —r 'l 1

100 200 400 600

VELOCITY, tps

Fig. 8 Acoustic power law with flow velocity by
optical technique.

An essentially same procedure was adopted to ob-
tain the variation of I y, 5, With the burner di-
ameter. Figure 9 shows the variation of I, p .
with diameter. The data points have been cor-
rected for electronic noise. It can be seen that

If.;m.s. scales w1th diameter to an exponent roighly
between 2 ang A least square fit preferred a
tr.m.s. 5 law However, improved data are

requlred before one can conﬁlus1vely determine the
scaling law. Ipp. s, = D? implies that radiated
acoustic power, P, would also scale to DE-%.2,

Sound pressure measurements of these flames, in
Reference 4, gave a P « D°*7 scaling. In any case,
the results presented in Figures 8 and 9 do show
that scaling laws obtained by optical measurements
reflect the proper trend as compared with those ob-
tained from sound pressure measurements, consider-
ing the very poor signal to noise ratios encountered
in I signals. This strongly supports the theoreti-
cal deduction of Reference 3 shown in Equation (1)
which states that the far field sound density (or
pressure) is proportional to the global integration
over the reacting volume of the first Bulerian

time derivative of the time retarded reaction rate.

*
P is the radiated acoustic power.
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Fig. 9 Acoustic power law with burner diameter by
optical technique.

Concluding Remarks

The intimate relation observed between the optical
and acoustic emissions raises one important ques-
tion: Is the correlation obtained because the
noise generated, outside the flame zone, in the
hot efflux, travels through the region of reaction
and cresates light fluctuations? This possibility
can be ruled out because if s pressure wave p(t)
passes through a flame, it creates changes in the
reaction rate w. Since I(t) « @(t), this implies
that p(t) « I(t), thus, contradicting the experi-
mental result p(t) « I(t).

The experiments described in this paper have
shown despite the experimental difficulties due to
electronic noise in the differentiated photo-
multiplier output, it is possible to observe one-
to-one correspondence between the acoustic pressure
and the time derivative of emission intensity from
turbulent flames. This work supports the experi-
mental findings of References 1 and 2 and the
theoretical prediction of Reference 3 (see Equation
(1)). The range of validity of the correlation has
been extended to include flow vel?c%ties as high as
€00 f%é Whereas, Hurle et alll) and Price
et al compared p(t) and I(t) directly, the pres-
ent study employed cross-correlation technique in
addition to direct time-trace comparisons. Further,
scaling laws for radiated acoustic power were de-
veloped with respect to the flow velocity and the
burner diameter. These laws compared favorably,
with the ones obtained by sound pressure measure-
ments in Reference 4, when the band-width was limit-
ed to 180-1000 Hz and necessary corrections were
applied for electronic noise. This result, again,
substantiates the existence of a correlation between
optical and acoustic emissio:s. A practical im-
plication of this result is that noise output from
regions of cambustion could perhaps be obtained di-
rectly without having to use an anechoic chamber.
Unless better electronics are available, poor sig-
nal to noise ratio would severely restrict the use
of this method. The most important conclusion of
this study is that combustion noise sources are
primarily located within the visible flame brush.
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The results are presented of 103 tests on the noise generation
capability of bunsen burner type premixed hydrocarbon-air turbulent flames.
The fuels used have been propane, propylene, acetylene and ethylene, all
burning at 1 atmosphere in an anechoic chamber. The results for sound power
output, reacting volume and spectral content are correlated with the burner
diameter, flow velocity, fuel mass fraction and laminar flame speed; these
variables are sufficient to produce correlations with respect to the Reynolds
number, Mach number, fuel mass fraction and the first Damkdhler similarity
group. Introducing a new simplified version of the theory of combustion
noise, known turbulent flame speed correlations, and the theory of isotropic
turbulence decay downstream of the burner lip, it is shown that the cor-
relations for frequency content and radiated sound power have a rational

basis.

Introduction

Recently, experimental results have been reported on the noise
generation capability of open turbulent premixed hydrocarbon-air flames

2
anchored on burner tubes.l This work extended the study of Smith and Kilham
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tc include larger burners and a wider flow velocity range and with a goal
in mind to produce scaling laws with respect to the four variables F, D,

5, and U. Of primary interest were scaling laws for sound power output and

T
A

the frequency oi maximum radiated power. Both prior and subsequent to the
cited experimental study several theories of conbustion noise appeared in
the _"Litera.ture.3_5 In a recent review paper6 it has been pointed out that

none of these theories can adequately explain the observed scaling laws.

This has been somewhat surprising since at least the theory of Reference 4

is known to contain the appropriate physics to explain the origin of combus-
tion noise as deduced in References 7-9.

From a practical standpoint flames of this particular type are not of
much use because of flashback considerations. However, the purpose of this
paper is to understand the noise and to merge theory and experiment on a
simple flame. It is considered imperative to understand this simple flame
type in sufficient detalil to match theory and experiment. If this understanding
is not obtained, the use of the theory in more complex configurations would
be open to severe question. Consequently, the purpose of this paper is to

explain the observed free flame results on the basis of a revised theory of

combustion noise.
Experimental Correlations

Experimental details are located in Reference 1 as are the results
for propane, propylene and ethylene-air experiments. In order to gain
better confidence in the scaling laws' behavior with respect to the fuel
reactivity some acetylene runs have been added. Table 1 shows the final
correlation results for the overall sound power, the frequency of maximum
radiated sound power, and the reacting volume. The reacting volume is
taken from Reference 10. Also shown is the turbulent flame speed correlation

of Reference 11; the configuration of Reference 11 was identical to that of
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the noisc cwvperiments except for the minor difference of Lhe fuel used in
an annular stabilization flame. 1In the turbulent Tlame speed correlation
the effect of ¥ was not explicitly staied in Reference 11. Review of this
reference shows, however, that evidence of the insensitivity of SﬁFto F
was indeed presented. The geometrical parameters such as flame length and

width varied in the same manner between the sets of experiments of References

10 and 11.
Table 1
Empirical Correlations
a Mean | Standard Number

Correlation Equation Error |Deviation |Of Tests
Sound -6.2.67.1.83_~.40_2.78
Power P=3.7x10 U 'S F D~ 6% L, 63
Reacting _
Volume V= 6.9 x 103 vt SL'93F3'11D3'22 3% 269 40
Frequency of _ -1
Meximm Power | £ = 2.3 U'185i8831 1.2ly--13 1% 169 62
Turbulent
Flame Speed | Sy, = ik U'QhSLFOD'E'O b b

a. Uin ft/sec, D in ft, Sy in ft/sec, P in watts, Y, in £t3, f, in Hz,

Sqp in ft/sec

b. Not presented

Estimates of the uncertainties in the exponents may be obtained by
comparing the predicted formula variations with the standard deviation of
the fit. Although this will not be done here, it will be stated that for

the noise experiments U was varied over a 12:1 ratio, D over a 2.74:1 range,
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F over a 1.7:1 range and SL (at Tixed ») over a 3.8:1 range. Roughly the
same variations apply to the ST results of Refcrence 11.

It is, of course, conceptually more satisfying and more widely useful
in an engineering sense if the results are presented in dimensionless form.
If one were to write down the pertinent equations for the unsteady, turbulent
combustion process and make the simplifying assumptions of a global reaction
rate and Le =~ Pr =~ 1, it is well known that the important dimensionless
groups which would arise are F, Re, M, wb/U, Dal, and Da2. Variation of

the four parameters F, U, D, and S, allows an independent variation of ﬂta

L
and ch/U with respect to Re, M, F and Dal. Conseguently the results of

Table 1 may be cast into the following dimensionless form:

Thermoacoustic Efficiency

M, = 5.48 x 1077 Dal‘92 Re” -1 F_l'h w12 fl(DaZ) (GN)

Frequency of Maximum Radiated Power

B -5 _Jhh_ k3 _-1.21  -.82
ch/U =1.91 x 107 Da; ' "Re F M fZ(Daz) (2)
Turbulent Flame Speed
ST/U =7.23 x 1073 Dal’sci/{"26 f3(Da2) (3)

Since Da.2 was not varied, but is quite constant for hydrocarbon-air flames,
all that may be said is that fl(1h9) o~ f2(ll+9) s f3(ll+9) = 1.

