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Daniel and Florence Guggenheim Jet Propulsion Center 
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Abstract 

The structure of open turbulent jet flames is 
experimentally studied in the context of their noise 
emission characteristics. The differences be
tween premixed and (co-flow) non-premixed flames 
are explored. Recent experiments repeated in an 
anechoic chamber complement earlier results ob
tained in a hard-walled bay. The reactants (meth
ane and enriched air) are burned in the premixed, 
or non-premixed, mode after a length of pipe flow 
(t/D> 150). The thick-walled tubes anchor the 
flames to the tip at all of the velocities employed 
(maximum velocity, well over 300 ft/sec), thus 
eliminating uncertainties associated with external 
flameholders. The time-averaged appearance of 
the flames is obtained with still photographs (1160 
sec). The detailed structures are revealed 
through high-speed ("" 2500 frames/sec) motion 
pictures. The acoustic outputs of the flames are 
mapped with a condenser microphone. The re
corded data are played back to obtain the ampli
tude, waveshapes, directionalities, and frequency 
spectra of the noise. Profound differences are 
found between the premixed and non-premixed 
flames in their structures and noise characteris
tics. 

1. Introduction 

Research efforts on turbulent flames, in the 
past, appear to have explored some particular as
pect as dictated by relevance to a practical appli
cation. Thus, the basic problem of the funda
mental structure of turbulent flames has remained 
alive. There has arisen a new surge of interest in 
turbulent flames on account of the noise and pollu
tion problems where the most relevant practical 
aspect is the fundamental structure itself. 

Noise production in turbulent flames depends, 
it is believed, directly on the fluctuations in the 
local reaction rate in the combusting field (Bragg 
1963). Consequently, those interested in the fun
damental as pects of turbulent combustion must 
welcome these problems that are unwelcome in 
other cir cle s. 

Here, we restrict ourselves to the noise prob
lem, where many aspects of the problem have 
been clarified in recent times (Strahle and co
workers 1971,,;, Smith and Kilham 1963, Kotake and 
Hatta 1965, Knott 1971, Hurle, et al. 1968, Giam
mar and Putnam 1970). An examination of the lit
erature indicates that the following points are 
fairly clear. Combusting jets can be very noisy 
compared to non-combusting jets. The actual 
magnitude of the noise increase is yet to be corre-
1ated thoroughly with the properties of the jet 
flame, such as velocity, fuel/ oxidizer compo sition, 
burner diameter (or the Reynolds number, expan
sion ratio E, etc.). The differences between the 
two fundamentally different modes of combustion, 
premixed and non-premixed flames, have not been 
thoroughly settled. Elimination of external flame
holders must be considered whenever possible. 
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The relation between the no is e output and the me
chanics of the combustion zone is not understood. 

Restricting our attention to the simple open jet 
geometry, and further concentrating only on the 
overall correlations, we find various, seemingly 
inconsistent, results. Smith and Kilham (1963), in 
their tests on premixed flames of propane, ethyl
ene, and methane with air, found that the acoustic 
power was proportional to (UDSh )2 for stoichio
metric jet flames. Kotake and Hatta (1965), in 
their premixed diffusion flames (partly premixed 
and the rest non-premixed), found that the intensity 
of the noise output in jet flames was proportional 
to U 2 at low velocitie s and to U

4 
at high velocities. 

Giammar and Putnam (1970) studied the flames of 
impinging fuel jets in two geometrie s: two opposed 
jets and the octopus burner (jets from the corners 
of a cube). In general, they found the acoustic 
pre s sure to be proportional to the sq uare of the 
mass flow rate, although the exponent tended to be 
less than two when miD (essentially the Reynolds 
number) was increased, and greater than two when 
the ill/ D was decreased. Knott (1971), in his ex
periments on premixed jet flames, found the acous
tic power to be proportional to U

4
, and in his ex

periments on non- premixed flame s to be propor
tional to U fuel ' Although his work represents 
about the single most comprehensive one on the 
differences between the premixed and non-premixed 
flaITles, SOITle of this experiITlental techniques leave 
a few questions unanswered. His reITloval of a 
short length of the inner tube, in the co -flow ge
ometry, may not be sufficient to attain premixing 
of the reactants. Neither does the tiD ("" 34) he 
employed seeITl sufficient to establish fully-devel
oped pipe flow before exit. 

Strahle and Shivashankara (1973) obtained an 
unambiguous U3 law for the acoustic power in their 
open jet flame experiments on premixed gases 
(propane, ethylene, and propylene, each with air). 
Shivashankar a, et al. (1973) extended their res ults 
to include their data and the data of Smith and Kil
ham in a single correlation with a regression analy
sis. Within certain ranges of the variables, they 
quote the acoustic power to be proportional to 
U

2 ' 68D 2. 8 4 s1.3 5 Sh' h () b' lVas ankara, et al. 1973 also 
report extensive data on the directionality and 
acoustic spectra for fuel-rich flames. They found 
the general behavior of the fuel-rich flames to be 
the same as fuel-lean flames, although the expo
nent on the diameter (D) was slightly lower. 

