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ARALYTICAN, WOOEL

The foliowing assomplioss are ssed in this saal-
wEis:

(1} Flwinstioms im the gas o1 prossure, welac~
ity, deasily, c2iTopy, and towperature STC sspmmed Lo
e small compared with their ogeilidriue values seo
that their scusres and cross prodocts may be meglec-
ted,

2) The buik gas is 2 periect gas.

{3} TRe so0f particics are spherical, asom-por-
ous, sad of 3 emifors temperatute sad size.

(3} Thr volumetric hest-transicer rate in a wol-
umr clemeut costiining 2 larse mumber o so0t parti-
cles is the sum of the effects duc to esch particle.

{3) Mass tramsier and the body force duw o vis-
cous drag can be meglected.
iz sdditiom, the comsoqurmces of sool particle sur-
face oxidation sre wieslized as produc.sg a comstaat
time-independent 3a0f particie temperature. More-
oveT, waves propagatisg at the velocity of the flow
are assumed to Rave tegligible effects om pressure
and particle velocity.

The cac-dimensional continuity, mcownt:m, aod
energy equaticas for the sas ave:

(1)
)
Stk -3 ) )
wheve D/  is the substantial derivative D/I¥

= D 4 uy oex.

Equations (1) to () are lincarized by consid-
ering small perturbations of the vaviables trom their
equilibrium valucs. Substitution ot the saall per-
turbation form of the variables o, u, p, t, and s
and elimination of squares and cross-products vieclds
the foltowing lincarized equations written in non-
dimensional form.
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Eqoations (4) o (#) are sinplified by using
small perturbation thermodvmamic relsticms. The
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Equations {3} and (11) are next substituted into
equaticon {¢). Further the coavective tera of the
substantisl derivative in equatiom (6), u(>s/3%), is
neglected so that the final equations will have mo
andes propagating at the flow velocity., Thus
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Cousequently, the bulk gss tempevrature is related to
the pressure by

K\t , \r
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Taking the time Fourier transform of equations (12)
and (13) vields the following transfer functions ve-
tating a perturbation in air temperature and entropy
to a perturbation in pressare:

L s -y P
a[-:—t‘ = R (14)
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The time Fourier tramsform or equatiom (3) is
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Tekimg the time Foorier trmmsfors of equaticm (&) af-
ter Temoviag the demsity perturbsticm wsing equa-
tiom (10) and them usimg oquation (13) re rewove the
catvopy perturbation vields
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(18)
A time Fourier transformed wvelocity potentisl

solution of equstions (17) and (18) is obtsined oext
using

2] - - ;‘i‘ 2] 19)
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Subscituting equations (19) and (20) iato equation (18)
yields the following Fourier transformed velocity po-
tential wave equation:
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portional to exp |(ik ) - iud{. Substituting this
solution into equation (21) yiclds a wave number equa-
tion which has as a solution:

The velocity potential solution Is assumed to be pro-

(mosx)* = /e )/, + 1) @5)

(it’;)- = g V(- m) )

Conseqeently. the wlecizy potentisl vave equatios
selution comsists of sm scomstics] ware Trawellimg
opatrese sad dsgpstress which con be expressed in
teems of 2 velac:ty petemkial fumction as

(ik 2V's {ik ) .
Ta [“ e + be e t‘Lv (2})

By defimition, the propagstion welecity is relsted to
the warw mmber cgustiom by

) a/sec {28)

T lmar oy
o

Als> by defimitica, the sccustic sttemmstion cxeffi-
cient in Nepers por meter is

o= -'.’k(ii&oi}) (€]

Fepers per meter is coaverted to decibels per aster
by mmitiplying by 10. log ¢ = 4.3%

> = -8.63 k(ikaﬂ), ds/a (30)

APPLICATIOR TO DUCTED COMBUSTION SYSTEM

The snalysis developed in the last sectiom is
aow used te study the spectral structure of pressure
measurements made in the dJucted combustion system
showm in Fig. 1. The ducted combustion system showm
in Fig. 1 comsists of: (1) a source region inside
the combustor cam, (2) a nom-source region inside s
spool piece and a long duct, (3) sn area expansion
and contraction oa cither side of the spovl piece,
and (3) s upstream boundary st che exit of the long
duct and a dowmstream boundary at the combustor inlet.

