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CORRELATION OF COMBUSTOR ACOUSTIC POWER LEVELS
INFERRED IF'ROM INTERNAL FLUCTUATING
PRESSURE MEASUREMENTS
by U. H. von Glahn

National Aeronautics nnd Space Administration
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

Combustion chamber acoustic power lovels inferred {rom internal
[fluctuating pressure measurements are correlated with operaling condi-
tions and chamber geometries over a wide range. The variables include
considerations of chamber design (can, annular, and reverse-flow annu-
lar) and size, number ol fuel nozzles, busner staging and fuel split, air-
flow and heat release rates, and chamber inlet pressure and temperature
levels. The correlated data include these oblained with combustion com-
ponent development rigs as well as engines.

INTRODUCTION

In recent years, significant progress has been made in reducing the
fan and jet exhaust noise generated by aircraft gas turbine engines. As
these major noise sources wore reduced, other noise sources were un-
covered and constitute new acoustic thresholds or {loors. One of the
more signilicont of these noise sources is combustor-associnted noise.
This nolse originates as part of the combustion process during which »
large amount of chemical energy in the form of heat is released.

Combustion noisoe is associnted with low {requencies, usually less
than 4020 Hz, Consequently, combustion noise in the far-figld is often
difficult to distinguish [rom jel noise, particularly at approach conditions
where the former most {requently dominates the low frequency portion of




the overall engine noise spectrum, For takeoff conditions, jel noise
usually equals or dominates combustion noise. In both cases, combus-
tion noise propagnated lo the far-field is attenuated by the turbine and, to
0 lessor extent, by the exhaust nozzle. However, in the case of afler-
burners or duct burners, such as proposed [or some variable-cycle
inverted-velocily profile engine concepts (ref. 1), there is no turbine to
attenunte the combustion noise. Consequently, for such applications,
combustion noise may be sipnilicant for both takeofl and landing.

In the present study, combustion chamber acoustic power levels
inferred from internal measurements of [luctuating prossure signals
are correlated with operating conditions and chamber geometries over a
wide range. The variables include consideralions of chamber size, num-
ber of flame sites (number of fuel nozzles), combustion staging, airflow
and combustion heat release rates, chamber pressure level, and chamber
inlet temporature. The data base [or the present correlation ellort was
obtained from the results published in references 2 to 8.

BACKGROUND
Data Bank

Extensive measurements of internal [luctuating pressures have been
obtained for a variety of combustor types and sizes. These measurements
include dala taken in component development rigs (refs. 2 to 6), as well
as dala taken with engines (rels. 7 and 8). The objective of these programs
was, in part, to determine the variation of combustor noise with chamber
design and operating parameters, In the {ull-scale component development
rig programs, flucfuating pressurce measuremenis were obtained with both
ean-~type and complete annylar-type combustors. In addition, 90° sectors
of annular combustors were also tested. The engine tests included a can-
type combustor (vef. 7) and a reverso-flow annular combusior (rel. 8).

Details of the combustors, instrumentation, test procedures, and
range of operating parameters are given in the references cited previous-
ly. Sketches of a number of representative combustors are shown in fig-
ure 1. It should be noted that much of the combustor development rig data
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was ' pigay-backed' as part of Phases T and I of the NASA Experimental
Clean Combustor Program in which internal fluctualing-pressure daln
were oblained duving combustion-product emission losts.,

The overall power lovel (OAPWL) values used horein wore caleulated
from measured fluctnating pressures obtained either within the combus-
tion chamber or near the chamber exit plane.  In caleulating the overall
power levels in the relerences and hovein, the fluctuating pressures were
assumed fo be acoustie and weore corrected for frequency response (where
applicable). The sound power level (re .10'13 wafits) ai each measurement
plane was calenlated assuming plane wave propagation of the (luctuating
pressure disturbance.  The etfect of impedance changes, llow velocity,
and arca were incorporated into the power level caleulation where appli-
eable.

Published Combustor Noise Correlations

In references 6 and 9 several combustion noise correlations are pre-
sented.  Values of OAPWL as a funcilon of the recommended correlating
parameters are shown in figure 2 for several selected combustion chambor
lypes and over various ranges of operaling conditions. The correlating
paramelers givon in references 6 and 9 apply to the fluctuating pressure
measurements obtained in component development rigs and, or engines,
depending on the particutar reference, as indicated in the figure.

