VOL. 21, NO. 8, AUGUST 1983

AIAA JOURNAL ‘ 1107

Acoustic Signature from Flames as a Combustion'Diagnostic Tool

M. K. Ramachandra* and W. C. Strahlet
Georgia Institute of Technology, Atlanta, Georgia

A nonintrusive acoustic technique has been developed to obtain the fluctuating heat release rate distribution in
open premixed turbulent flames. Propane-air flames of equivalence ratio 0.6, 0.8, and 1.0 with a 16.4 mm diam
burner and a 11.55 m/s mean flow speed have been employed. The flame sound pressures in the near field were
measured in an anechoic chamber. With the acoustic spectra as the input, the heat release rate spectral in-
formation was obtained by numerically using an augmented Galerkin method to solve a Fredholm integral
equation of the first kind. Computed results have been qualitatively verified by C, emission studies. The ex-
perimenﬁally observed correspondence between mean and rms C, emission intensity implies that the shape of the
mean heat release rate distribution can, in principle, be deduced by the acoustic technique.

Nomenclature

= area of flame cross section

= coefficients in Galerkin expansion

= burner diameter

=light emission function

=defined in Eq. (5)

= frequency, Hz, unknown function in Eq. (8)

= free-space Green’s function

=known function in Eq. (8)

= heat release fluctuation function

= emission intensity

=+—1, index

=kernel of Eq. (8)

=wave number

= flame length
5 . =length scale

= number of terms in Galerkin expansion

= acoustic pressure

= heat release rate per unit volume

=constraint parameter .
rr =autospectral density of sound at location x
;2  =cross-spectral density of light emissions from flame
cross sections at x, and x,
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n

T =sample time for finite Fourier transform

t =time

U = flow speed

u, =defined in Eq. (1)

|4 =reaction volume

x = coordinate vector (x,),2)

z = defined in Eq. (3)

2% = ratio of specific heats

A = constraint parameter

£ =separation distance between flame cross sections at x;
and x,

¢ =equivalence ratio

w =circular frequency, rad/s

Superscripts

T =transpose of a matrix

() =ensemble average
( )* - =complex conjugate .
(7) =approximate value
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(") =cross-sectional quantity
Subscript
) =Tinite Fourier transform

I. Introduction

NONINTRUSIVE technique to determine the heat
release rate distribution and its turbulence properties
would be a useful tool in combustor development. The heat
release rate distribution is intimately linked to questions of
flame stability, liner life, pollutant formation, and com-
bustion efficiency. This paper deals with the development of a
nonintrusive method for measuring heat release rate fluc-
tuations by an acoustic method.. The relation of the fluc-
tuating field to the mean field is also investigated. As a first
step, the experimental configuration is a simple one-—that of

an open premixed turbulent flame.

Utilized as the diagnostic method is the combustion noise
output from a turbulent flame. Under appropriate restric-
tions, this noise output can be theoretically linked to the
fluctuating heat release rate. As a verification of the results
obtained by the acoustic method, emissions from C, radicals
are also measured and linked with the heat release rates.

II. Theory
The starting point is an approximate combustion noise
equation derived by Strahle!3 following - a nghthxll type
acoustic analogy approach,

Vip,(x) +k2p, (x)=—u,(x) 0))

where u = (y— 1)iwQ,,. This is an inhomogeneous Helmholtz
equation for the acoustic pressure from a turbulent flame, the
source function being the fluctuating heat release. u  (x) is
nonzero only when x is inside the reacting volume (Fig. 1).
The subscript « denotes a finite Fourier transform, that is,

T
p,(X)= S p(x e~ dt
0

where T is a finite sample time that is large compared to the
minimum period to be resolved.

The solution* to Eq. (1) subject to Sommerfeld’s radiation
condition is

p,(x)= SV u,(x5)G(x,x,)dV,

where G is the free-space Green’s function defined by

exp(— ik lx—x,1)

G(xx,) =
(%) = x|
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For combustion noise, p,, is a random function of frequency.
It is convenient to work with spectral densities that yield
stable values of the frequency content of the signals. It is
assumed that the random process is' weakly stationary. The
autospectral density is given by

Spr=p(xx)p,(xx)/T

It is always a real-valued non-negative function and gives the

frequency distribution of the mean square fluctuation. The

total area under a plot of the autospectral density vs

frequency gives the mean square value of the random signal.