When one considers these inconsistencies in 
the simple power law for velocity scaling, it is 
probably understandable that considerable uncer
tainties prevail in the other quantities, such as 
freq uency spectra and directionalities. Kotake and 
Hatta (1965) and Smith and Kilham (1963) have 
found the Strouhal number at the center frequency 
to be reasonably constant, indicating a simple "ge
ometrical" mechanism for noise production in 
flames. On the other hand, Shivashankara, et al. 
(1973) do not find this simple picture to be valid 
and state " ... it appears quite improper to try to 



use Strouhal Number to nondimensionalize com
bustion noise peak frequencies ... ". They also find 
that the acoustic spectra are, in general, broad 
and the mild peak always occurs in the 250-700 Hz 
frequency range for hydrocarbon-air flames. 

There are many other experimental variables 
that may also affect the data. For example, the 
mechanism of anchoring the flame may have a 
strong influence on the noise output. Smith and 
Kilham (1963) made a systematic investigation of 
the noise output from the main flame as affected by 
the pilot flame mass output and found regions 
where the pilot flame apparently does not affect the 
acoustic power of the main flame. Shivashankara, 
et al. (1973) als 0 inve stigated the effects of the pi
lot flame in a different manner and conclude that 
the main flame noise far exceeds the pilot flame 
contribution in the range of their interest. 

Another variable in noise measurements is the 
environment. The various experiments have been 
conducted in anechoic chambers, open fields, hard 
walled rooms, etc. These details are summarized 
in Table A, which is dated May 1973. However, 
the only significant additions to that table since 
that date would be the continuing results from 
Strahle, et al., whose general experimental en
vironment is mentioned in the last row. 

Many associated experiments are also possi
ble. There appears to be a general agreement that 
the local volumetric reaction rate in the combust
ing field is directly related to the noise production. 
In the premixed situation, a one-to-one correlation 
between the fluctuations in the (optically measured) 
volumetric reaction rate and the noise output was 
demonstrated by Hurle, et al. (1968). Their re
sults on this important aspect were extended over 
a much wider range by Shivashankara, et al. (1974). 
It appears that the wrinkled laminar flame is a 
sufficiently accurate description of the premixed 
flame, at least for the purposes of interpreting the 
noise data. However, it has been amply recog
nized (Strahle 1971,1973, for example) that the 
basic processes behind the non-premixed flames 
are considerably different from those in premixed 
flames. Consequently, the basic modeling of the 

• combustion process which plays a key role in ana
lytical treatments will have to be different for that 
case. In the absence of experimental data, models 
tend to be speculative and are open to criticism. 
Considerably varied forms of data on the open jet 
co-flow non-premixed flames have appeared re
cently (Kent and Bilger 1972,1973; Bilger and 
Beck 1974). These are concerned with the struc
ture and not with noise output, however, and hence 
it seems worthwhile to obtain the noise data on 
non-premixed flames. 

The basic aim of the present work is to study 
experimentally the structure and acoustic charac
teristics of the non-premixed open jet flame. Al
so, an attempt is made to minimize the usual un
certaintie s as s ociated with external flameholder s. 
Premixed flames have also been studied here, 
under otherwise identical conditions, with the in
tention of having a ready and meaningful basis of 
comparison with non-premixed flames. Some of 
these results were presented earlier (Kumar 1974). 
Those experiments, done in a hard-walled bay, 
have now been repeated in an anechoic chamber, 
and the two results are compared. Also, some 
more interpretation is given. 
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II. The Experimental Details 

As described earlier (Kumar 1974), the details 
are as follows. Figure 1 shows the simple appa
ratus constructed. It is capable of burning the re
actant gases in the premixed or non-premixed 
mode, after flow in two concentric tube s. The 
length-to-diameter ratios tiD = 470 for the inner 
tube and tl D = 173 for the outer tube are believed 
to have established fully-developed pipe flow be
fore exit. The details of the tubes are shown in 
Table 1. The open jet configuration was chosen 
partly for simplicity and partly because it has been 
extensively used in the past. Thus, comparative 
studies are rendered easy. It is recognized that 
entrainment of ambient air can introduce uncertain
ties regarding the dynamics and particularly, in 
the combusting case, in the stoichiometry and a 
host of related effects (ignition, extinction, flam
mability, etc). An external co-flow of an inert gas 
(nitrogen, for example) or experiments in an inert 
atmosphere seem desirable, but have' not yet been 
studied. 

The mlxmg chamber MIC (5" 1. D. and 10" 
long) is completely filled with 3/8"_diameter glass 
beads. The flow metering orifices are short 
screws into which are drilled smoothly-flared 
holes of the desired diameter. The pressure ratio 
across each orifice was usually of the order of ten 
(the worst case being three). Consequently, Jhe .', 
mass flow rate was calculated through ill = A"'P IC'" 
with the familiar nomenclature. 0 

The concentricity of the internal tube with the 
external tube was arranged through two 0.011"
thick stainless steel (shim stock) strips placed 
more than two diameters (1") upstream of the exit. 
The flow disturbance due to these centering strips 
should be practically negligible. 