The 2olution for the welocity potential ins nom-
source regiom is given by equation (21). Th- Fourier
trans formed velocity potential wave equation (eq. (21))
is assumed to apply in the socurce vegion with the
addition of & source term G(:,x) om the right-hand
side. Using the combustor inlet snd exit impedance
as a boundary condition, a unique Greem’s function
seolution for the Fourier transformed velocity poten-
tial is found. The Fourier transformed acoustic
pressure and particle velocity can be fournd from a
velocity potential using equations (19) and (20).
Consequently, the acoustic pressure and particle vel-
ocity at the combustor exit can be determined from
the velocity potential solution in the combustor. The
acoustic pressure and particle velocity at the com-
bustor exit can then be used to find the acoustic
pressure and particle velocity at any other point in
the ducted combustor system with four-pole equations
in transfer matrix form derived using equations (19),
(20), and (27). The combustor exit impedance can be
calculated from the Juct exit impedance using the same
four-pole transfer matrix equations., The source re-
gion soiutior, duct transfer matrix, atvea discontin-
uity matrix, and boundary conditions are discussed in
more detail in reference (1l).

The following procedure is used to calculate the
pressure spectrum., 1t is applied at cach frequency
as necessary to obtain the desired spectrum. First,
the exit pressure perturbation is arbitrarily assumed
to be one Pascal. Then using the duct exit acoustic
impedance the particle velocity is calculated. Next,
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wsimg the duct trsasfer sstrix sad the ares discom-
tismicty tramsfer matrix as secessaty, the acoustic
state vecior at the dpct exit is wied to find the
acoustic state wvecter at the combuster exit. The re-
seliting acoustic pressure sad paticle welocity are
wsed te caloulate the combustor exit imped -

fhe nest ghase uses this inpedance, the s tor
catramce imprdamce, amd a vhile woise source spectrum
to deterwmine the welocity potential solutiom in the
srce vegiom. This welocity potemtisl selutiom is
used to calculate the acowmstic pressure sod particle
welocity at the combustor oxil due to the specified

sod b dery conditions.

The last phase uses the duct tramcfer matrix and
the ares discomtimeity matrix as necessary Zo calcu-
tate the acoustic state wector at smy poiet im the
duct from the scoustic state wector st the combustor
exit. The pressure suto-spectrum at 3 given point is
calcul sted froam

-
Ryp = Prlax e Goxy) (a8}

smd the cross-spectrum between tvn ooints is calcu-
lated from

z
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Ryj = B éax P 6ox)) (2)

EXPERDMENTAL INVESTIGATION

Tne experimental spparatus is shown schematically
im Fig. 1. The combustor section comsists of a J-47
burmer can placed concentrically in a 0.30m diameter
by 0.77m long flow duct. The combustor sectiom is
followed by o 0.38m disweter oy 0.76m long spool
piece. This section is followed by a 0.30m diam-
eter by O.lm long flow duce.

The measurements discussed herein were made at
an exit tempersture of 920 K and at air mass flow
rates of 0.5, 1.13, and 1.68 kg/sec. The correspond-
ing velocities at the exit of the long duct were
18.5, 41.6, and 51.3 m/sec and the corresponding fuel
flow rates were 0.009, 0.018, and 0.027 kg/sec. The
fuel used was Jet A.

Simsltanecus internal fluctuating pressure mea-
surements were made at the three locations shown in
Fig. 1. The transducers used ere conventional 5/8
cm diameter (nominal) pressure response condenser mi-
crophones.  To avoid direct exposure to the severe
environment within the flow duct, the microphones
were mounted outside the duct and the fluctuating
pressure in the duct was communicated to the trans-
ducers by '‘semi-infinite’’ acoustic waveguides.
More information on the probes is given in refer-
ence (2).

Constant-bandwidth pressure auto-spectra meas-
ured at three test conditions are shown in Fig. 2.
The spectra measured in the spool piece upstream of
the area contraction are shown in Fig. 2(a). The
spectra measured near the entrance to the long duct
downstream of the area contraction are shown in Fig.
2(b). The structure of the spectra shown in Figs.
2(a) and 2(b) does not change greatly with operating
condition over the frequency range from 2 to 200 Hz.
Also the location of resonance peaks and dips in
Figs. 2(a) and 2(b) is necarly the same for cach oper-
ating condition. Moreover, the peaks tend to be
sharper at the low frequencies and more broad at the
higher frequencies. However, the spectra shown in
Fig. 2(a) have a different structure than those shown
in Fig. 2(b).