For low Mach number tests, as these were, one would expect only a
weak M dependence for S5, as is confirmed by Equation (3). This same

expectation would hold for wCD/U, but this is not confirmed by Equation (2).
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Notice that, since the speed of sound will gquite naturally enter any

fle]

acoustic power computation, there is nn expectation that Equation (1) will
be independent of M, as it is not. This wiil be theoretically confirmed
later.

The reason for including the ST and VC correlations 1s that the
acoustic power and frequency scaling laws deduced theoretically require
knowledge of the flame geometry and its variation with other flow, chemistry

and geometrical parameters. For example,

- 2 ~pf L I
V =85L.~Z2 DLi ~D s, L3 (L)

which allows Lf to be determined from the ST

and V_ correlations. Equation (4) defines the mean

correlation and Lf to be

determined from the ST

flame thickness, 4 The factor 5/2 in the second of Equations (U4) is

o
obtained by a best fit to the geometrical data of Reference 11, and since
2
o e o DT o U
ST was defined in Reference 11 as ST =UT Hg; it follows that Lf ~ 15 D ST .
In order to obtain an idea of the numerical magnitudes of various
mean flow, chemistry and turbulence parameters a typical run is chosen which

yields quantities close to mean values of all quantities investigated. This

run is as follows

Ethylene-air at § = 0.8
O
p = 1 atm T, = 59°F

U = 300 ft/sec D = 0.05L433 ft

For this case the following properties may be computed:lz’l
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c, = 1117 £t/sec P, = 0.0765 1b/ft3 F = 0,034%9
¢ ~v_ = 156k x 10'4 ft2/sec S. = 1.693 ft/sec
o o L *
=0 /S = 9.2h =2 - ’ 3
d. O/ [ = 9-2k x 1077 1t P = 0.0393 watt
Re = 1.042 x 105 M= 0.269 Dal = 3,32
— 6 -7 = L _ -1
nta = 5.36 x 10 fc = 495 Hz wc = 3110 sec

From Equation (4) and the flame volume correlation of Table 1 the following

geometrical parameters may be computed:

'8, = 5.562 ft/sec S, = 0.1250 £t°
L, = 0.921 ft Lf = 0.0781 ft
V.= 9.77 x 1073 £43

13

Using formulas for isotropic turbulence - for the nearly isotropic core of
the pipe flow, it is found that at the pipe exit plane

u’ ~ 12 ft/sec L, =~ 0.3D = 0.0163 £t

L -
€ ~ u'S/Le - 1.060 x 10° fte/sec3 1 = (ag/e)‘* = T.75 x 10 2 £t

e N -3
Mg H_ 1.78? x 1077 £t

u

Comparison of the values Lm and dL shows that the thickness of a laminar
flame 1s comparable to the Kolmogoroff micrascale and comparison of {T and
%e shows that the turbulent flame thickness is of the order of 5 integral
scales. In the following development only u’ and 1, will be used in any

detail. The magnitudes of Lm and Kg are presented here so that the reader

mzy make mental comparisons for many of the following conclusions.
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Using the above data to compute several different frequencies shows
thnt only one process corresponds to a frequency commensurate with the
observed fc. This is the lrequency of macroscopic mixing

-1

- /' /a _ z —
f,=u /4,e = 736 " =1

-1

For example, the chemical frequency fche = Si/ao = 1.833 x lou sec is

m
far too high to be considered representative of a process important in
combustion noise. One is led therefore to a possible interpretation of
combustion noise based upon inhomogeneities caused by the turbulent mixing
process at the size scale represented by the energy containing eddies.
Following this interpretation, it will be determined whether or not the
observed scaling laws may be recovered theoretically. It shall be noted
here that upon a cursory glance fe above would normally have no apparent

dependence upon F or SI! as 1s indicated for fc in Table l. However, such a

dependence does exist and it is explained later.

Theory of Combustion Noise

It has recently been rather conclusively demonstrated9 that the far
field sound pressure is related to the volume average of the time derivative
of the heat release rate. This has also been shown theoretically, but by

S A simpler method has been discovered to

a rather tortuous argument.
present this argument and it will be given here. 1In thg configuration of
FPigure 1 the surface Sl is drawn exterior to the combustion region and
shear layer except that it cuts across the hobt shear layer downstream of
the flame tip. For frequencies whose wawvelengths are long compared to a
typical dimension of the volume enclosed by Sl so that one is in the

hydrodynamic field (acoustic near field) the solution to the wave equation

for the far field acoustic pressure is



‘ 1 [ o
o5t = ) 5 (z)

0 » J——

Sl 07 t c
o
o [ v’
= - 7;7‘ n dS(go) (3)
'r , t-
S =0
1 o}

Equation (5) represents an equivalent monopole source as is known to be
characteristiec of combustion noise. Other than the frequency restriction,
which is experimentally valid, three assumptions have been made in deriving
Equation (5). The first is that ¢ = ¢, everywhere; while this is valid

outside the shear layer, it is not valid as S, crosses the shear layer.

1
1,15

However, this is a refraction effect which is small at low frequencies.

The second assumption is that p = s everywhere on S This approximation

1
is necessary for simplicity and the error introduced can only be determined
by comparison with experiment. The third assumption is that the Mach number

is small everywhere and this is clearly justified. Now it has previously

been shownh that in the near field

<
1
l_l

v’
J _a-%. . EO dS(EO) = H Ia—‘_g dV( ) (6)
S, v,

which directly links the far field pressure in Equation (5) to the time

7’899 Equa-

derivative of the heat release rate as is experimentally known.
tions (5) and (6) have an interesting physical interpretation which runs
somewhat counter to physical intuition. That is, it is implied that if

there were no heat release fluctuation in the total flame there would bhe

no noise; a 100% efficient flame would not be noisy. In any event there is
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surong experimental evidence for the validity of Equations (5) and (6)
and they yicld a ralher direct interpretation of combuntion noisc.

In Reference 4 the volume integral of Ecuation (6) was estimated by
several turbulent flame theories, but the scaling laws cobtained for acoustic
power radiated were not in close agreement with experiment.l The difficulty
is believed to lie in the fact that quantities do not behave smoothly within
Vc. That is, chemical reactions and diffusive preparation processes must
take place on a molecular scale or on the scale of turbulence of the order

3 times the

of the Kolmogoroff microscale, which is of the order of 10
turbulent flame "thickness," as seen above. Estimates made of the volume
integral must properly account for this disparity between the relevant

scales and apparently it was not done correctly in Reference 4. The surface
integral of Equations (5) and (6) may be more easily estimated, however,

in the light of the observation that u'/&e appears to be the dominant frequency.
The fluctuations of reaction rate appear to be caused by the large scale
turbulent motions which cause variable mixture ratios and temperature.

These variations become smoothed over Le downstream of the reaction region
where the bulk of the reactants have indeed reacted. Velocity fluctuations

on 8., however, are caused by different parcels of fluid having been heated

1
differently, according to Equation (6) .

Accepting this explanation, it remains to estimate the acoustic power.

Since

o
P ([ a =] ™
S
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Equation (7) has the following order of magnitude, estimated in the same

manner as in References 16, 3 and b
P is ol: it s s, uZe? (8)
Hﬂco cor f c J

which presumes 5., is driven toward Sf and lllis the veloeity fluctuation

1
normal to the flame front downstream of the flame. Accepting that total
heating fluctuations are driving UI, the fluctuation should be proportional

to the normal velocity change in the steady state. That is

U poST‘M FHST
1 po

wc has already been estimated as u'/{,e and the correlation area, Scor’ \
must be taken as approximately &é in accordance with the statement that the
integral scale is causing the nonuniformities. Introducing these estimates

and Equation (9) into Equation (8), and introducing a constant of proportion-

ality, K.n,
2 2
Ls S u
- P _ 1/ f) 2_°r
Tlta = —— = K.n W\~ 2 Da2F P (10)
D D o)
p U T FH

It is now to be determined whether or not Equation (10) recovers the scaling
laws of Table 1 and Equation (1).
Generation of the Scaling Laws

Before proceeding further with Equation (10) it is necessary to

observe that Lf is sufficiently long that a substantial decay may take



place
Since

flame

value

it 1s known

at the tip rather than at the burner exit plane.

are those of Reference 17 which are

u = {a = '{; f2
e
FT o2 FT  °BE
f = p+ 1
100 L
0 an .
= 5
w.
gpE

']
e 2
1
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in the turbalence of the reacting cure before the flame tip is reached.
1 . o . . :
>3 that the majority of the noise is produced near the

tip it is most appropriate to estimate u’ in Equation (10) as the

The formulas used

(11)