Acoustic meas urements were made wi th ai"
diameter condenser microphone (B&K4134) which 
was mounted on a beam that pivoted on an axis 
pas sing through the exit. centerline of the burner. 
The microphone was driven by a B&K 280 1 amplifi
er, the output from which was continuously record
ed on one channel of an Ampex FR-600 tape re
corder at a tape speed of 60" I sec. The data were 
subsequently played back on an oscilloscope, either 
in the no.rmal time-base or through a Tektronix 
3L5 spectrum analyzer. 

The experimental conditions of stoichiometry 
and exit velocities are shown in Table II. An at
tempt was made to maintain the stoichiometry and 
shear (between the co -flowing streams) constant as 
the mass flow rate was varied. In the S-series ex
periments, the shear was nearly constant around 
18 per cent. In the O-series experiments, the 
shear was substantially less, the worst case being 
14.9 per cent. It is believed that these values of 
shear are sufficiently mild not to alter adversely 
the basic conclusions of this work on combustion 
noise. 

The first part of each run was a 30-second 
continuous record, with the microphone placed at 
an angle of nearly 45° from the axis of the flame; 
the second part of the run was a continuous record 
with the microphone pos ition gradually varied (in 
nearly 20 seconds) in a circular path from 0° (per
pendicular to the flame axis) to 90° (in line with the 
flame axis). 
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Figure 1. Appar atus Constr ucted. 

Table 1. The Details of Flow Tubing 

Length O.D. 

inches inch 

outer tube 69.S o. S 

inner tube 71.S 0.2S 

At the time of these experiments, an anechoic 
chamber was not available, and means had to be 
found to minimize possible errors resulting there
from. Recognizing that the acoustic amplitudes 
should decay like the square of the distance from 
the source, a fairly large bay was chosen (2l'X17'). 
There was no roof for this bay. All the measure
ments were made in the horizontal plane so that 
reflections from the hard floor would probably be 
less severe than otherwise. The measurements 
were also made as close as desirable so that the 
large amplitudes near the flame would mask the 
smaUer amplitudes of the reflected sound. 

There are obvious limitations on how close 
one can move the lllicrophone to the flame before 
introducing near-field errors. The distance was 
approximately three times the lowest significant 
wavelength and considerably more for the higher 
frequencies. Even with all of these precautions it 
was clearly stated that "the absolute values of 
some of these measurements must be suspect. 
However, comparison between results for pre
mixed and non-premixed flames should be valid. " 

Later, the anechoic chamber facility at JPL 
became available. The 0 experiments indicated in 
Table II were repeated in the anechoic chamber 
(see fig. 4). The chamber characteristics are ex
tensively documented by Massier and Parthasarathy 
(1972). Three of the relevant characteristics are 
also reproduced here in figs. S (a)-(c). 
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r. D. Wall Exit Flow 
Thickness Area 

inch inch inch2 

0.402 0.049 0.0779 

o. IS2 o. 049 O. 0182 

III. The Experilllental Results 

The recorded data appeared as a continuous 
signal from the microphone. This continuous rec
ord was played back in (randoillly selected) short 
segments on the oscilloscope set with the normal 
time base. A large number of such segments su
perposed on each other gave a fairly good indica
tion of the amplitude of the noise level. The re
corded directionality was obtained on the 0 s cillo
scope with the sweep rate set approximately equal 
to the traverse rate of the microphone around the 
flame s. The 90° pos ition placed the microphone 
directly in front of the flames. The hot gas flow 
Over the microphone generated spurious signals of 
very large amplitudes. These are seen in the flame 
directionalities in figs. 2 and 3. The attention of 
the reader is particularly drawn to the fact that the 
directionality traces of the first 3 velocities (ISO, 
191, and 242 fps) have been obtained at twice the 
calibration level used with the other 2 velocities 
(277 and 290 fps) in fig. 2. 

A few (randomly selected) segments from the 
continuous signal-time record, studied together, 
give a good indication of the waveshape: it is again 
to be noted that at the lowest velocity (ISO fps) the 
waveshape has been obtained at a calibration level 
which is twice that of the rest of the velocities. 

The frequency spectra obtained with a Tek
tronic 3LS spectrum analyzer are calibrated with a 
Hewlett Packard 204C oscillator. The single fre-
q uency signals which appear as line pulses at slow 
sweep rates are spread out somewhat at the higher 



TABLE II. EXPERIMENTAL CONDITION5 OF THE RUN5 

Run 
No. 