The bar superscript indicates an average of the conjugate

product taken over several sample records of length 7.
Substituting for p,,

IT0
Sgr= T [SV, uw(x,)G*(xR,x,)dV,]

<[{,, wimGerar,|
or

ug (x,)u, (x)

Sgr= SVz SV, G*(xg:xz)G(xR,xz) [ T ]dVIdVZ

This is a six-dimensional integral equation of the first kind for
the term in the square brackets, which is the cross-spectral
density of the heat release rate fluctuations at locations x, and
X, in the reacting volume V,=V=V,. Sy can be measured.
The problem, then, is to solve the above equation. It is
known%’ that equations of this type are difficult to solve.
Here, the task is formidable because Sp, is a measured
quantity that will contain error. Some simplification is needed
to expedite the solution process. It is experimentally observed
that, for the flames employed in this program, the flame
length is an order of magnitude longer than the burner
diameter. It is, therefore, reasonable to assume that the flame
is effectively a line source along the x axis. Further confining
the measurement of Sp, to the horizontal plane through the
burner (z; =0), one has the approximation

beg —x; | = [(xg—%,)2+ 1314
Then

LeL explikv (xR—x,)2+y§]
S =S S dx,dx
FE o Jo T am (g —x)) 4 0%

« exp[— ikV (x5 —x,) 2 + %]
4\ (xg —x,)2 +y%

Z(x},X;) @

where

ur (x)u, (%)

- )

Z(x;,x,)= SA, dA4, SAZ dAa,

x
Fig. 1 Coordinate system.
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where Z is proportional to the cross-spectral density of the
heat release rate fluctuations at flame cross sections located at
x;and x,. Let

X,=x,+§

where £ is the separation distance along the burner axis
between points x; and x,. As the separation distance in-
creases, the heat release rate fluctuations become less
correlated and the magnitude of Z approaches zero. Results
from optical experiments, reported below, indicate this trend.
In fact, Z drops to zero fast enough so that one can write

S:deS;dsz(x,,xz) = S:dxl S: diZ(x,,%)

The autospectral density becomes

explikv (xg —x;)2 + ¥4 1
4 (xg —x;) 2 + %

L =3
SRR:SO dXIS—m dz

exp[ — ikV (xg — X, —é)2+)’fz]
4/ (xg—x,— )2+ 7}

Z(x),§) Q)

Equations (2) and (4) are two-dimensional integral equatlons ‘
for Z. .
If it can be assumed that the length scale for the heat release’
rate fluctuations can be neglected compared to the flame
length (see Sec. V, Fig. 7), further 51mphf1cat10n is possible.

Equation (4) reduces to

1 (L dx o
S = S ! S d Z ,
RR 1672 Jo (xR_x1)2+y,§z o E (xl E)
By definition of Zz,

Z(x;,8) Q% (x) 0, (%)

The superscript () indicates a cross-sectional quantity. Here
Q (x,) can be expected to behave like Q (x;) convected
downstream at a characteristic speed U and subject to a decay
that is some function of £. That is, as an approximate ex-
pectation ’

0,(x) =0, (xpyexn( - o £)¥(8)

Optical emission studies (see Sec. V) support this reasoning;
Y (£) appears to be an exponentially decaying function.
Therefore,

20,,8) =01 ) 0, ) exp (— o &) ¥(6)

[7 zeonaex@io) 0,60 | exn(-ie)v@ree

=000 | _cos( Ze)uiora

='[autospectral density of Qw (x;) 1[length scale]

Then, say
S_m Z(x;,§)dE=Z(x},0) Ly =F(x)) 5)
Lyisa length scale defined as

Lo= S : RelZ(x,,£)1dE/Z(x,,0) ®
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Finally,

1 SL F(x)dx
RR™ 16m2 Jo (xg—x)2+)3

K¢

As a result'of the last simplification, Eq. (4) has been reduced
to a one-dimensional problem [Eq. (7)]. Since u ,xwQ,,

‘ F(X)OCOJZSQ‘Q‘LQ
At a given frequency, F(x) is proportional to the product of

the autospectral density and length scale of the heat release
rate fluctuations at a flame cross section located at a distance

x from the burner port. If y, is considered fixed, then the -

inversion process requires the combustion noise autospectral
density Sg as a function of x over the interval [0,L].