Constant biadridth pressule Cross-spclra Bess-
ured across the ares comtraction st three test comdi-
tions ate shown fa Figs. 3(a), 3(b), smd 3(c), ve-
spectively. Both magmitwde asd ghase sre showa. The
location of the vesomamce peaks mad dips in the mag-
aitude plot of the cross spectxa is ncarly “he same
at esch test comdition. Also, the peaks terd to be
sharper st the low frequencies amd more brosd at the
bigher frequenacies. The phase plot cammot be char-
ascterized as either just a2 wegative sloped straie™t
lime due 2o 2 time delay nor just a curwe that varics
abruptly between 0 and 150 degrees ia a reguwlar man-
acr that would be due to the preseace of wvaves haviag
approximately equal magniiude but opposite sign tra-
wvelling upstresm and downstream. Imstead the phase
plot shou: both tendemcies victh the time delay tem-
dency dominsting at the hicher frequencies.

A large peak sppears shove 200 Hz in the spectra
measured at 41.0 misec and at 61.3 wmisec. These
peass sppear at such high frequencies that they can-
not be related to specific duct resonsuce harmomics.
The pesks may be due to 3 feedback resonsnce between
the combustor and the duct. They are not analyzed in
this paper.

COMPARISOR WITH EXPERIMENTAL DAIA

Results determined by employing the model using
‘rs,’i‘ = 1.0 amd tslt\" = 0.001 are shown in Figs.

4 to 7. Exhibited in Fig. 4 fs the sound propagation
velocity and the sttemmation. For rsiis = 1.0 the

attemuation is zero and the sound propagation veloe-
ity is equal to the adiasbatic speed of sound. How-
ever, for ts/&s = 0.001 the attemustion is greater

than 0.5 dB from 50 to 320 Hz and the sound propaga-
tion velocity varies from 508 to 580 m/sec.

The suro-spectra and cross-spectra caiculated
for 'ts!\s = 1.0 and 1.‘5,/(5 = 0.001 are compared

with the data mcssured at v = 18.5 m/sec in Figs. 5
to 7. The model calculations made using -rs/'(s

= 1.0 produce results which do not agree with the
data. However, the calculated auto-spectra appear to
be stretched out versions of the measured auto-
spectra.

The model calculations of pressure auto-spectra
and cross-spectra made using T:/Ks = 0.001 show bet-

ber agreement with the measured data. The pesks and
dips in the calculated pressure auto-spectra and
cross-spectra are closer to the locations of the peaks
and dips in the measured data. 1In addition, the
structure of the measured and calculated curves is
similar.

DISCUSS ION

The large discrepancy between the auto-spectra
zalculated using the model with TS/KS = 1.0 (no at-

tenuation and a sound propagation velocity of 610
m/s) and the measurcd pressure auto-spectra compared
in Figs. 5{a) and 6(a) might have two explanations.
First, the approach used to model the system might
not apply. For example, the dips and peaks in the
measured spectra could be due to some complicated
feedback interaction process between the combustion
noise source and the duct which would not be rclated
to the manner in which sound propagates in the duct,
Second, the approach could be correct and the values
of attenuation and sound propagation velocitymight be
in error. The results obtained using the model with
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the '.’fhs = 0.001 shown im Figs. 5(0) sd 6(b) sug-

gest the acoustic wmodel is covrect simce Cthe charac-
teristic structure of the measured spectra betweea 2
sad 200 Hz is similar to the calculated spectra.
fovever, the best argument fc: the correctmess of the
scoustic model is the agreement between the messured
sad calculated shase amgle curves compared ia Fig.
7(b) since the cross-spectrux phase sagie is indepen-
dent of the source region. While these results indi-
cate that the acoustic model is correct, they also
suggest that 2 more complex wodel for the soot parti-
cle oxidation process may be necessary. The use of a
constant time-independent soot particle temperature
greatly over sizplifies a complex problem. inm addi-
tion, the combustor ialet and duct exit bounda:y
conditions used herein may need to be improved.

CONCLUDING REMARKS

The model discussed provides a good method for
predicting pressure auto-spcctra and cross-specira
at an ares contraction. The method depends only on
a single parameter.

The results obtained ind: ate that dispersion
and attenuation mav be a fairiy cowmom occurrence in
liquid fuei combustor test facilitiez. wnev suggest
that it may not be correct to assume (has »ivad pro-
pagates adiabatically in combustor test tacilities.

Tae propagation of sound in a combustion duct
facility appears to be a complex process. The pre-
sence of oxidizing soot particles may be affecting
sirongly the propagation of sound at combustion noise
frequenci=s. Theoretical analysis of the affect of
oxidizing soot particles is in a primitive stage of
development. Further theoretical snalysis seems
warranted. Also, experiments which are designed to
ascertain functional dependences that can be checked
against theory and which include both acoustic and
combustion measurements would be of interert.
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Figure 5. - Comparison of measured and calculated auto-spectra
in spool piece downstream of area contraction (V = 18.5 m/sec).
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