SI 

S2 

53 

54 

55 

56 

57 

58 

59 

510 

511 

512 

513 

514 

SI5 

516 

517 

Cl 

02 

03 

04 

05 

06 

07 

08 

09 

010 

Oll 

012 

Type 

NP 

P 

NP 

P 

NP 

P 

NP 

P 

NP 

P 

NP 

NP 

NP 

NP 

NP 

p 

P 

NP 

P 

NP 

P 

NP 

P 

NP 

P 

NP 

P 

P 

p 

Fuel Fuel 
Q U 

10- 2cfs fps 

1.9 

1.9 

2.53 

2.53 

3.17 

3.17 

3.8 

3.8 

4.13 

4.13 

1.9 

2.53 

3.17 

3.8 

4.13 

1.9 

2.53 

I. 89 

1. 89 

2.52 

2.52 

3.15 

3.15 

3.775 

3.775 

4.1 

4.1 

4.1 

3.775 

150 

200 

250 

300 

326 

150 

200 

250 

300 

326 

150 

200 

250 

300 

325 

Air Oxygen Total Oxidi
zer, U Q Q Oxidi-

10- 2cfs 10-2cfs zer Q 
10-2cfs fps 

4.03 

4.03 

5.35 

5.35 

6.68 

6.68 

8.05 

8.05 

8.68 

8.68 

4.03 

5.35 

2.6 

2.6 

3.5 

3.5 

4.4 

4.4 

5.26 

5.26 

5.95 

5.95 

2.6 

3.5 

6.68 4.4 

8.05 5.26 

8.68 5.95 

4.03 2.6 

5.35 3.5 

5.475 2.625 

5.475 2.625 

6.475 3.75 

6.475 3.75 

8.05 4.92 

8.05 4.9Z 

8.9 5.S0 

8.9 5. SO 

9. 15 6.05 

9. 15 6.05 

11.95.7 

11. 0 5.25 

6.63 

6.63 

8.85 

8.85 

11. 08 

11. 08 

13.31 

13.31 

14.63 

14 ... 3 

6.63 

8.85 

123 

162 

205-

246 

270 

123 

162 

11. 08 205 

13.31 246 

14.63 270 

6.63 

8.85 

8.1 150 

8. 1 

10.225 189,5 

10.225 

12.97 240 

12.97 

14.70 271 

14.70 

15.2 280 

15.2 

17.6 

16.25 

Total Total 
Flow, Q Flow 

10-2eis U 
fps 

8.53 

8.53 128 

11. 38 

11. 38 171 

14.25 

14.25 214 

17. 11 

17.11 257 

18.76 

18.76 281 

8.53 

11. 38 

14.25 

17. II 

18.76 

8.53 

11. 38 

9.99 

9.99 

12.745 

12.745 

16.1Z 

16. 12 

18.475 

18.475 

19.3 

19.3 

21. 7 

20. 025 

128 

171 

150 

191 

242 

277 

290 

325 

300 

Oxidizer 
COITIpO 5 i tion 

Mole Fractions 

0.52°2 +0. 48N2 

0.52°2 +0. 48N2 

Qoxidizer 

Qfuel 

3.49 

3.49 

0.52302+O.477N2 3.50 

0.5230
2

+0.477N
2 

3.50 

0.5250
2

+O.475N2 3.50 

0.5250
2

+0.475N
2 

3.50 

0.52302+O.477N2 3.50 

0.523°
2 

+0.4 77N2 3.50 

0.532°
2 

+0. 468N2 3.55 

0.5320
2

+0.468N2 3.55 

0.52°
2 

+0. 48N2 3.49 

0.523°2 +0. 477N2 3.50 

0.5250
2

+0.475N2 3.50 

0.5230
2

+0.477N2 3.50 

0.53202 +O.468N2 3.55 

0.52°
2 

+0. 48N2 3.49 

0.52302+0.477N2 3.50 

0.465°2 +0. 535N2 4.3 

0.46502+O.535N2 4.3 

0.5°2 +0. 5N
2 

4.06 

0.5°
2 

+0. 5NZ 4.06 

0.51°
2 

to. 49NZ 4. 12 

O. 5102 +0. 49N2 4. 12 

0.521°2 +0. 479N2 3.89 

0.52102 +O.479N2 3.89 

0.52502+0.475N2 3.71 

0.5250
2

+0.475N
2 

3.71 

0.4650
2

+0.535N2 4.3 

0.4650
2

+0.535N
2 

4.3 

3.85 

3.85 

3.82 

3.82 

3.81 

3.81 

3.82 

3.82 

3.76 

3.76 

3.85 

3.82 

3.81 

3.82 

3.76 

3.85 

3.82 

4.3 

4.3 

4.0 

4.0 

3.92 

3.92 

3.84 

3.84 

3.81 

3.81 

4.3 

4.3 

<I> 5hear d 
Z6U in. 