It is desired to put f in the form of a power law so that the scaling laws

of Equation (10) will turn out in such a form. ILetting f = ap” and finding

@ and n such that f and df/dp match the data for the sample case above

it is found that

n = 0.601 o = 1.959

Then since u:éE < Uand 4, *D, it is found that

Combination of Equations (4), (10), (11) and (12) finally yields

BE
a0 -1502
I
uFT/U = 0.01904 —__S'—MO-OT -
M0.0781
Le /D = 0.630 —5 1555
FT Da1

(12)
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., = Kn(a.sh x 1079) Dai‘SOO e¥ p 1208 Da,, f3(Da2) (13)

Equation (13) is to be compared with Equation (1) and the agreement is

considered remarkable. The behavior with Da., Re and M is predicted almost

l)
exactly; the behavior with respect to F is the primary deficiency, and an

indication is given of the behavior with respect to Da2 for which there is
no experimental information. If the orders of magnitude of the wvarious

gquantities have been correctly predicted there is the expectation that Kﬂ
should be a constant of order unity. Checking this by placing in the

sample case numbers for F, Re, and Da,, Equation (1) yields

-6 _0.92 2.72
M, = 6.33 x 107" Da; o

while Equation (13) yields

Ty = Kp(6:82 x 1071y Dai'Soo 12084

which yields a K,n with an order of megnitude of ten. This is considered quite
close to the expected magnitude considering the rough estimates involved.
A final check on the validity of the approach 1s to check the

frequency scaling law. From Equation (12)

ch Dai°3oo
—U‘- = 090302 M—O'—W (llﬁ-)

or
= -
o 05k §0+60 [=oTO

. : (15)

T
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Comparing Equation (19) with Table 1 it is seen that the theoretical equation
predicts the proper trends but is deficient with respect to the D and F
scaling. It should be noted in the empirical formula that the very weak D
dependence and the experimental range of 2.74:1 for the D variation does
not place the fC variation with D outside the standard deviation of the
experiments. For this reason the empirical exponent on D of -0.13 is
suspect. Further experiments are in order at larger sizes to check this
point.

The deficiency of Equation (15) with respect to F indicates that
something has been left out. Assume for the moment that the theoretical
estimate for fC is modified to account for the cbserved F dependence in

the following manner:

Placing this estimate in the developments leading to Equation (13) yields

0.800 _ 0 F-O.h2 M2.58h

nta =< Dgl' Re

which is in almost exact agreement with Equation (1) . While the strong F

dependence of VE implies through Equation (4) a strong F dependence of Lf

R -1.21
and consequently of Lé, the above agreement cannot imply that Le « F
FT
because 4 cancels out of Equation (8) as seen in Equation (10). Consegquently,

-1.
the only apparent way to rationalize the above result is to set uéT &« F 21.

There appears no physical explanation for this result and it must be ac-

cepted as a deficiency of the theory.



f t ] atios u. /» £ inds

If one computes the ratio uFT/ . ST/ o @nd ST/Kg one find
T T T

that they are not far removed from the aumerical magnitudes observed for fC.

Furthermore, the scaling laws for freguency are at least as good as that of

Equation (15). They are, however, not accepted as theoretical estimates

for fc because a) the nta equation which is produced is not as accurate as

Equation (13) and b) the physical basis for using them is not as clear as

when using u'/&e.
Concluding Remarks

It gppears that the noise generation process from open premixed
turbulent flames may be theoretically explained by downstream velocity
fluctuations caused by a fluctuating heat release which is in turn caused
by large scale fluctuations in the turbulence. Even this simple flame type
yields rather complex scaling laws because of the distortion of the flame
shape with a change in variables and the recognition that there is a sub-
stantial decay of the turbulence in traversing the distance from the burner
exit to the flame tip. Empirical correlations of the turbulent flame speed
and flame geometry together with theoretical acoustics and the decay behavior
of isotropic-turbulence have produced acoustic power and frequency scaling
laws which are in close agreement with experiment. It now appears possible
to use the theory with confidence to investigate other flame types for which
little experimental information is availabl; on the noise generation charac-
teristies.

The scaling laws generated theoreticelly are especially satisfactory

with respect to variations of Reynolds and Mach numbers and Damkdhler's first

similarity group. Variations with respect to Damkidhler's second similarity
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group have not bpeen experimentally investigalted but the theory gives an
indication of the variation of acoustii. power with this paramcter. fhere
are some uncertainties in the behavior of frequency and acoustic power with
variations in F. Presumably nore information on the turbulence structure
downstream of the flame is required to resolve tHis uncertainty. Finally,
further experiments are in order on the behavior of frequency when diameter
is varied, since it has not been varied over a wide enough range to have
confidence in the empiriéal scaling law. Experiments are currently underway

in this area.

Nomenclature
c speed of sound
c:p specific heat at constant pressure
dL laminar flame thickness
D burner diameter
Day Damkdhler's first similarity group,calculated by SiD/Uozo
Da2 Damkdhler's second similarity group, H/cqu
f function defined by Equations (11)
fl’f2’f3 undetermined functions of Da2
fc frequency of maximum radiated acoustic power (Hz)
F fuel mass fraction
H fuel heating value
Le integral scale of turbulence
Le Lewis number
Lf turbulent flame length
L average turbulent flame thickness



Pr

Re

Kolmogoroff microscale of turbulence
Mach number

unit normal vector

function defined by Equation (11)
pressure

acoustic power

Prandtl number

distance from origin

Reynolds number based on U and D
laminar flame speed

turbulent flame speed

mean turbulent flame area

control surface bounding the flame
correlation area

time

temperature

rms turbulence intensity

flow velocity

mean estimate of the magnitude of x’

fluctuating velocity vector

volume of region of reaction

fuel disappearance rate, mass per unit volume per unit time

thermal diffusivity
ratio of specific heats
turbulence dissipation

density

61
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nta thermoacoustic efficiency, P/QOIJW %? FH
g equivalence ratin

W circular frequency

w, circular frequency of maximunm radiated acoustic power (rad/sec)
v kinematic viscosity

Ag Taylor microscale

<> denotes a time average

Subscripts

o cold exterior conditions

1 conditions downstream of the flame

BE burner exit

FT flame tip
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List of Captions

Figure 1. Geometry and coordinate system for open turbulent flames anchored

on burner tubes.
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ABSTRACT

The results are presented of a three year program investigating direct
combustion noise in hydrocarbon-air flames. Tasks completed during the final
year of the program have been a) the use of an exterior facility to investi-
gate the noise from a large, 2 inch diameter burner and b) the use of the
anechoic facility to test flames stabilized by bluff body flameholders. Em~
rhasis in the program has been on premixed, fuel lean turbulent flames using
ethylene, acetylene, propane and propylene fuels with air as the oxidizer.
Conclusions of practical interest are a) combustion noise can be an important
contributor to the overall noise problem from turbopropulsion systems if the
system extracts high shaft power b) it is not important to the noise problem
from afterburning turbopropulsion systems, c) if the noise output of a par-
ticular combustor type is known in one installation, valid predictions may be
made for the noise output of the same type of combustor in a different in-
stallation and d) combustion noise may be a contributor to the afterburner

instability problem.
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CHAPTER T

Summary of Tasks

This three year program to investigate direct combustion noise (noise
generated in and radiated from a region of active turbulent combustion) was
made up of four major tasks. These were a) to investigate, correlate and un-
derstand the noise generation capability of open turbulent flames anchored on
the end of burner tubes, b) to investigate the origin and existence of conmbus-

tion noise by instantaneous CH and C,. emission measurements, c) to determine

2
the scaling predictability in installed configurations by enclosing the flames
with reflecting surfaces and d) to investigate the effect of the flame sta-
bilization method on the noise generated.

The first task investigated the fuels acetylene, propylene, propane and
ethylene burning with air at 1 atmosphere. The flames were anchored on the
ends of burner tubes of diameters 0.402, 0.652, 0.960 and 2.063 inches, and
the flames were stabilized to velocities as high as 600 ft/sec by an annular
hydrogen pilot/diffusion flame. Tests on the three smallest burners were conduct-
ed inside an anechoic chamber and the largest burner was tested in an exterior
facility. FEquivalence ratios between 0.6 and 1.3 were used. Sound measurements
and information received were overall sound power, directionality and spectra.
The test variables were airflow, fuel flow, fuel type and burner diameter.
These variables were sufficient to obtain a correlation of the thermoacoustic
efficiency (ratio of sound power to heat input rate) and Strovhal number of
maximum spectral density as a function of the following four dimensionless
groups: Reynolds number, fuel mass fraction, Mach number and Damkthler's
first similarity group (ratio of flow time to chemical time). The data were

explainable in terms of the senior author's theory of combustion noise. The



results of this task have been reported in Refs. (1) - (3) and in Appendix A
of this report.