The integral equation approach is necessary to avoid in-
trusive measurements in the flame. The integral equations still
require measurements close to the flame because, in the far
field, the Green’s functions can be brought out of the integral
sign—which defeats the method. Therefore, near-field
measurements are essential.

III. Method of Solution
The general form of a first-kind Fredholm equation is

b
| Keonrordr=gw, asxsb ®)

where K(x, y) and g(x) are known functions and f(x) is the
unknown. K is called the kernel of the equation. Equations of
this type are in general ill-posed; small errors in g(x) can

cause large ‘‘unphysical’’ oscillations in the solution predicted .

by the integral equation. Special techniques are available to
control the instability. Various methods were investigated and

" the augmented Galerkin technique® was chosen. Essentially,
the Galerkin matrices are augmented by a set of constraints on
the unknown coefficients and the augmented equations are
solved as a problem in linear programming. Let

’ N
fo =Y ai;(x) ©

i=1]

where {¢,} is a complete set of functions orthogonal on [a,b].
The Galerkin equations for the coefficients are

Ba=g (10)

Here

) b b )
B;= S ¢.~(x)dxga K(xy)o;(»)dy, Lj=12,..,N

i

b .
8= Sa g(x)o,;(x)dx, i=12,...,.N

a=la,a,,...,ay17

As mentioned earlier, an attempt to solve Eq. (10) directly

gives rise to wild oscillations in f for large N. If Eq. (8) indeed .

has a solution, since {¢,(x) } is a complete set, the series of
Eq. (9) must be convergent as N— oo, That is,

E i<
i=1
Hence, there exist positive constants C 't and r such that

la,| <C,/ (D)7 =6, i=12..,N

ACOUSTIC SIGNATURE FROM FLAMES ‘ 1109

where

=i—-1, i>1

Given an estimate of C; and r, the augmented Galerkin
method requires one to solve the problem

- minimize | Ba— gl (11)
subject to
la;| <6, i=12,...N

For numerical convenience in linear programming, Eq. (11)
can be written in the form

N | N
minimize S= E EB,jaj—g,. I (12)
i=1 ! j=1
subject to
la; | <§;

The constrained optimization problem of Eq. (12) is then
transformed into a problem in linear programming, which is
basically a systematic method for minimizing (or maximizing) -
a function of several variables subject to constraints in the
form of equations and inequalities. Both the function to be
optimized and the constraints must be linear. Standard
computer programs are available to solve linear programming
problems when the number of variables and constraints
becomes large.

It is claimed that the method is stable as the number of
terms in the expansion increases and that the results are in- .
sensitive to the values of C; and r. Recommended values for
the two parameters are:

1) r=2,3.

2) Cf—)\llgll/llBll where A =2-4.

The method was applied to Eq. (7) for a test case. Stable
results were obtained even with perturbed data. Also the
solutions converged quickly and turned out to be not in-
fluenced by the choice of constraints (variation in X and r).
Complete details are given in Ref. 9.

IV. Experimental Procedures

Three types of experiments were conducted:

- 1) Acoustic experiments in which sound pressures in the
near field are measured.

2) Optical experiments in which cross-spectral densities of
the emission intensity of C, radicals from different cross
sections of the flames are determined.

3) Correlation experiments in which the optical and
acoustic emissions are correlated.

The optical experiments obtain the heat release rate spectral
densities directly to within a factor of a constant. These were
used to qualitatively check the results from the acoustic
technique.

All of the experiments were carried out inside an anechoic
chamber. The chamber (4 X 3 X 2 m) has fiberglass inner walls
that are efficient in absorbing the incident sound waves. Thus,
acoustic measurements can be made in conditions close to
those in a free field. The chamber also serves the secondary
purpose of preventing drafts around the flame.

The burner is made of coaxial tubes. The mixture of
propane and air flows through the inner tube. Hydrogen for
the stabilizing diffusion flame is supplied through th¢ annular
space between the tubes. The inner tube has an inside diameter
of 16.4 mm. A straight length of 50 diameters is provided to
insure fully developed turbulent flow at the burner exit. A
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mixing chamber filled with 4 mm glass balls is introduced in
the main burner tube just before the 50 diam straight length.
The chamber also serves as a flashback suppressor. The
burner is mounted in the anechoic chamber with its axis
horizontal. Reference 10 has more information on the flow
system.