" Uo+Uf 

1.10.19826 

1. 1 26 

1. 09 0.21 26 

1. 09 26 

1. 09 0.196 26 

1. 09 26 

1.090.198 26 

1. 09 26 

I. 06 O. 188 26 

1. 06 26 

1.10.19855.7 

PdB 
ref. 
O.0002.,.B 

87 

93 

93 

98 

97 

99 

100 

102 

101 

103 

86 

1.09 0.21 .55.7 90 

1. 09 0.196 

1.090.198 

1. 06 O. 188 

1. 1 

1. 09 

zero 

0.986 .054 

0.986 

0.952 .0408 

0.952 

0.987 .084 

0.987 

1.028 .149 

1.028 

55.7 

55.7 

55.7 

55.7 

55.7 

32.7 

32.7 

32.7 

32.7 

32.7 

32.7 

32.7 

32.7 

32.7 

32.7 

32.7 

32.7 

93 

95 

96 

89 

94 

88 

94 

90 

96 

96 

100 

99 

102 

100 

102 

105 

104 
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Fig. 2. Premixed Flames - - Acoustic Data. 

burner. The microphone signals were calibrated 
with a standard B&K 124 dB piston calibrator. 

The circumstances under which the results 
were obtained in the anechoic chamber were such 
that, for the premixed case, only the first, second, 
and last velocities were valid data (fig. 6); and for 
the non-premixed case, the first four velocities 
were valid data (fig. 7). The range of the spectrum 
analyzer was extended considerably into the lower 
range in this case, and this extra set of data can 
be seen in fig. 7. 

Examples of still photographs of the visible 
flames are shown in fig. 8. These photographs 
were obtained on Kodak Ektachrome transparen
cies at 1/60 sec exposures. The examples in fig. 
S are of the lowest and the highest velocities em
ployed. The photographs of the intermediate ve
locities are also available. 

S 

In order to compare the results of the com
busting jets with those of the non-combusting jets, 
cold-flow noise measurements were attempted, with 
nitrogen substituted for the fuel. The sensitivity of 
the 1/2" microphone was not sufficient to obtain 
the noise output of the cold jets, which was usually 
comparable to the electronic noise in the instru
mentation system. The least obscure record ob
tained for the cold jet noise is shown in fig. 9. The 
main point of presenting this spectrum is to indi
cate the general noise pattern of a jet in the pres
ent apparatus geometry. As discussed in the next 
section, the three peaks seen in fig. 4 are believed 
to be caused by the three discrete dimensions of 
importance to flow exit in the apparatus used. 
These are: the inner diameter of the outer tube, 
the outer diameter of the inner tube, and the inner 
diameter of the inner tube. 

The acoustic spectra were processed to yield 
the Strouhal Numbers at the peaks, figs. lOra) and 
(b), and the acoustic amplitudes, as a function of 
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Fig. 4. The Burner in the Anechoic Chamber. 
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the mean flow rate, as presented in fig. 11. 

Four representative frames from the high
speed ("" 2500 frames/sec) motion picture of a 
non-premixed flame is shown in fig. 12. Kodak 
2475 recording film (ESTAR-AH Base (16 mm)] 
was used in a FASTAX movie camera. The motion 
pictures were taken from approximately the same 
relative position as the still photographs. The 
movie of the premixed flame under identical condi
tions of flow did not reveal as many details, mainly 
because of limitations on the framing rate. (The 
principal frequencies are much higher in the pre
mixed mode of burning.) Nevertheless, the visible 
flame surface showed well-defined oscillations in 
the movie. 

IV. Interpretation and Discussion 

It should be remembered that in all of the 
present experiments, no external flameholder was 
necessary to anchor the flames to the tip of the 



Fig. 5. The Acoustics Characteristics of the Ane
choic Chamber. 

(a) overall sound 

(b) 500 Hz 

(c) 2000 Hz 

tubes. (In one case during preliminary testing of 
the apparatus, the measured acoustic amplitude 
was twice with an external flameholding compared 
with natural flameholding.) The total noise out
puts of premixed flames have been systematically 
investigated as a function of pilot mass flow rate 
by Smith and Kilham (1963). The noise amplitude 
of the cold flow, flow with pilot flame, and the ful
ly stabilized flame have been systematically in
vestigated by Shivashankara, et a1. (1973) for pre
mixed flames. Aside from the total noise output 
that has been investigated as mentioned, it is pos
sible that many other important features (such as 
the frequency spectrum) may also be influenced by 
pilot flames, as discussed in greater detail below. 
Unless the noise data are accompanied by supple
mentary data on the role of the pilot flame, there 
exists room for doubts. 

In the present experiments, the nature of tur
bulence generated by the "bluff body" thick wall 
influences the acoustic character of the flames 
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studied. It would certainly seem desirable to in
vestigate the influences of different types of flame
holders (i. e. , with different exit conditions). 

The rest of the discussion is about the acoustic 
power, directionality, and the frequency spectra 
which are compared in the two cases of anechoic 
chamber and hard-walled bay data. 