The second task investigated the relation between optical emission fluc-
tuations and acoustic emissions from flames. Viewing the entire flame brush,
the optical signal was filtered to let in only the emission from either C2 or
CH radiation. The instantaneous signal was differentiated in time and com-
pared with the far field acoustic pressure trace. Crosscorrelation of the
traces were prepared. The purpose was to show a direct correspondence between
the fluctuation in the reaction rate in the flame and the emitted sound. This
was to prove that the origin of the acoustic signal lies inside the flame.

The data confirmed the expectations. The results of this task have been re-
ported in Refs. (2) and (5).

The purpose of the third task was to investigate the effects of enclosing
the flames of the first task. A right circular tube was placed about the .
smallest burner and the tube ends were provided with acoustic terminations
(mufflers) that absorbed most of the incident sound. The overall noise and
noise spectra interior to the tube were measured and compared with the results
of the flame burning in the anechoic chamber. Theoretical acoustics were ap-
plied to the tube configuration assuming that there was a) no feedback between
wall-reflected pressure waves and the flame and b) no modification of the com-
bustion noise source strength as compared with the open flame source strength.
The measured tube noise properties were found to closely correspond to the
predicted values. This task showed that if the properties of the free flame
noise generation characteristics were known then the enclosed flame noise
properties could be computed if the enclosure acoustics were known. Further-
more, it was demonstrated that enclosure effects may be substantial in deter-
mining the overall acoustic power output from a flame. The results of this

work have been presented in Refs. (2) and (6).



The fourth task was conducted to determine if the mechanism of flame
stabilization had a substantial effect on the noise generated. The burner
tubes had conical flameholders mounted at the mouth of the tube, so a free
Jjet of fuel and air impacted the flameholder at the burner mouth. For the
higher speed flames (> 100 ft/sec) it was also necessary to bleed hydrogen
through the base of the flameholder to stabilize the flame. The flame shape
was significantly altered over the comparable free flame. The sound power
output and freguency content were also altered but in a manner consistent with
theory, given the flame shape change as an input to the theory. The results

of this work are reported in Appendix B of this report.



CHAPTER IT

Summary of Accomplishments and Conclusions

This program has provided experimental data cver the widest range of test
parameters ever cbtained for simple free jet turbulent flames. In extreme
cases the thermoacoustic efficiency of such flames may be as high as 13-5,
with 13_6 a more reascnable number. With thermoacoustic efficiencies in
this range combustion noise will dominate jet noise until jet velocities
of the order of 600-800 ft/sec, a fact directly demonstrated in this pro-~
gram.

The broad band combustion noise, for the flame types investigated here,
has a single peak in the spectral level and the frequency of this peak

is dominated by the frequency of the energy containing eddies of the in-
coming flow. There is, however, observed a dependence upon the heat re-
lease in the flame which 1s not yet explainable., For hydrocarbon flames
corbustion noise is usually low frequency noise with the majority of sound
power occurring at frequencies less than 1000 Hz.

Direct combustion noise exists. It is generated in and radiated from a
region undergoing turbulent combustion. This has been proven directly by

comparing instantaneous CH-C,. emission data with the far field pressure

2
trace.

Cornbustion noise power output depends upon the flame type, but, given a
nmeasurenment at one operating condition, combustlon noise is theoretically
understood to allow scaling to another operating condition. The physical
mechanism of corbustion noise is a velocity fluctuation downstream of the

reaction zone caused by differential heating of various elements as they

pass through the flame. An effective monopole source results at low fre-



quencies.

In damped acoustical enclosures the effect of enclosing a flame on the re-
sultant noise output can be calculated if the flame steady state aero-
dynamics are not altered by the enclosure. However, most practical in-
stallations do not have high acoustical damping so the effect of feedback
between wall~-reflected pressure waves and the flame may be important in
actual installations (as is well known from combustion instability oc-
currences). An example of enclosure effects without feedback is included
as Appendix C of this report which shows that conbustion noise alone can
cause rather large pressure fluctuations in a combustion chamber with
reasonably hard walls.

A priori prediction of combustion noise and a full understanding of the
frequency content of combustion noise must await substantial progress in
turbulent flame theory. Currently, however, scaling rules may be developed
on a reasonable firm theoreticel groundwork.

For afterburning turbojets or turbofans, combustion noise does not contri-
bute to the overall noise problem because the jet velocity and consequent
jet noise are too high. The jet velocity is substantially lower during
taxi and ground operations and for turbopropulsion systems with high shaft
power takeoff. For these systems and conditions, combustion noise should
dominate jet nolse. An important caveat, however, concerns the currently
unknown behavior of the sound propagation process through the turbine and
nozzle assenbly; although the combustion process can dominate jet noise

in sound power output, it is unxnown if 1t can get out of the engine with-

out significant attenuation.
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Appendix A

Results from the Large Burner Tests
and Final Open Flame Data Analysis

In the open flame results of Ref. (7) there was some uncertainty regard-
ing the dependence of frequency of maximum spectral level on the burner dia-
meter. The variation of the frequency with diameter when diameter was varied
from 0.402 in.to 0.960 in.was not outside the standard deviation of the results.
Consequently, it was desired to increase the burner diameter further; however,
this reguired tests out of doors in order to put the microphones in the far
field. The facility used was buils under NASA funding for combustor can tests
and it was modified to receive a 2,063 in, diemeter burner tube of construction
identical to that described in Ref. (1). The burner tube and microphones are
shown in Fig. A-l1.

Six tests were conducted at a flow velocity of 200 ft/sec with either
propane or ethylene and at equivalence.ratios from 0.7 to 1.0. A typical spec-
trum is shown in Fig. A-2. There has been a noticeable shift in spectral con-
tent to low frequencies (a 100 Hz) which was not that observeable in small
burner tests but which was expected through theory.

Putting all tests of this program through the regression analysis of
Ref. (1), the following results were obtained for the overall sound power out-
put and frequency of maximum radiated power

-5 U2.67 D2.8l 5 1.83 _~0.26

P = 0.625 x 10 L F "7 watts

Number of tests = 68

Mean error = 6.4  Standard Deviation = L1.0% (A-1)



Figure A-1l

Photograph of large burner
in exterior facility with
microphone in place.
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0.128 g 0.784 F—1.09 D-.585

£, = 0.966 U L Hz
Number of tests = 67
Mean Error = 2.6%  Standard Deviation 23.4% (A=2)

In the above P is acoustic power in watts, SL the laminar flame speed in ft/sec,
U the flow wvelocity in ft/sec, D the burner diameter in feet, F is the fuel
mass fraction and fc the freguency of maximum radiated power in Hz. The data
have been generated for the following ranges of parameters: 0.402 inches < D
< 2,063 inches, 0.6 <¢< 1.0 where¢ is the equivalence ratio, and Sy, has been
varied independently of ¢by using the fuels ethylene, acetylene, propane and
propylane.

Using the methods of Ref. (7) the analytical prediction for the frequency
is

¢ = Uo.5h sI?‘6O o+ 70

where the fuel mass fraction does not enter theoretically because it hags no in-
fluence on the upstream turbulence. Acknowledging that experimentally it does
have an effect, probably because of density effects (which would imply a de-

pendence on the fuel heating value which was not investigated in this pro-

gram) , the accepted form for f, is

fc o Uo.5h SLo.6o D-o.7o F-1.09 (A-3)

which is to be compared to Eq. (A-2).
The theoretical law for acoustic power, taken from Ref. (7) but including
the empirical correction for the F-dependence of fC is
p o 2078 2.80 SL1.60 7~0+18 (A-L)
Eg. (A-4) is in remarkable agreement with Eq. (A-1l) and the theory is there-

fore considered adequate for the generation of scaling laws.
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The four variables investigated are sufficient to consider that four in-
dependent dimensionless groups have been varied. These are F itself,
DamkShler's first similarity group (SL2 D/U o) » Reynold's number (based on D)
and Mach number. Eg. (A-1) may be cast in dimensionless form for the thermo-

acoustic efficiency

'ﬂta - 3.20 % 10'9 Re“-ll M2.69 F-l-26 Dalo‘92 (A—5)

Similarly, the frequency correlation of Eq. (A-~2) may be cast in terms of a
non-dimensional Strouhal number as

£ D
c

< =705 x 107F pg_ +39 get02 y+50 §=1.09 (A-6)

S= 1

To form the above dimensionless correlations the heating value assumed was

h ft2/sec,

18,500 Btu/lb, the thermal diffusivity, oo, was chosen as 1.56k4 x 10~
the Prandtl number was taken as unity and the anmbient density was taken as

0.0765 1b/ft3.