Spectral analysis of the recorded signals was done by a
Hewlett Packard 5451A Fourier analyzer. This machine

| FLAME BRUSH
]
i
!
1
!
]
!
|
!
I
. . J
converts the data to digital form and computes the spectra I
I
I
|
i
|
i
|
i
]
i
I
|

 E— -G
BURNER

[}

1

1

'

|

I

|
SLITS !
x_._-_ |
—EHJr —9' 7’ ’\-’—FRONT SURFACE |
|

T '

]

]

1

|

|

H

l

|

1

1

i

. X , MIRROR
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Acoustic Experiments OPTICAL FILTER

The integral equations formulated earlier call for com-
bustion noise data in the near field. It was also stipulated that
the measurements be made in the horizontal plane through the
burner axis.

Sound pressures are measured by Briiel and Kjaer 12.7 mm
condenser microphones. Four such microphones are mounted
on a stand at the same height as and along a line parallel to the
burner. They are suitably spaced (100 mm apart) so as to

" cover the length of the flame. The microphones are traversed
in steps of 25 mm in directions both parallel and per-
pendicular to the flame axis, thus obtaining data in a two-
dimensional grid. - 5|

A far-field (xgz =0, y, =2.4 m) measurement is taken with a xio?

single microphone. This is required for acoustic power .

calculations as explained later. ) ar

PHOTO TUBE

Fig. 2 Data acquisition schematic for optical experiments.

Ya=127 MM

Optical Experiments

These experiments are planned to provide independent
experimental  support for the acoustic method. There is
evidencel®12 that the heat release rate fluctuations in a tur-
bulent flame which generate sound also cause fluctuations in
the emission intensity of C, and CH radicals. These are
known to exist only in the reaction zone of hydrocarbon + air
flames. Hurle et al.!! found that the emission intensity is
directly proportional to the rate of combustion.

2
SrR» PA%8 HZ

¢'°.8 279

The acoustic technique is designed to give the spectral or . =300 HZ
density of the heat release rate fluctuations from the cross .
sections of the flame. Accordingly, the light experiments are . 1 1 L L o B

tailored to obtain the emission intensity of C, radicals from 0 100 €00
different flame cross sections. Light signals from any two ‘ X, MM
cross sections have to be recorded simultaneously to obtain Fig.3 Combustion noise autospectral density in near field.
the cross-spectral density.

The anechoic chamber served as a dark chamber for these
experiments. A schematic is shown in Fig. 2. A 2:1 image of . $:=08
the flame is formed by a large lens. At the image plane of the X = 156 MM
burner axis, there are two vertical slits. These are quite £ =10 MM
narrow, 0.8 mm wide. Each slit receives light from a par-
ticular cross section of the flame. One of the slits is fixed in '
position, while the other can be moved parallel to the flame, 100 TRANSFER FUNCTION
A front surface mirror is mounted directly behind and at- : ‘
tached to the movable slit. When this slit is moved, the mirror i M AGNlTUDE-7\
moves with it, always reflecting the light from the slit toward 50
the same phototube. Associated with each slit is a narrow- .
band optical filter centered on a radiation band of C, 180
radicals'! (5165 A). The filters have a peak transmission at
5145A with a half-peak transmittance bandwidth of 80A.
The photomultiplier tubes are of EMI types 9637B and 9656B. L
The current signal from each phototube is passed through a 10
KQ resistance to convert it into a voltage 51gnal which is then
amplified and recorded. o° L__ _

Correlation Experiments

The objective here is to verify the correspondence between ’ PHASE
overall light and acoustic emissions for the present setup. For r
this purpose, an image of the entire flame is focused on'a
phototube after passing the. light through a C, filter. The
output of the phototube is proportional to the C, emijssion —180°+ | ) |
intensity integrated over the entire reacting volume. A IIOO = it IICI)OO
microphone is placed in the far field. The signals from the )
phototube and the microphone are suitably -amplified and ) f, HZ
recorded. Fig.4 Transfer function of two space-separated light signals.
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Fig. 5 Mégnitude of cross-spectral density of two space-separated

light signals as a function of the separation distance.
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Fig. 6 Cross-spectrai density of two space-separated light signals as a
function of the separation distance.