The Acoustic Power 

The measured amplitudes of the noise output 
are plotted in fig. 11 as functions of the mean ve
locity. In a simple acoustic wave, the power is 
proportional to the square of the acoustic pressure. 
Hence, in the present experiments, the acoustic 
power of the open jet flames is proportional to the 
third power of the mean flow velocity ~n the pre
mixed case and to the fourth power of the fuel flow 
velocity in the non-premixed case in the hard
walled bay. The premixed flame has indeed been 
observed to yield the cubic law in previous investi
gations also (Strahle and Shivashankara 1973). The 
caSe of the less explored non-premixed flame is 
not so certain, and many different indices have 
been reported in the literature (Kotake and Hatta 
1965, Giammar and Putnam 1970, Knott 1971). 

In the anechoic chamber the premixed flames 
have yielded a slightly lower exponent of 2.7, 
which is also much closer to the regression analy
sis generated byShivashankara, et a1.(1973). But 
the non-premixed flames continue to yield an un
mistakable fourth power. 

Although the mean flow velocity is not the di
rectly relevant parameter in noise production, it is 
frequently used as a ready means of comparing 
data. The noise production depends on the fluctuat
ing components which may bear a one-to-one re
producible relation to the mean flow velocity. In 
fact, the existence of such a relation is tacitly as
sumed in all correlations of the noise with mean 
flow variables. 

The lf3 or the U2
•

7 law obtained in the present 
experiments is consistent with the premixed flame 
data of Strahle, et al. The fact that this law is not 
universally obtained is evidence of the complex na
ture of the variables involved. The existence of an 
external pilot flame does not appear to be of crucial 
importance to this question, since the present ex
periments and those of Knott obtained different ex
ponents, although neither used a pilot flame. Simi
larly, the experiments of Strahle and Shivashankara 
(1973) and of Smith and Kilham (1963) have yielded 
different exponents, although both of these investi
gations used very similar pilot flames. 

The data scatter in fig. 11 is attributed to the 
small variations in the stoichiometry. In the 0-
series experiments, there occurred a greater vari
ation in the stOichiometry, and the data scatter is 
also somewhat higher than for the S -series experi
ments plotted in fig. 1 i. 

Directionality 

The rather pronounced directionality of the pre
mixed flame noise (seen in fig. Z) can be explained 
qn the basis of mutual cancellations of acoustic 
signals emitted by different regions of the combus
tion zone. When the wavelength of emitted sound 
gets comparable to or smaller than the source 
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Fig. 6. Premixed Jet Flames in the Anechoic Chamber. 

region of interest, such cancellations may be eX
pected. In the premixed situation, the principal 
wavelengths are as small as a few inches, as de
duced from the acoustic spectra (fig. 2). The 
physical extent of the source (combustion zone) in 
the axial direction is of the order of a few inches 
(fig. 8), and hence comparable to the wavelengths. 
This could reduce the acoustic amplitudes in the 
axial direction. However, the maxUnum physical 
extent of the source region in the lateral direction 
is about one inch, and may not attenuate signals in 
this direction. The rather marked change in the 
amplitude around 45° seems to lend credence to 
such a speculation. Incidentally, on a (more mean
ingful) dB scale, the directionality would appear 
much smaller than on the linear scale presented 
in fig. 2. 

On the other hand, the non-premixed flames 
are reasonably free of directionalitv in their noise 
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output. This lack of directionality may be taken to 
imply a source region of random character. The 
directionality of the fluid dynamic variables (that 
is present, at least in the non-combusting case) 
does not seem to influence the combustion region. 
The directionality of the premixed flame implies 
some influence of the mean fluid dynamics. With 
the additional information of a nearly constant 
Strouhal Number (see later), it would appear that 
the premixed flame is strongly influenced by the 
jet dynamics. 

The changes in the directionalities of both the 
premixed and non-premixed flames between the 
hard-walled bay (figs. Z and 3) and the anechoic 
chamber (figs. 6 and 7) appear to be essentially 
ins ignific ant. 
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Fig. 7. Non-premixed Jet Flames in the Anechoic ChaInber. 

Waveshapes and Spectra 

The most significant result of the present ex
periments is the revelation of the differences be
tween premixed and non-premixed flaInes. The 
waveforms ofthe non-premixed flaInes (figs. 3,7) 
are highly distorted and contrast with the smooth 
(if not sinusoidal) waveforms of the premixed 
case (figs. 2,6). These high-frequency compo
nents are clearly seen in the acoustic spectra also. 