Appendix B

The Effect of Flameholders on

Combustion Generated Noise

1L



15
The Effect of Flameholders

on Combustion Generated Noise *
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ABSTRACT

Experiments were conducted to study the noise characteristics of flames
stabilized on bluff bodies by making far field sound pressure measurements in
an anechoic chanber. Burners with internal diameters 0.402, 0.652 and 0.96 in-
ches were used. Two cones with base diameters of 0.625 and 1 inches served the
purpose of flameholders. Flow velocities were varied from 50 to 300 fps. Gas-
eous propane, ethylene and acetylene were used with air as the oxidizer all
burning at 1 atmosphere in pressure. A hydrogen pilot flame, anchored at the
flameholder base, was used to stabilize the combustible mixture at higher vel-
ocities. Detailed directionality distributions and spectral characteristics
were obtained for this type of flame. Scaling laws for acoustic power radlated,
frequency of maximum sound power {called the peak frequency) and surface area
of the reaction gone were developed. The results show a weak directionality.
Flow velocity, laminar flame speed, fuel mass fraction and burner diameter are
found to be important correlating variables in the determination of wvarious
empirical relationships. Theoretical scaling laws were consistent with the em-

pirical relationships obtained through experiments.
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Research under Grant Number AFOSR-72-2365. Dr. D. H. Neale also assisted
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NOMENCILATURE
a speed of sound
B maximum width of luminous zone in the flame
cP specific heat at constant pressure
C, correlation function defined by Eq. (3)
a base diameter of flameholder

correlation length scale

cor
D diameter of" burner tube
Day Damkahleré first similarity group, calculated by SLQD
D32 Damkbhler; second similarity group, H/cPTO U %
fl’f2’f3’ undetermined functions of Da2
fc frequency of maximum radiated power (Hz)
F fuel mass fraction
H heat of combustion
L length of luminous zZone in the flame
Le Lewls number
m mass flow rate
M Mach number
H’Ho normal vectors
P pressure
P acoustic power
Pr prandtl number
r distance from the origin
;o coordinate vector
Re Reynold's number
SL laminar flame speed
Sr bounding area of reaction zone
3 turbulent flame speed



t time

T temperature or time interval
u’ rms turbulence intensity

U flow velocity of reactants

v velocity

o thermal diffusivity

Y ratio of specific heats

o} density

w circular frequency

w, circular frequency of maximum radiated power
nta thermo-acoustic efficiency

equivalence ratio

< > time average

Subscripts

0 cold exterior conditions

1 downstream of the flame
Superscripts

/ acoustic perturbation guantity

-— steady state quantity

17
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INTRODUCTLION

It is a common observation that flow systems become noisier once combustion
is started in them. Hence, in practical situations like aircraft using turbopro-
pulsion systems and in industrial furnaces combustion noise can contribute a
significant amount to the overall noise output.

A review of combustion noise is presented in Ref. (1). Theoretical studies
on combustion noise have been reported in Refs. 2-8.0n the experimental front,
the literature contains a majority of the experiments conducted on open premixed

(9,10,11) (11,12,13) (1k,15)

flames, or industrial burners.

on open diffusion flames,
Most recently, Shivashankara gz;g;.(l6) have conducted an extensive set of noise
measuremnents of premixed flames anchored at the ends of burner tubes and radiating
to a free field. They have reported on extensive data on the directionality patterns
and acoustic spectra. Also, they have obtained unambiguous scaling laws for acoustic
power radiated, frequency of maximum radiated power (called peak frequency) and re-
action volume.

A question arose at this point whether or not the results of Ref. 16 are unique
as far as open free flames are concerned. Stated otherwise, it was necessary to know
the extent to which the method of flame retention would have influenced the noise
characteristics of open free flames quoted.in Ref. 16. With a view to clarify the
above suspicion, a different method of flame stabilization is used in the present
program. Hence, this paper discusses the experimental study carried out to invest-
igate the noise characteristics of premixed flames stabilized through external con-
ical flameholders. The flow velocity was varied from 50 to 300 fps. A simple
burner configuration was chosen for rational interpretation of experimental results.

Gaseous propane, ethylene and acetylene fuels have been used with air as the oxidise

Conical flameholders of two sizes were employed to stabilize the flames.
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EXPERIMENTAL APPARATUS

It is preferrable that all noise measurements should be made in free field
surroundings. This ideal situation was achieved very closely by conducting the
noise measurements described in this paper in an anechoic charmber which is 13 x
10 x 65 feet (working space) in size. The chamber has been tested for its ane-
choic quality and has been found satisfactory for a source to microphone distance
of up to 5 feet and in the frequency range of 125 to 5000 Hz. For more details
regarding this facility, the reader is referred to Ref. 17.

The burners used in the present experiments are 0.402, 0.652 and 0.96 inches
in internal diameter. the conical “lame holders employed have 0.625 and 1 inch
diameter bases. The burners are assembled in the anechoic chamber with thelr
axes horizontal at 3 feet above the floor and at least 2% feet from the walls.

Figure 1 shows the flow system. A 1000 ft3, 125 psi air resevolr supplied
alr for the experiment . The fuels, hydrogen and nitrogen are supplied from gas
bottles stored outside the anechoic chamber. The air flow is measured by rota-
meters whereas hydrogen and fuel flows are measured by orifice meters. The range
of each meter was increased by using a control valve downstream of each flow
meter. The flow noise has been redvced by introducing a muffler in the airline.
The use of flexible rubber hoses between the muffler exit and burner entrance
eliminated the flow noises, which ctherwise would have been generated by abrupt
flow turns.

The metered supply of fuel and air is mixed at a T-junction from whence
the combustible mixture is led into the burner. A mixing charber filled with
bmm dismeter glass balls is provided in the burner tube just before 50 diameter
straight lengths to ensure proper mixing of fuel and air.

Since the flames tend to blow off the flameholders at high velocities, the

use of a pilot flame became essentisl. This pilot flame is established at the
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base of conical flameholders by means of hydrogen. An enlarged view of the
flameholder and hydrogen gas lines is shown in Figure 2. The hydrogen line
entering the anechoic chamber is shrouded by nitrogen. Both the fuel and hy-
drogen lines are provided with a nitrogen purge.

The instrumentation used for the present investigation is the same as that
described in Ref. 16. For the sake of completeness, however, it will be re-
peated here. Sound pressure levels are measured by Bruel and Kjaer type L4134
half-inch condenser microphones mounted on stands in the same horizontal plane
as that of the burner. The microphones are placed at a constant radius with
respect to the base of the flameholder and at angular locations between 15O
and 120° to the flow direction. There is a likelihood of flow noise being in-
troduced if microphones are located at positions closer than 150 to the flow
direction. The output of the microphones is directly read out as sound pressure
level on a Bruel and Kjaer type 2606 microphone amplifier, one at a time. They
are also amplified by an array of five NEFF type 122 amplifiers and recorded
on five channels of an AMPEX FR 1300, 14 channel magnetic tape recorder at a
speed of 30 ips. A Whittaker type PC-125 acoustic calibratior was used for the
direct calibration of microphones. 4 recording of the sound output on the tape
from an accustic driver, producing a 1000 Hz sound and located at the center of
the microphones, served the purpose of calibration reference for data analysis.

The data acquisition and reduction schematic is shown in Figure 3. The apec-
tral analysis of the noise is performed on a Hewlett Packard type 5645 Fourier
analyser and assoclated instruments. A multi-sample averaging technique is used
to obtain stable results and eliminate spurious noise from the signal. The out-
put from the Pourier analyser is plotted on an x~y plotter.

A direct flame photography technique was developed to enable better under-
standing and analysis of combustion nolse scaling laws. Its significance and

development are discussed in the next section.
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EXPERIMENTAL PROCEDURE

The flames, at high velocity, were stabilized at the base of the flame-
holders by a diffusion flame of hydrogen. In all the present experiments, 2
to 3 percent of hydrogen by volume of main flow was found to be optimum. But
for low velocity flames, below 100ft/sec, no pilot flame was necessary.