The Pratt and Whitney Ajrcrafl combustion noise correlation of OADPWLL
(ref. 6) is given by the following relationship expressed in the nomenclature
used herein:

a4 2
! r 0 \\, '111 Il .1“ Yy )

OAPWL = 10 log |1 A% P X8 ) 11, L1 2 (1
l N F‘ 133}\ ! \ C ])"113 . i

The General Electric combustion noise vorrelation of OAPWL for
combustor development rig data (rel. 2) is given by the lollowing relation-
ship, apain expressed in the nomenclajure used herein:
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The General Electric combustion noise OAPWL correlalion parameters
for engine dala (rel. 9) is given by the following relationship, also ex-
pressed in Lhe nomenclature used herein:

OAPWL © 10 log W(aT)? 3 (3)
] Ts,

The selected data shown in [igure 2 represent the acoustic power level
of an individual burner (combuslo1); thal is, in the case of an engine using
can-lype combustors, the acouslic power levels shown are those for a
single combustor can. In lhe case of the 90° seclor combuslors, the data
were adjusted to a full annular combustor by making the necessary air
[low, area and fuel nozzle number adjustiments to the appropriate parame-
ters and adding 6 dB3 to the calculated acoustic power levels. The lollow-
ing is a briefl discussion of the data and ils trends shown in figure 2.

It is apparent that significant differences, as well as secalter, exist
in the acoustic power levels for the various combustors represented by
the data in figure 2 using the correlation parameters shown, In the region
of low air flow rates and pressures (JT8D-17 and J-52 can-type combus-
tors), the inclusion of the number of fuel nozzles, suggested in reference 6,

over-predicts the effect of this variable on the OAPWL while the omission
of this variable (ref. 9) underpredicts the effect of this factor. The data
correlations shown in ligure 2 suggest also that the scope of a correlation
curve faired through the data would vary with combustion air {low rate
and pressure level. Finally, of the two correlations given in reference 9,
the combustor development rig correlation parameters appear to give a
somewhat better correlation for both rig and engine data than those re-
commended for correlating engine data.

1Tyt Y T
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PRESENT COMBUSTION NOISE CORRELATION CONCERT
Goneral

The correlation method for QAPWL advanced hereln is predicated
on the coneept thal combustion noise is directly related to and a prime
function of the combustion heat release rate, Q, associaled with the
combustion process. The ratio of OAPWIL to Q yields a thermo-
acoustic efllciency for the combustion process. A representative plot
of OAPWL as a function of the heat release rale, Q, is shown in [ig-
wre 3. The solid curves shown in the figure represent various thermo-
acoustic clficiencies. The crosshalched region shown in the {igure re-
presents the data bank of the available combustion noise data (refs. 2 lo
8). Also shown for comparison in the [igure, by the dashed line, nre
acoustic data obtained [rom rocket engines (ref. 10). The thermo-
acoustic efficiencies for aircraft engine-lype combuslors vary from
about 0.0001 to 0. 005 percent. Note that, in conlrast, rocket engine
thermoacoustic efficiencies are of the ordor of 0.5 percent or al least
two orders of magnitude greater than airceraft engine-type combustors.

Variation of Power Level With Combustion Heat Release Rale

A detniled plot of OAPWL as a funclon of the combustion heat reo-
lease rate is shown in {igure 4 for the combustors previously discussed
in figure 2 (JT8D-109 and Y¥-102 engines; and the D-13, 1I-11, J'T8D-17,
J-B62, and Vorbix $-23 combustors tested in combustor development rigs).
The data shown in {ipure 4 thus include can-type, annular (complete and
90° segment), and annular with reverse [low combustors. Also shown
in the figure are curves of constant thermoncoustic efficiency.

Congidering first the rig and engine data at high heal release rates,
it is apparent that the theymoacoustic efficiency for a particular combus-
tar 1s substantially constant. A deviation {rom this trend occurs for both
sets of epglne data when the combustion pressure levels approaches the
aperating design pressure ratics for the combustors. As the design
' pressure ratios are approached, ihe thermoacoustie elficiencies become




gomewhat lower. This trend is not observed with the dala obtained in
combustion development rigs beeause the tesl combustion pressure
lovels were significantly below the desipgn pressure ratio.

Effect of low heating rales and low pressure. - Although the thermo-
acoustic elliciencies are substanlinlly conslant for a given combuslor at
high combuslion heat releasce rates, they vary considerably at low com-
bustion heat release rates (J-52 and JTED-17 dala). Wilh low combustion
heal release rates, the thermoacoustic efficioney increases sipnilicantly,
as shown in ligure 4, primarily with increases in air flow rale and sec¢-
ondarily with a small increase in the combustlion pressure.