V. Experimental Results

Acoustic Experiments

Sound pressures were measured in the near field for flames
of équivalence ratios 0.6, 0.8, and 1.0 at a flow speed of 11.55
m/s. In all cases, the combustion noise was significantly
greater -than the noise due' to -the air jet alone. Typical
autospectra are displayed in Fig. 3. These were obtained by
Fourier analysis of the pressure signals with a 50 sample
averaging and a further frequency smoothing over a 104 Hz
bandwidth.

Optical Experiments

Figure 4 shows the transfer function of C, emission in-
tensity for ¢ =0.8; the two cross sections of the flame are
separated by 10 mm. The fixed slit is at x=156 mm. This lies
in the turbulent brush region of the flame. The phase of the
transfer function is seen to drop linearly with frequency. This
is due to convection caused by the mean flow of the reactants.
The mean flow velocity calculated from the slope of the plot
gave a value close to the mass weighted mean velocity.

Cross-spectral density plots are given in Figs. 5 and 6. They _

suggest a relation of the form

LW
. —

S12=S,1exp( U

£)v(e)

Here exp[—i(w/U)E]
decaying function of £.
S,, corresponds to the quantity Z(x,,x,) defined earlier
where Z is related to the sound spectral density through an .
integral equation. The corresponding length scale here is given

is the convection factor and ¢ a

1111
. ¢ x,MM
>l x X 10 105 PRESENT
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Fig. 7 Integral length scale variation with frequency.
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Fig. 8 Mean and rms light emission intensity vs lengtin aiong flame
axis.

by.

% . .2 ©
|7 Rets,laz= = [ Retsq1a (13)

1

by symmetry.

Calculations show that a good approximation to the in-
tegral in Eq. (13) is obtained by considering the area under the
Re[S,,] vs & curve up to the first minimum. Calculated length
scales are given in Fig. 7 for two cases. They exhibit a rapid
fall off with frequency.

In hydrocarbon flames there is intense ionization in the
reaction zone. Wortberg!? observed a nearly one-to-one
correspondence between local heat release rate and ion
concentration in laminar flames. Mehta et al.1* have shown
that ionization probes can be used to deduce local heat release
rate in turbulent flames. Using a point ionization probe they
obtained length scales [defined by Eq. (13)] in open premixed
propane-air flammes. These are reproduced in Fig. 7. For the
case ¢ =0.8, x=130 mm, for which the ionization results are
available, there is good agreement between the optical and
ionization results.

Correspondence between Fluctuating and Mean Heat Release Rate
The mean heat release rate distribution in a flame is of
practical importance. The acoustic technique cannot give the
mean heat release rate since the microphones sense only
pressure fluctuations. The optical method has no such
restriction. Figure 8 is a plot of the mean and the rms values
of the C, emission intensity along the flame axis. It is in-
teresting to note that both the curves have essentially the same
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Fig. 11 Acoustic power vs equivalence ratio deduced by these
methods.

shape. The implication is that the shape of the mean heat

release rate distribution can be deduced from the fluctuating
heat release rate obtained by the acoustic technique.

Correlation Experiments

Figure 9 shows the coherence function between p and the
time derivative of the light emission intensity for various ¢.
The high value of the coherence function for ¢ =1.0 and 0.8
up to 500 Hz implies an almost linear relationship between the

affect the concentration of radicals and may explain the low
coherence.

VI. Computed Results

Having obtained the sound data by experiment, the next
step is to solve Eq. (7) for F(x). As mentioned earlier, the
solution of a first-kind integral equation is a formidable
problem, especially when the input data contain errors.
Equation (7) is the result of various simplifications, based on
physical grounds, made to the original six-dimensional
equation. Still, any further knowledge of the behavior of the
expected solution would be helpful. Here it is intuitively
obvious that F(x) has to be zero at the flame ends. These
conditions were incorporated into the solution procedure.
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The computational work was carried out on a CDC
CYBER 70 Model 74-28 computer. A Fourier series was
chosen for F(x),

2nwx 2nnx
F(x)=a,+ E(ancos—{— +b,,sin—L7r—>, O=<x<L
n

The Galerkin matrices were evaluated by a 15 point Gauss
Chebyshev quadrature. Linear programming was done using
the IMSL subroutine'> ZX4LP, which is based on the revised
simplex algorithm. "

Figure 10 shows the results for the three flames for a
particular frequency. They were obtained with a seven-term
Fourier expansion for y, =127 mm, A=3, r=4. F(x) is seen
to be negative near x=0. Actually, the heat release
autospectrum cannot be negative. However, the negative.
portion is quite small compared to the large peak in the
second half of the flame and may be ignored. The peaks lie in
the region x/L =0.5-0.75.