The sound pressure levels were indicated by a B & K type 2606 microphone
amplifier, using 22.5 Hz to 22.5 KHz linear response with the meter adjusted
to slow response. In most cases the meter oscillations were less than a dB and
the arithmetic mean between maximun and minimum readings was taken as the sound
pressure level.

The locations of the microphones were fixed with respect to the flameholder
base and flow direction. But the computations of the acoustic power radiated and
the directionality requires the measured sound pressures being referenced to the
acoustic center in the flame. The acoustic center is a point within the noise
generating region from which the noise would appear to originate to a far field
observer. Figure 4 shows a plot of sound pressure level against axial distance
at points close enough and parallel to the axis of the flameholder. It can be
seen that the maximum overall noise level and, hence, the source of sound co=
incides with a position very near to the flameholder base. Since the shift of
the origin from the flameholder base to the acoustic center leads to only a very
minor change in the acoustic power radiated and directionality, the origin of

measurements was retained as the flameholder base itself.

A polynomial relation, 3
p2 13 a, cos @ (1)
= "ITvé' n:O

suggested by the theory in Ref. 6 ,sas fitted to the measured sound pressure levels
by the method of least squares. The polynomial in cos 6 was found to provide a very

close fit to the data.
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The acoustic power radiated from the flame is calculated by integrating
the polynomial relation,Eq.(1l) ,over a sphere of some radius assuming axial
symmetry. The sound pressure level at the last microphone location was used
for values at other locations beyond the last microphone. The above procedure
leads to the obvious question whether or not any appreciable error is intro-
duced in directionality patterns and accustic power calculations due to such

(16)

an extrapolation. Shivashankara et.al. s using the same procedure as describ-
ed above for their noise measurements of flames anchored on burner tubes, have

concluded through detailed experiments that the error introduced due to extra-

polation is insignificant.

A better understanding and analysis of combustion noise scaling laws can
be achieved by a direct flame photography technique. In Ref.8 an expression
for the acoustic power radiated from a region undergoing turbulent combustion
is given as

.
Pe Jas (r) ¢, {r_da)as(@ (2)

Sl 843

where 02 is the autocorrelation of the time derivative of normal velocity and

is given by
+ T/2

¢ = 1im L1 j a%(?o’t) ag%(rf'd+a’,t) a  (3)
2 T T - T/2

Through an order of magnitude analysis it has been further shown in Ref. 8 that

2 2 2
e < >
P Sl dcor Vn wc (1)
It is clearly seen from Eq. (4) that the surface area of reaction zone is a basic
parameter in establishing scaling laws for combustion noise. This necessitates
the evaluation of surface area of reaction zone.
The flame is photographed using a Graflex Speed Graphic Camera with an optical

o
filter centered on CH radiation (43154), The filter used in the present investi-

o)
gation has a half peak transmittence bandwidth of about 680A and a peak in the
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o
vicinity of LYUOOA. The flames are photographed inside tame anechoic chamber

which eliminates stray light when photographs are being taken.

Figure 5 is a representative sketch of the photograph of the turbulent
flame anchored at the base of the conical flameholder. The photograph of the
flame revealed two distinet zones, one corresponding to an intense luminous
zone followed by another zone due to afterburning glow. Since only the intense
luminous zone is found to be responsible for maximum noise radiation, it is
more appropriate to take into account only the area corresponding to the zone

of intense luminosity, for surface area calculations. Then Sl can be written as

5, = IB (5)

where T and B are the measured quantities from the photographs.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Figure 6 clearly indicates that the combustion noise dominates over the
noise from a pure jet of same velocity and alsc the air jet plus pilot flame
combination over the entire regime of experimental results obtained. Actually
the tests were carried up to 600 fps. However only those tests have been ccn-
sidered in which the difference between combustion noise and alr plus pilot
flame noise was at least 3 db or more. This resulted in the elimination of tests
above 300 fps.

Directionality Patterns

Quite often, the nature of the source can be guessed from the directionality
of its sound radiation in the far field. The directionality results presented here
are polynomials in cos8 [Eq. (l)] fitted to experimental measurements. The flame
holder base is chosen as the origin of reference and the azimuthal positions are
measured from the flow direction. The directionality is determined by observing

the variations in sound pressure level with the azimuthal angle 6. Figure 7 shows
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the directionality patterns at wvarious flow velocities for propane-air flames
of equivalence ratio 0.8 A very weak directionality is observed at all veloci=
ties.

Figure 8 shows the effect of burner diameter on the directionality of
sound radiation. It can be concludsd that the direction of maximum sound radi-
ation is almost the same for all the three burners. Figure 8 also reveals that
the directionality increases with an increase in diameter. In addition, Figure
8 shows the changes in the directionality patterns when the flameholder sizes
are variled, keeping other parameters constant. It can be seen that the direction-
ality is reduced when the flameholder size is changed in the case of burners with
diameter 0.96 inches, whereas there is no appreciable change when using the 0.652
inches diameter burner.

The dependence of directionality on the equivalence ratio (¢) is brought
out in Figure 9. The range of ¢ included is between 0.6 to 1.0. The effect of
equivalence ratio on directionality is minor. Acetylene shows the maximum direct-
ionality. Figure 10 shows the effect of changes in the flameholder size on di-
rectionality when all the other conditions are fixed. It can be seen from Figure
10 that the direction of maximum sound radiation and the overall directionality
patterns remain almost same when the flameholder size is varied.

A1l tests conducted in the present investigation show that combustion noise
is weakly directional. The general lack of strong directionality leads to the
support of the monopole theory of noise generation. For all different combinations
of tests carried out, the direction of maximum noise radiation falls within 550 to
650 measured from the flow direction. One can speculate that the preferred direction
of noise radiation may be partly due to the convection of individual sound sources
through the zone of combustion by the gaseous flow and partly due to the refractiocn

of acoustic radiation by temperature gradients surrounding the flame.
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Spectral Characteristics

The frequency spectra were obtained from the tape recorded sound pressure
signals using a Fourier gnalyser. A low pass filter, inserted between the Fourier
analyser and the tape recorder, eliminated all high frequency components above a
pre-selected maximum, thereby preventing aliasing. Finally, all frequency spectra
were pletted on an X-Y plotter. The spectra presented in this paper are smooth
lines drawn through such X-Y plots. The upper limit of the frequency was 5000 Hz.

The frequency dependence of the directionality is studied in Figure 1l. It
is found that the spectra at various azimuthal locations are almost parallel to
each other, thereby establishing the fact that the directionality is almost in-
dependent of the frequency except for the location near the axis of the flame,

which shows a decrease in the high frequency components.

SCALING LAWS ON ACOUSTIC POWER RADIATED

Following Refs. L and 5, it is concluded that U,D, Sy

parameters to be considered for the acoustic power computations. The behaviour

and F are the important

of the total acoustic power output of the flame as a function of veloecity is dis-
played in Figure 12. Over a 3:1 velocity ratio a U‘g'25 law fits the acoustic power
radlated. It is worth noting that the exponent on the velocity in the case of com-~
bustion noise 1s much smaller than the corresponding exponent in the case of subsoni
Jjet noise.

It was shown in Figure & that at a given azimuthal point, the sound pressure
level increased with an increase in the burner diameter when all other variables
were fixed. Moreover, it is obvious from the preceding paragraph that the noise
output decreases with a decrease in velocity due 50 a positive exponent on U. This
will require the burner size to be increased to maintain the same mass flow. The
above facts lead to the conclusion that the dilameter D of the burner tube 1s yet

another parameter in influencing the noise radiation and thereby warranting a
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study of its effect on noise output. This effect is illustrated in Figure 13.
An exponent of 2.28 on D is obtained for propane-air flames and 2.00 for ethy-
lene-air flames.
Since the laminar flame speed (SL) happens to be a direct measure of the
reaction rate, it is desirable to consider SL as yet another parameter influenc-
ing acoustic power output. The SL values of the fuels used in this investigation

were obtained from the eguation

o’

—=— = 2.6log,$ +0.94 for¢ <1

SL max

from Ref. 18. The SLmaxvalues are chosen from Ref. 18 as 1.41, 2.46 and 5.12 ft/sec
for propane, ethylene and acetylene respectively. Figure 14 shows the variatiun of
acoustic power with laminar flame speed. SL can be independently varied by chang-
ing the fuels with all other parameters held constant. But, even when ¢ is kept

constant, there is a variation in fuel mass fraction (F) with the change of fuels

because (‘Ji___ )
¢ \I~- Stoic

)
1+¢ ( T - r / stoic

E for propane, ethylene and acetylene are 0.064 , 0.0677 and

and (1- T > Stoic

00755 respectively. Since the acoustic power depends on both SLand F, it is nec-
essary to correct the acoustic power output for F dependence. This correction was
found to be very minnor because the variation in F is very small. Hence, Figure 1k
exhibits the variation of corrected acoustic power with SL values and hence should
yield scaling laws on SL. The exporent on SL was found to vary from 2.14 to 2.28
as one approaches stoichiometric from fuel lean mixtures.