Effect of fuel nozzle number. - A comparison of the J18D-17 (one
fuel nozzle) and J-62 (four fuel nozzles) datn shows that an increase in
the number of fuel nozzles in the same combustor configuration decreases
the OAPWL al a constant combustion heat release rale, Q.

CORRELATION OF COMBUSTOR NOISE DATA

As staled previously, herein the prime variable in correlating the
OAPWL associaled with the combustion process is the combustion heat
release rate, Q. Inorder to obtain a general correlation, however, addi-
tional parameters had to be considered. These consideralions included:
(1) normalization of the heal release rale for secondary considerations
of air {low rate and chamber pressure and lemiperature conditions, and
(2) normalization of the data to necount for chamber geometry, including
size, number of fuel nozzles, burner staging and fuel spilit {or those com-
bustors having burner staging., The tollowing scctions will consider first
the [Nlow-thermal effects and then the chamber geomeoetry.

Effects of Secondary Flow and Thermal Pavametors

Flow parameter. - It was delermined that inclusion of the [low param-
clor piven in reference 6 as Wf\/’l‘S/P:SA, (in the present nomenclature)
and which herein is rewritten as the chamber inlet Mach number, l\'1.3,

was n necessary parameler in the correlation of combustion noise. How-
over, il was necessary also to eliminale the effect of the P.J-torm which



was accomplished by multiplying the flow parameter by the ratio 1’3/ Py
Additionally, a temperature ratio, '1‘3/'1‘ AV S 2'1‘3/ (’Jl“l i '.1‘3), was included
to provide the best correlation of the data.

Combuslor design prossure ratio. - As indicated carlicr in the dis-
cussion of figure 4, the QAPWL decreases as the combustor design pres-
sure ratio 1s approached. In order to correlate these data with those at
low and infermediale pressure ratios for the same combustor, an empiri-
cal term was included to account for this reduction. This term is given
by [1 + (133/131))‘31.

Summation of preceding correlation parametlers. - The incorporation
of the preceding flow and thermal correlation parameters with the OAPWL
and Q tlerms is given by the following relationship:

CAPWL «+ 10 log [1 + (PS/PD):ﬂ w10 log EQMS(PS/PO)(TB/TAV)] (4)
The previously selected combustor noise data shown in figure 4 are now
shown in figure 5 in the parameters given by equation {(4). It is apparent
that generally good correlation is achieved {or each individual combustor.
However, the dala for each combustor still fall on separaie curves.
Examination of the parameters in the abscissa in figure § indicates
that they can be rearranged to constitute a recognizable acoustic term
with several modifiers as follows:
3/2
3
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(5)

With this rearrangement of terms, the combustion heat release rate and
the flow terms can be expressed as an acoustic monopole source (term
that includes \V4) modified by a temperature rise parameter and a tem-
perature ratio.



Consideration of Combustor Geomelry

In order to collapse the dada shown in [igare 5, on a single curve,
the meometry of the combustors was introduced into the correlation. The
primary variables considered were the number of burning siles (fuel nov-
zles), chamber size, burner staging, and fuel split belween stages.  With
rogard to chamber size, the important faclors were the maximum area of
the combuslor and o charactoristic burner length, The data correlation
in the following sections is divided into three parts, the {irst two deal wilh
single-stage coplanar burners while the third deals with mullislage
burners.

Single-Stage Coplanar Burners

The single-slage coplanar burners include all the configurations in
which burning occurs in essentially one region of the combustion chamber.
The two Vorbix configurations ('T3D-Vorbix and §-23 Vorbix) are also
included in this category when the fuel split is 1000 (i. e. burning with
only the pilot siage operating).

Eftocl of number of fuel nozzles. - The acoustic data obtained with
the JT8D-17 and J-52 combustors (rel. 6) were used Lo delermine the
offect of the number of fuel nozzles on the acoustic power level, These

lwo combustion chambers were of the same size and shape and wore
operated over similar pressure, temperature, and air flow conditions.
The J-52 combustor with its 4 fuel nozzles was of tho order of § dB
quicter than the JT8D~17 combustor at the snme operaling condition.
This reduction in OAPWL was probably due o undetermined {lame pat-
tern and distribution changes within the combustor caused by the use ol