The appearance of well-defined peaks in the 
broad band spectra of premixed flaInes (figs. 2, 6) 
is at variance with the earlier findings of Smith 
and Kilham (1963), Strahle andShivashankara 
(1973), Hurle, et al. (1968), all of whom reported 
broad peaks. (On a dB scale, the peaks seen in 
fig. 2 would be broader than on the linear scale, 
but the perceptible variance with earlier results 
would still persist. ) It would appear that the 
acoustic amplitudes near the natural frequencies 
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in the system (namely, mean velocity'" a character
istic length scale) are greatly accentuated by com
bustion. The well-defined peaks may be associated 
with the rigidly determined dimension of the flames, 
because of the natural flameholding by the tubes. 
With external pilot flames, the flame dimensions 
are uncertain by an amount determined by the fluid 
dynamics of the pilot -flame / main -flaIne inter ac
tions and could spread out the peaks. If we picture 
the noise production as arising from the distortions 
of the flame surface by the turbulence eddies, the 
principal frequencies may be anticipated to be 
governed by principal length scales governing the 
sizes of the eddies. In the present apparatus ge
ometry, three distinct dimensions of relevance to 
eddies are present. These are the three diameters 
associated with the flow, namely, inner and outer 
diameters of the inner tube and the inner diameter 
of the outer tube, in increasing order. Hence, if 
we believe that the dis crete freq uency nois e produc
tion is associated with these scales,. the three peaks 
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seen in the acoustic spectra must c0rrespond to 
the above dimensions in the reverse order. The 
computed Strouhal Numbers based on such an as
sumption are plotted in fig. 10. As can be seen, 
the Strouhal Numbers are reasonably constant 
around 0.3 in the bay and slightly lower in the 
anechoic chamber, indicating that the basic rea
soning behind the plot may be valid. At any rate, 
the near constancy of the Strouhal Numbe~s at the 
peaks strongly indicates a simple mechanlsm of 
noise production. 

The high-speed motion pictures (not presented 
here) show well-defined oscillations of the visibl~ 
flame surface, as also evident from the acoustic 
wave shapes that are smooth. The visible flame 
region (high luminosity flame surface) is seen in 
fig. 8 to expand with increases in the mean flow 
rate, consistent with previous observations 
(Hurle, et al. 1968; Strahle and Shivashankara 
1973; Shivashankara, et al. 1973). All of the 
above observations conform to the general idea 
that noise generation in premixed flames is due to 

I 
X 
E 

Q 1=.193cfs;U 290fps tota 

Q = 0.193 cfs; U
f 

= 325 fps 
total , 

simple oscillations (wrinkling) of the flame su~
face. This wrinkling process leads to fluctuahons 
in the local volumetric reaction rate, and noise is 
gener ated in accordance with the monopole model. 

In non-premixed combustion, the highly dis
torted waveforms (sharp gradients) suggest some 
form of abrupt volume expansion, in the source re
gion, randomly distributed in space and time. 
These high-frequency components are clearly seen 
in the acoustic spectra also. The broad band spec
tra with higher energies in the lower freq uencies 
(larger scales) suggest a true turbulent field with 
no preferred freq uencies. However, the only dis
crete frequency in the system (mean velocity.;. the 
diameter of this interfacial mixing region) near the 
burner mouth (fig. 8) is revealed as a mild peak in 
the spectra. (Ex. at U = 300 fps the mixing zone 
diameter"", 1/2", f = 7200 Hz, which is close to 
the observed frequency at that mild peak. ) High
speed motion pictures (fig. 12) clearly reveal the 
discrete eddy structure in the combustion zone 
which appears as a diffuse luminous jet in the 
time-averaged photograph. 

The anechoic chamber data on non-premixed 
flames have been analyzed in the low-frequency re
gime as shown in fig. 7. It is seen that even the 
non-premixed flames show a peak in the spectrum, 
however broad. This needs careful interpretation. 
The lowest frequency associated with the flames, 
it would seem, cannot be lower than the ratio of 
the mean flow velocity to the length of the flame. 

When the chemical kinetic time scale is far 
less than the molecular mixing time scale, the dy
namics of the flame is essentially controlled by the 
turbulence characteristics. It is known that the 
turbulence level in the open jet increases linearly 
with the Reynolds number and hence with the ve
locity (for a fixed tube geometry). ,For such cases, 
the length of the flame is nearly invariant wit? the 
jet velocity, as has been discussed at length ln the 
das sic paper of Hottel and Hawthorne (1949). In 
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.. Premixed flames 

III Non-premixed flames 

flow velocity ft/ Sec 
(mean flow velocity for the premixed case 
and fuel flow velocity for the non-premixed 
case) 

Fig. 11. The Acoustic Amplitudes as a Function 
of Velocity. 
(a) in the hard-walled bay 
(h) in the anechoic chamber 

the present experiments also, the length of the 
turbulent flames has remained constant, as Seen 
in fig. 8. (In a related set of experiments, the 
stoichiometry was also varied from the lean to the 
rich side with variations in the flow velocities. 
This resulted in profound color changes in the 
flames -- blue'" yellow -- and yet the length re
mained constant.) This is a clear indication that 
the details of turbulence are far more important 
than the details of chemistry. 