The discussions in the previous paragraphs centered around the variation of
acoustic power radiated with individual parameters U, D and S. taken one at a time.

L

Though it would first seem to be more attractive, a large number of experiments
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are necessary to accomodate the variation in all the parameters. This situation
can be remedied by resorting to a regression analysis which facilitates the

fitting of a theoretically derived law to the experimental observations. Con-

L

computations, theory suggests a relation,

sidering U,D,S. and F as the important parameters influencing acoustic power

P = k1P D 57 o (6)
where the prefactor K and the exponents a,b,c and d are constants. By taking
logarithms on both sides of Eq. (6) it is possible to fit a curve by the method of
least squares. Using 35 different bests, the following expression was cbtained

for the acoustic power radiated from open turbulent flames anchored on the ex-

ternal conical flameholders.

P =0.67 x 166 02'83 p2 17 31‘89 F'O'89 Watts (7
where 50 < U (fps) <300 ; 0.0335 < D(ft) <0.08 ; 0.6< ¢ <1.0 ; and U and
SL are in fps and D is in ft. The mean error in the regression analysis was 9.87’%
with 171.8 ¢ and -57.6% as the maximum and minimum errors respectively. The
standard deviation was 47.6 ¢ . Although at first sight these errors appear to
be rather large, they can be justified to be acceptable because of the following
reasons.
(a) A wide rangc of acoustic powers (from 15lL to lO-:L watts) are included
in Eq. (7),
(b) The instrumentation accuracies are of the order of a db, and the above
standard deviation is only about 2 db.
At this point it is worthwhile to see the reliability of the regression
fit. Thig is brought out through Figure 15 where the regression fit values are
plotted against the measured values. It is seen that Eq. (7) fits the experimental
values to a good degree and the deviations are minor. Figure 15 shows that the data
points corresponding to almost all the tests with the larger size conical flame
holder lie on the lower side of the regression curve indicating that the regression

fit slightly underestimates the acoustic power output. But it should be noted that
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a change in the flameholder size almost by a factor of two, has led to only a
very minor difference (less than one dB) between the regression fit and the
measured values. Thus it can be finally concluded that the acoustic power can
indeed be represented by a power law type with respect to the parameters U,D,
SL and F, without regard to the flameholder size. This is also shown in Figure 16.

Comparing the acoustic power output of the present investigation with the
same tests of Ref. 16, it has been found that the acoustic power output from the
flames anchored on the external flameholders differ from those stabilized on the
burner tube ends by a factor of a maximum of two. This shows that the method of
flame retention has only a minor influence on the acoustic power output.

A common term, related to the efficiency of acoustic radiation, is the therm-
oacoustic efficiency (ﬂta) which is defined as

nta = Acoustic Power Radiated (8)

Thermal Input

(19) €

Thomas and Williams have obtained values of the order of 10~ for spherically
expanding flames. For spherically expanding flames, one canh assume equal coniri-
bution to the sound intensity in the far field from all parts of the sphere.
However, since in the acoustic analysis <the turbulent flame is described as a
collection of randomly distributed monopole sources, one can expect some cancell-
ation of various compressions and rarefactions to occur. So 1t is highly reason-
able to expect a value of 10_6 as a likely upper limit to the thermoacoustic eff-

iciency for hydrocarbon-air flames.

Noting that the heat input = m FH;y nta can be written as

- P
ﬂta - T D (9)
I D UpO FH

Therefore, the scaling law for ﬂta can be written using Eqg. (7) and (9) as

ﬂta . Ul.83 I)0.77 SLl.89 F—l.89 (10)
The variation of thermoacoustic efficiency with the flow velocity, with the other
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parameters fixed, is brought out through some representative wvalues in Table 1.
Table 1. Thermoacoustic Efficiency for Propane-Air Flames of

¢ = 0.8 on a Burner of Diameter 0.652 inches

Veloclty Power Thermoacoustic
(fps) (Watts) Efficiency
-2 -7
100 0.12L48 x 10 0.75 x 10
-2 -
200 0.5656 x 10 0.17 x 10 6
300 0.2551 x 107* 0.51 x 10'6

In this connection it is worth mentioning that Ref. 16 quotes a highest value

6

of 1.01 x 10"~ for thermoacoustic efficiency at a flow velocity of 600 fps.

Scaling Laws on Peak Fregquency:

Figure 17 illustrates the effect of flow velocity on the frequency spectra.
The peak frequency (i.e. frequency corresponding to the maximum power per unit
frequency interval in the spectrum) seems to increase with an increase in the
flow velocity. Over a 3:1 velocity ratio the peak frequency (fé) changes from
380 to 1100 Hz. The variation of peak frequency with diameter is shown in Fig-
ure 18. It is found that the peak frequency decreases as the burner diameter
increases. The effect of laminar flame speed (SL) on peak frequency is brought

out through Table 2 where a few representative values are presented.
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Table 2. Peak Frequency Values for Various Fuel Air Combinations

U = 100 fps d = 0.625 inches
Burner Fquivalence PEAK FREQUENCY { Hz )
Diameter Ratio ¢
(inches) Propane-Air Ethylene - Air  Acetylene - Air
0.8 320 350 -
0.96 0.7 280 305 =
0.6 275 280 -
1.0 380 - 1320
0.652 0.8 380 - 1300
0.h402 0.8 1300 1310 -

It can be seen from the above table that the peak frequency values correspond-
ing to ethylene - air and acetylene - alr combinations are higher than those
of propane - air. This effect appears due to the fact that ethylene and acety-
lene have higher SL values.

lastly, the effect of the flameholder size on the frequency spectra is 111~
ustrated in Figure 19 where two cases are plotted. It is found that the varia-
tions in the flameholder size have a very little influence on the peak freguency
value.

A scaling law for peak frequency (fc) was obtained by regression analysis to
the peak frequencies measured from frequency spectra. The procedure followed was

similar to the one adopted for obtaining the acoustic power scaling law, Eq. (7).

Thus, the peak frequency is given by
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0.7

1.7
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2 0.58 -1.37

£ = 0.l2x10°° U F Hz (11)

where 50 < U (fps) < 300; 0.0335 < D(ft) < 0.08 ; 0.6 <¢ <1. Also U and
SL are in fps and D is in feet. The Number of tests used for the above equa-~

tion was 31. The mean error was 3.63 % and the standard deviation was 27.6 9,

Scaling Laws for Surface Area of Reaction Zone:

The behavior of the flame surface area with burner diameter is shown in
Figure 20. It can be seen that the flame surface area increases with an expon-
ent of 2.42 on diameter. Figure 21 shows the variation of flame surface srea with
the flow velocity of reactants in the burner tube. Based on the discussion in
the previous paragraphs, a ]Z»E'h2 correction has been applied to take away the
diameter effects from the data points. It is found that the flame surface area
scales with an exponent of 0.94 for mean flow velocity.

A regression fit , similar to the ones used for obtaining scaling laws for
acoustic power radlated and peak frequency, yields an empirical relation for
surface area of the reaction zone as
s, =0.6x10° o7 p?? gi0-86 26 52 (12)
where 50 < U (fps) <300 3 0.0335 <D (ft) <0.08 ; 0.6 <¢ <1. Also, U and
SL are 1n fps and D is in feet. Totally, 27 tests were used for the above re-
gression analysis and the mean error in the analysis was found to be 61 %. It
is important to note that any linear inaccuracy in linear diménsions on the

photograph shows up squared in area computations.

Comparison of Theoretical and Experimental Results

Purely from a theoretical point of view, using order of magnitude analysis,

Eq. (4) was developed by Strahle(8)

for the acoustic power radiated from open
turbulent flames. Egs. (7), (ll) and (12) give the correlations for acoustic
power radiated, peak frequency and surface area of reaction zone, using exper-

imental results. It will be interesting to investigate whether or not the theo-
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retically derived Egq. (4) can be recovered from experimentally obtained relation-
ships.