4 nozzles rather than 1 nozzle, which may have resulted in a lowered
stream {fubulence level. In the absence of such measurements, the re-
duction in OADPWL is expressed in lerms of the number ol {uel noszles
used in each combustor. The data for the JT8D-17 and J-52 combustors
were correlated, as shown in figure 6, Ly adding a [aclor 10 log NFO' e
to the QAPWL of equalion (4), yielding the lollowing proportionality:

e n@ - - W & y = G e SRR TN SRS TR S aAeT T
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QAPWL + 10 log {1 + (1’3/1>D)ﬂ +10 log N3 770
& 10 log | QMg(Py/PR)(T /Ty ) (6)

Effect of chamber size. - In order & collapse the data shown in fig«
ures O and 6 to n single curve, the effeet of combusior geometry was now
considered. A geomelry term given by the ratio of the maximum cham-
ber cross-sectional area to the square of a characteristic chamber length
achicved the desired data correlation. This term, A/ .02. is entered in
equation (6) as [ollows:

OAPWL-+ 10 1og[i_ - (P3/PD)3] + 10 Jog N& 77 - 20 10g (a/€%

. - o9
% 10 Jog [QMy(P/Po)(Ty/T 5 ] - 10 loge 1+ 0.67(A/ €2

(7)

where
. N

For combustors designed to operate only as single-stage burners, (‘O - .
However, when a multistage combustor (JT8D-Vorbix, Vorbix $-23) is
operated as a sinple-stage burner, as during an engine-idle condition,
only the pilot nozzles are lit (100/0 fuel split). Under such an operating
procedure, the flame may not be contained entirely within the length of
the first stage burner. Consequently, a portion of the sccond stage burner
length must be included in order to account for the excess {lame size.

For a two-siage burner, this leads to the concept of an effective charac-
teristic chamber length, ¢, where ¢, 6y but €~ (ﬂl + Cz). Beo-
cause of the limited data available, extrapolation of Ee lo ratios of

Cz/.ﬂ1 that exceed those of the combustors used herein should be treated
with caution. The correlation of the data {or single-stage burners and
two~stage burners operating as single~stage burners is shown in figures 7
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to 9. Note that in ligure 7 the sume single-burner data are shown as in
[igure 2. Excollent correlation of the data is achicoved, wilh most data
points within +1 dB of the curve shown laired through the data, The fow
data points that deviate to significantly higher values than those obtained
from the laired curve are associated with low {low rates and are believed
to be contaminated by the cold [low noise {loor. At the same time, the
data in [ipure 8 (hat are significantly lower than (he curve appear to have
Leen over-correcled for cold flow effects in the applicable references.

Single-Stapge Noncoplanar Burners

Single~-stage noncoplanar combustors are those that have their pilot
and main burners displaced axially in the same chamber. Examples of
this type of combustor (see fig. 1(c)) are the Hybrid H-6 and Radial/
Axial II-12 combusiors in references 5 260 2, respectively, In order to
correlate the data obtained with these configurations, the charactleristic
chamber length in the term 10 log ll + 0,67 (A/ Cg 3 is thal measured
from tl}e downslream l‘uelqnozzles to the combustor exit planc or
10 log [1 4+ 0.067 ;A/’.Eﬁﬂn)s;. The characteristic chamber length in the
term 20 log (A/.Cgt remains the full length of the chamber measured
from the upstream {uel nozzles to the combustor exit plane. Tue correla-
tion of the H-06 and II-12 combustors is shown in figure 10. The deviation
of some of the H-6 combustlor data from the curve shown is attribuled
again to apparent excessive cold-{low correclions.

Multi-Stage Burner

With two-slage burning, such as used with the JT8D-Vorbix and the
Vorbix 8-23 (rels. b and 6, respectively), the effect of the fuel nozzles
in each stage and the fuel split between the stages has lo Le included in
a peneral correlation of the combusior noise data.

Lffect of staged burning. - For the limited acoustic data available
with two-stage burning, inclusion of a term consisling ol a funclion of
the ratio of the number of {uel nozzles in the second stape to those in the
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Iirst stage sullleed to correlale the data, This term is glvon by
10 lcg[l + 0,0625 (NziNl)d]. This staging lerm musl be tneluded in
the OAPWL term ol equation (7).

Effect of fuel split. = The effeet of fuel split with fwo-stage burners
{s relatlvely small, being of the ovder of 1.dB or less for the normal
fuel splits used in the combustlors tested. This effeet, which also must
be included in the QAPWL term of equation (5), can be expressed for lhe
combustors losted Ly the following relatlonships:

/ 2
2i(n) = 1,269 - 0, 269 \, [ - (u -30100\: 0

for n 70 and

~—

TR
CF(n) - 1,259 - 0,259 \ /1 - /D (10)
' V70

for n - 70.