The "length" referred to above is of course 
the time-averaged length of the luminous brush 

Fig. 12. Examples of Frames from the High-Speed 
Movie on a Non-premixed Flame. (Ex
posure of each frame"", 1/7500 sec.) 

seen in fig. 8. In actuality, the "length" varies' as 
a function of time, as seen in the high-speed pic
tures (fig. 12). What we really have is a random 
field dictated by the statistical nature of the large
scale eddies. These eddies get dissipated at differ
ent distances from the tube exit, but always within 
a band of lengths, the mean of which is the "length" 
of the flame. Thus, frequencies lower than the 
lowest can indeed occur when one of the large ed
dies travels a larger distance before dissipation. 
However, these occurrences become rarer and 
rarer as we depart farther and farther from the 
ratio of the mean velocity to the time-averaged 
length. This is also seen in the spectra as lower 
density peaks (fig. 7). That is, in the 30,seconds of 
data reduction, these very low frequencIes occur
red only a few times. When we do not encounter a 
large number of events, the averages are not 
meaningful and hence the lowest frequency, for all 
practical purposes, appears to be the one at the 
peak. Hence, it seemed worthwhile to compute the 
Strouhal Numbers based on the time-averaged 
length of the flame brush and the frequency at ~he 
peak. The values (plotted in fig. 10) are s urpns-
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ingly close to 0.3, indicating that the basic reason
ing behind this argument may be valid. 

The frequency thus bears a simple relation to 
the jet dynamics which was seen to be unrelated to 
the chemistry. Considering the rather strong de
cay in the radiated acoustic power at the higher 
frequencies, it may be said that the frequency of 
maximum radiated power in the non-premixed 
flame is independent of the chemistry. This re
suit is in agreement with the theory of Strahle 
(1973). 

V. Concluding Remarks 

These qualitative experiments have yielded 
data that support the following general statements. 
The noise outputs of combusting jets are much 
higher than those of non-combusting jets under 
otherwise identical conditions. It is possible to 
conduct experiments without external flameholders 
(at least up to velocities of 325 fps), so that un
certainties are kept to a minimum. Premixed and 
non-premixed flames are significantly different 
both in their structure and in their acoustics. 

An attempt has been made to keep the condi
tions as similar as possible between the premixed 
and non-premixed flames. For the same total flow 
rate of the reactants and the same exit velocities, 
the exit areas have to be the same. Hence, the 
same concentric-tubes configuration was used in 
both cases. This leads in the premixed case to 
combustion zones in both the outer and inner jets; 
hence, the external configurations of the premixed 
flames are not identical with. those of single jet 
flames. It is believed that this is a distinction 
which is unlikely to alter the conclusions of this 
work. (In fact, the U3 power law obtained here is 
the same as that obtained by Strahle and Shiva
shankara on single jet flames. ) If an attempt is 
made to maintain the same flow velocity for the 
same total flow rate of the reactants in a single 
tube, the diameter will have to be less than that of 
the outer tube used in the present experiments. 
The tube diameter directly controls the scale of 
turbulence in the jet. Alterations in the turbulence 
scale are likely to have an important influence on 
the noise output, which is controlled by jet turbu
lence. Thus, one of the meaningful standards of 
comparison maintained in the present study would 
be lost with the use of a single tube. 

The results in the hard-walled bay and in the 
anechoic chamber (under these conditions of flow 
and "microphone distance) have indicated the follow
ing similarities and dissimilarities. 

The Similarities 

(a) The premixed flame noise output shows 
sharply defined peaks that scale well with the con
cept of a constant Strouhal Number. 

(b) The acoustic power in the non-premixed 
flames scales very well with the fourth power of 
the mean velocity. 

(c) The directionalities appear to be hardly 
affected. 

(d) The non-premixed flames show a broad 
frequency spectrum with most of the energy in the 
lower freq uencies. 
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The Dissimilarities 

(a) The principal frequencies are somewhat 
lower in the anechoic chamber for the premixed 
flames, so that the Strouhal Numbers are lower in 
value (by about 25 per cent). 

(b) The exponent in the velocity scaling of 
power in the premixed case is 2.7 in the anechoic 
chamber and 3. 0 in the hard-walled bay. 

The judgement on whether the similarities are 
more profound or whether the dis similarities are 
more profound is left to the competent reader, who 
should also evaluate the earlier statement " ... 
comparison between results for the premixed and 
non-premixed flames should be valid ... II in the 
hard-walled bay (Kumar 1974). 

Several improvements are possible in the ex
perimental technique. Measurements of velocity 
(mean and fluctuating) profiles in the jet, choice of 
a fuel like hydrogen (so that its wide flammability 
limits in air enable us to gradually vary the com
bustion conditions from those of an isothermal jet), 
spark Schlieren photographs, all seem desirable. 
On the theoretical front, the results reported here 
may prove useful in the analytical modeling of the 
reaction rate term in the conservation equations. 
It is recalled that the uncertainty in the theoretical 
treatments is associated with the local reaction 
rate in the combustion zone. Simple treatments, 
such as that of Bragg (1963); rigorous treatments, 
such as that of Kotake and Hatta (1965); and even 
the more recent treatments of Strahle (1971), all 
leave the acoustic field as a function of the local 
reaction rate, for which an expression is not yet 
available as a function of the experimentally-deter
mined variables of composition, flow, and geome
try. It is believed that these results will also aid 
in solving the basic problems of turbulent mixing 
and combustion which have been the subject of two 
excellent summaries recently (Williams 1974). 
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