Following Ref. 8, accepting that the differential heat release rate is the
cause for the normal velocity fluctations of the flame front downstream of the
flame and defining the incoming normal velocity as the turbulent flame speed (ST),

it is obvious to write

F
c T ST (13)

The above equation defines ST values for the evaluation of V'n. Using continuity

the turbulent flame speed can be written as

p

Sp= 2 (1h)
Py By

Using Eq. (14) , Eq. (13) can be written as

V', ~EH m
Cp Tb pOSl

(15)

Further, Sl and fc correlations are availsble through Eqs. (12) and (11) . Finally
an estimate for d,  1is required so that Eq. (4) can be used to obtain acoustic

power. Ref. & makes use of the hypothesis that the correlation distance (dcow)

1s the integral scale of turbulence of the cold flow and arrives at a scaling
law for correlation distance after taking into account the turbulence decay
behavior downstream of the burner mouth.

The complex nature of turbulence Interactions for the present case renders
an estimate of dcor more uncertain. The straight forward approach would be that
all the quantities appearing on the right hand side of Eq. (4) should be substi-
tuted to get the acoustic power P which, in turn, would be compared with the
acoustic power scaling law | Eq. (7) ]. But, due to the sbove mentioned difficulties
the acoutistic power in Eq. (L) was substituted using Eq. (7) and an empirical re-

lation for dcor wags obtained. Then 1t was checked whether or not the estimate for
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dcormdjl recover the observed freguency law. According to the above procedure,
an estimate for d turns out to be
cor

3 « (0432 185

cor SL

~0.19

95 (16)

The above correlation gives an exponent of 1.85 on D. This value seems to be a
littlehigh. Since both the burner tube and the flameholder are of comparable
sizes, one would expect dcor to scale like D. Following Ref. 7, the frequency

of macroscopic mixing (fhp can be written as

1 1
£ = = = 4 (17)
1 d
e cor

Assuming u' &« U and substituting for d,,, from Eq. (16), £ scales like

= UO.68 D—l.85 g 0.19 F-1.55
m L

The above scaling law for £ is close to the one for peak freguency given by
m

f

Eg. (11). This leads to the conclusion that frequency is determined by the

turbulence in the incoming flow.

Non-dimensional Analysis of Scaling Laws:

The scaling laws developed in the last sections [ Egs. (7), (11) and (12) |
for acoustic power, peak frequency and surface area of reaction zone contain di-
mensional quantities like U, D and SL. In engineering applications, it will be
more widely useful if the results are presented in dimensionless form. Following
Ref. 7, for an unsteady trubulent combustion process, making the simplifying

assumptions of a global reaction rate and Le ~ Pr ~ 1, the important dimension-

less groups turn out to be F, Re, M, %?, Da, and Da2. An independent variation

of nta and mEIVU can be achieved by varying the four parameter U,D,SL and F.
Therefore, the scaling laws previously developed can be cast into the following

dimensionless form:

Thermoacoustic Efficlency

-0.18 2.96 _~1.89 _ 0.95
M, = Re W F Da, £, (Da) (19)



L
\s.

Peak Frequency

(.Uc D = Re-—O .72 MO.65 F—l.7 Dgi35 £ (Da ) (20>
— 2 2
U
Since Da2 has a gquite constant value for hydrocarbon-air flames, fl = f2 =1,
but their functional forms are unknown.
CONCTLUSIONS

An experimental study was carried out to investigate the noise characteristics
of flames stabilized on external flameholders. A simple burner configuration was
chosen for rational interpretation of the results. The burner sizes have been
0.402, 0.652 and 0.96 inches in diameter. Two cones with base diameters of 0.62%
and 1 inches served the purpose of external flameholders. The flow velocities have
been varied from 50 to 300 fps. Gaseous propane, ethylene and acetylene were used
with air as the oxidizer. A summary of the results of the present investigation
and conclusions drawn therefrom are presented below:

1. Combustion noise is found to dominate over Jjet noise over the entire

range of experimental variables studied.

2. Only a weak directionality of the combustion noise is observed in the
present investigation. Since the same facts are reported in Ref. 16
also, one can conclude that the variations in flame retention technigues
do not influence the directionality patterns of the noise radiation from
open turbulent flames and that combustion noise is a monopole noise scurce
regardless of the retenticn technique.

3. Acoustic power output scales like P « UE'83 D2'77 SL1'89 F—OZ89 Ref. 16
also quotes an almost identical expression for flames stabilized at the
burner tube ends. Moreover, for identical conditions the acoustic power
output of the present investigations differs from that of the flames
stabilized on burner tubes by a maximum factor of two only. This leads

Lo tho corclusion that although different types of flame stabilization
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techniques have been used the variations in acoustic power output are
not significant. However, the theoretical breskdown of the scaling laws,
when compared with experiment, shows that different mechanisms are op-
erative for the bluff body stabilized flames and the agreement may be
fortuitous. It is also observed that a change in the flameholder size
seems to have 1ittle influence on the acoustic power radiated.

A maximum value of 0.5 x 10_6 has been obtained for thermoacoustic
efficiency in the present investigation.

Frequency spectra display the usual combustion noise spectral character-
istics, having a broad-band noise with a single peak in the frequency
range of 250-1500 Hz. A scaling law for peak frequency turns out to be
£o= UO'58 D“L37 SLO'7 F_l'7. Here again the variations in flameholder
size are found to have a minor effect on peak frequency values.

The present experimental investigation supports the theory developed
in Ref. 8 because there is a consistency between the theoretical and
experimental results. The concept that the frequency is set by the

frequency of the energy containing eddies of the incoming flow appears

to be valid in this configuration, as it has been in others.
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Appendix C

Noigse Generation in an Afterburner Compartment

An interesting question which arises as a consequence of this research is
whether or nct combusticn noise is responsible for the chamber pressure rough-
ness levels in conbustors. In particular, the issue of afterburner pressure
roughness levels is of concern here. It was proven in Ref. (2) that feedback
between the flame and reflected pressure waves cculd be neglected if the system
were highly damped. While that is not the case in an afterburner enclosure,
it is believed that a lower limit toc the roughness level may be computed as-
suming that feedback interaction are absent.

Figure A-1 summarizes the computation. The dashed line shows the spectral

shape assumed for the combustion noise 1f the flame were burning in a free field.

This shape is typical of results obtained in this program. Also, typical of
results obtained, the thermoacoustic efficiency assumed for the after
burner flame is 10'6. These two inputs are used in the theory of Ref. (2) with
the afterburner size and temperature inputs shown on Fig. A-1l. Also needed
are the acoustic impedances at the turbine outlet and the nozzle inlet. It
is assumed that the nozzle behaves as a quasi~ static nozzle with an inlet Mach
number of 0.3. There i1s no information on the acoustic behavior of the
turbine outlet, but it is clear that it will behave as a hard termination.
For lack of better information, the nozzle impedance is also used as the tur-
bine outlet impedance, since a quasi-steady nozzle behaves as a quite~hard
termination.

The theory used is a plane wave theory so that results are not to be
trusted above the freguency of the first transverse mode, or, in this case,

above about L4OO Hz. As will be seen, this does not limit the usefulness of
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the computation.

The pressure spectrum which would be observed at the turbine outlet is
shown as the solid line. As is shown, 75% of the area under the curve is be-
low the frequency of the first transverse mode. This area is directly pro-
portional to the mean square pressure so that the transverse modes do not have
to be considered. The majority of the mean square pressure comes from the
pumping up of ‘the first longitudinal mode and the general augmentation of the
low frequency portion of the noise. The chamber is acting as a filter and the
observed pressurevstime would look very much like an instability in the neigh-
borhood of 150 Hz. The ratio of the root-mean-square pressure to the steady-
state pressure which results from this computation is 7 x ZI.O_LF or roughly 0.1%.
This is lower than usually cbserved, butremll that this is a lower limit com-
putation.

Any feedback between the pressure waves and the combustion process could
augment the pressure oscillation magnitude. Furthermore, the mean square
pressure result is directly proportional to the thermoacoustic efficiency
which was taken somewhat low in this computation. There is also the phe-
nomenon of entropy noise which would add to the computed pressure level.

It is concluded that more work is required in this area since it appears that
chamber roughness level and apparent instabilities may be caused by noise
processes 1n some instances; however, recognition of this fact is not wide-

spread.
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