The acoustic power correlation for two-stage burners is thus ox-
pressed as:

| | ,
OAPWL 4 10 log |1+ (P 2,3)3|+ 7. 75 log N, - 20 log I

_. . |
- 10 log 'll +0.0625 (Ny, N + 10 log ZF(n)

- ' 3]
N e T 92
w10 log !(,11\43(133;130)(1 3/'1}\\,); - 10 log {14 0.67 A/ (] |

(11)
The data for the JT8D-Vorbix and the Vorbix §-23 are shown correlated
in figure 11 in torms of equation (11}, The curve shown in figure 11 is the
same as lhat shown previously in figures 7 lo 10 for the single stage burn-
ers. Ingeneral, good correlation of the data is oblained with only a few
data points significantly off of the correlation curve. Again, it appears
that some of the 8-23 dala are over~corrected for cold-flow effects.

cpppi e
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Correlation Bquation

The curve shown faired through the data in ffgures 7 to 11 an be
exprossoed by:

o) b 69. 0 -45.0 (12)
REF" 77, 33N Q)

kl + &

where Q?H-:F = 1017 and, from equation (11),

OAPLW?* - 5 1op(Q*Q

P .
OAPWL* = OAIWL + 10 log 1 +(Py/ 131.3)3;4- 7.75 log N - 20 log A (2

(.‘
- 10 log 1+0.0625 (N, N 4 10 log in)

and

Q* = QML (P, Py HT /T ) 14 0.67 A (2 ’
YUY 0NN Y CAY ' e

A summary of all the data included in lfigures 7 to 11 is shown in
figure 12 in terms of the final corrvelation parameters {eq. (11)) together
with the correlation curve (eq. (12)).

CONCLUDING REMARKS

A correlation of published acoustic power levels, inferred from
{luctuating pressure measurements, has been developed. The correlation
includes acoustic data obtained with can-type, annular and reverse-flow
annular combustors over a wide range of operating conditions. The corre-
lation further includes acoustic data obtained with both combustion develop-
ment component rigs and engines.

With the present correlation, the OAPWL can be predicted for o spoe-
cific combustor. The sound pressure levels and {requency conlent can
then be caleulated by use of a suitable combustion noise spectral shape

-
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(such as given in rofs. 11 and 12) lopether with OAPWL values trom the
preseal covrelation. With this information, the combustion noise in the
(nr-ticld can be ealeulated by considering the applicable lurbine, nozzle
and atmospheric transmission logses.

On the basls of the parameler s Included in the correlation presented
herein (eq. (12)) the following , assuming Independonce, will cause o
reducilon in combustor overall power lovels!

L. Increase in total number of fuel nozzles (burning sites)

2. Staged burning with large ratios of N2/N1 (1. 0. preater number

of fuel nozzles.in second stage than in primary stage)

3. Increase in combustor area, A '

4, Decerease in combustor longth,

b. Decrease in combustlor inlet, ‘P:}

6. Deerease in combuslion healing rate, Q

7. Decrease in combuslor inlel Mach number, My

8. Decrease in combustor inlet lemperature ratio, 'l‘:]f’.l‘A v

tn order Lo achieve a meaningful veduceiion In combustor power level,
it doos not appear thal signlficant desipgn or operating changoes in the pre-
coding variables can be made without Tncurring other and, in most eases,
prohibitive penalties. On the basis of the currently available data, it ap-
pears thal substantial combustor noise reductions can be make in a prac-
Lical manner only by resorting to suitable (adlpipe lining (echniques.

o

NOMENCLATURE

(All symbols are in S. 1. unils unless noled.)

A maximum combustion chamber cross-seclional nren
C velocily of sound

Cp specific heat of air

), tuel/air ratio

Fam stoichiomelric fuel/air ratio

SH() functional notation

B conversion constant
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mechanieal equivalent of heal
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oqulvalont combustion ehanmber longth
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1 watly

overall sound powor loevel, 4B ve 107
acoustic power correolntlon prrametor (soo eq. (12)
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combusilon hent relensge rate purametor {(see o, (13)
total tomperature

tompernture eise due to combustion

combustion nfeflow voeloeily

{otal combustton airllow rato

thermoncoustic eflictoney, OADWL « 10 log Q
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nvernpe

doeslpn

atmosphorte
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nominn! combustion chamber inlel

nominn! combustion chiamber outlot
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