Comparison of Overall Acoustic Power

A verification of the computed results is obtained by
calculating the overall acoustic power from F(x) and com-
paring it with the value obtained directly. Since combustion
noise radiation is known to be only weakly directional, a good
approximation to the overall acoustic power is obtained from

 a single microphone measurement in the far field. Also, a
regression formulal® is available, which gives acoustic power
for hydrocarbon-dir open turbulent flames in terms of burner

~ diameter, flow speed, and mixture composition. The sound
power levels computed by the three methods are plotted
against equivalence ratio in Fig. 11. There is good qualitative
agreement between all the three methods.

Comparison with Optical Emission Experiments

The optical experiments were conducted to provide
qualitative verification of the results computed by the acoustic
technique. In these experiments, cross-spectral densities of C,
emission intensity were determined for several flame cross
sections. From these data, length scales were calculated. In
order to compare the acoustic and optical results, two new
functions are defined here. The first is the heat release
fluctuation function H(x),

Hx)=F(x)/f?
From Sec. II, F(x) uf?SQQLQ. Hence,

Heat release rate

H(x [ .
( )p: autospectral density

] (length scale)

The second function is the light emission fluctuation function
E(x) defined by

E(x)=5,,(Ly/D)

where §,, is the C, emission autospectral density. Since C,
emission is proportional to heat release rate,

Heat release rate
autospectral density

E(x) o [ ] (length scale)

In other words, the functions H(x) and E(x) measure the
same quantity to within a factor of a constant. They are
shown in Fig. 12 for ¢=0.8, f=300 Hz. There is good
qualitative agreement between the two curves. Both are small
near the burner port. Also, both peak near three-fourths of
the flame length and drop sharply toward the tip of the flame.
Considering the various approximations involved in arriving
at Eq. (7) and the solution F(x) the similarity in shape is
striking.-The functions H(x) and E(x) are plotted in Figs. 13
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Fig. 14 Light emission function vs length along flame axis for the
¢ = 1.0 flame for various frequencies.

and 14, respectively, for the ¢ = 1.0 flame with frequency as a
parameter. Again, there is’ matching of the shapes. Both
functions drop as frequency increases.

VII. Conclusions and Recommendations

' A nonintrusive acoustic technique has been developed to
obtain the fluctuating heat release rate distribution in open
premixed turbulent flames. Propane-air flames of equivalence
ratios 0.6, 0.8, and 1.0 have been-employed. The burner size
was 16.4 mm and the mean flow speed was 11.55 m/s. The
heat release rate fluctuations are related to combustion noise
spectra by a Fredholm integral equation of the first kind. This
type of equation is known to be unstable inasmuch as the
- solution tends to be highly sensitive to errors in the input data.
Sound pressures in the near field of the flames were measured
in an anechoic chamber and the equation was solved by an
augmented Galerkin method. The technique is shown to be
stable to perturbations in the data. '
For the ¢ =0.8 and 1.0 flames, good coherence is shown to
exist between the far-field acoustic pressure and the time
derivative of the emission intensity of C, radicals in the

~ flame. For these flames the results computed from the near-

field pressure measurements have been verified qualitatively
by the C, emission studies, thus providing independent ex-
perimental support. ‘

From the optical experiments, the cross-sectional heat
release rate fluctuations were found to have an integral length
scale of the order of the burner diameter. The autospectral
density of these fluctuations multiplied by the length scale
showed a single peak near the flame tip.

It is observed that there is similarity in shape between plots
of mean and rms .values of C, emission intensity along the
flame axis. The implication is that the shape of the mean heat
release rate distribution can, in principle, be deduced by the
acoustic technique.

It is suggested that the technique be extended to a gas
turbine combustor. Because of the instability problems
associated with the integral equation formulation, it would be
preferable to solve the appropriate differential equations,
Nonintrusive acoustic measurements could be made by

pressure transducers mounted in the combustion chamber
wall. ’
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