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Abstract 

Ihe program was conducted t o  determine the re la t ive  importance of entropy 

and d i rec t  cambustion noise i n  tqirbopropulsion systems and to  determine the 

parameters upon which these noise sources depend. Theory and experiment were 

employed t o  determine that ,  a t  least with the apparatus used here, entropy 

noise can dominate combustion noise i f  there is  a suf f ic ien t  pressure gradient 

terminating the canbustor. Measurements included combustor i n t e r io r  f luctuat-  

ing pressure, near and f a r  f i e ld  f luctuat ing pressure, and combustor e x i t  

plane f luctuat ing temperatures, as w e l l  as mean pressures and temperatures. 

Analysis techniques included spectral ,  cross-correlation, cross power spectra,  

and ordinary and pa r t i a l  coherence analysis. Also conducted were cambustor 

liner modification experiments t o  investigate the c r ig in  of the frequency 

content of combustion noise. Techniques were developed t o  extract  non-propa- 

gational pseudo-sound and the heat re lease fluctuation spectra from the data. 
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Introduction 

The purpose of t h i s  program was  t o  investigate the fundamental causes of 

core noise in turbopropulsion systemse The program was i n i t i a t ed  as NASA Con- 

t r a c t  NAS3-17861 f o r  which Ref. (1) was issued as a f i n a l  report. The past 

three years of e f f o r t  have been carried out under NASA Grant No. NSG 3015, 

and t h i s  report  summarizes those effor ts .  

It was known a t  the program outset  tha t  there were a t  least t w o  probable 

(2) causes for  core noise - entropy or indirect  noise and d i r ec t  cambustion noise. 

There had been no pr ior  program aimed a t  isolat ing the two suspected causes 

and determining t h e i r  re la t ive  importance to  the core noise problem. Moreover, 

there were some fundamental d i f f i c u l t i e s  i n  understanding of the frequency 

content of d i r e c t  cambustion noise, as discussed i n  Ref. (1). This report con- 

ta ins  experimental and theoret ical  information aimed a t  separation of the ef-  

f ec t  of entropy and d i r ec t  combustion noise and resolution of the cause of the 

frequency content of d i rec t  canhs t ion  noise. 

The issue of the importance of core noise t o  the a i r c r a f t  noise problem is  

not addressed here. It i s  c l ea r  that  core noise represents a noise f loor  i n  

current turbopropulsion systems but there is controversy concerning the strength 

of core noise re la t ive  t o  other sources. (3)y(4)s (5) I t  is suf f ic ien t  t o  remark here 

that core noise ex i s t s  and i s  measurable. This report w i l l  a l so  add t o  current 

controversy because a major finding has been tha t  entropy noise i s  dominant 

i n  the apparatus used here, under conditions simulating those that  would be 

found in  engine instal led configurations. Such a noise source has been rejected 

i n  Ref. (4) and correlation of engine noise resu l t s  based upon a d i r ec t  combus- 

t ion noise theory has been claimed. While the experimental resu l t s  reported 

here may be acparatus dependent, the theory suggests that  both entropy and com- 

bustion noise must be contended with i n  actual  engines; moreover, the two sources 
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are currently lidced and, hence, are not independent. 

This report is  written in sunmary t o m  with the details contained in 

appendices. The conclusions contain recamendations for further work, because 

other noise sources were found in  the course of the work which may be important 

t o  the core noise problem. 
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s1p.lmary 

Ihe basic cambustor un i t  used in  tbe dxperimental work was taken fran a 

Boeing 502-7D gas turbine unit. The unit  is  described i n  Ref. (1) and i n  

Appendix A, It i s  a can type combustor with head end and side s l o t s  and i s  

operated by discharging d i rec t ly  t o  the atmosphere (1 am tests) or  through 

a nozzle t o  the atmosphere (I 2 atm tests), I n  Appendix A the operating 

characteristics,such as efficiency and s p l i t  between bypass and core flow, 

are discussed. Two can Liners, other than the production l iner ,  were manu- 

factured t o  vary the mean hydraulic diameter of the l i n e r  holes Over a range 

of 4:l .  Zhese l iners  are a l so  described i n  Appendix A, The hole s ize  var ia t ion 

w a s  introduced t o  test the hypothesis that the integral  (macro) scale of the 

turbulence should p lay  a role  i n  the frequency of combustion generated noise. 

Types of measurements made on the ccmbustor unit  were f a r  f i e ld  noise, 

near f i e ld  noise, i n t e r io r  pressure fluctuations,  and e x i t  plane temperature 

fluctuations and mean tem7erature. The types of analysis applied t o  the re- 

corded signals were spectral ,  cross spectral ,  cross correlation, ordinary co- 

herence and p a r t i a l  coherence analysis. ( 6 )  

A theory of the noise behavior of combustors i s  developed i n  Appendices 

B and C. The theory i s  based upon the linearized vort!city-acoustic f i e l d  

equations (72 nd several noise sources a re  recognized for  the current experimental 

s i tuat iono Two of these which were not desired i n  the program were je t  noise 

from the exhaust and the second was turbulence (or hydrodynamic or  scrubbing) 

noise measured by the in te r ior  pressure transducer. These sources were not 

treated i n  the theory but were experimentally investigated. Another noise 

source which was eliminated from the theory was l a t e r a l  vo r t i c i ty  - nozzle 

interaction This source, caused by velocity fluctuations entering 

a nozzle pressure gradient, must be investigated i n  a future program because 

! 
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of the findings of the current program. However, study of the source was beyond 

the scope of the current program. Ihe major emphasis i n  the theory was on d i r ec t  

combustion noise, a d i l a t a t i o n o f  the flow caused by fluctuations i n  the aggre- 

gate heat release, and entropy noise, pressure waves generated when hot (or 

cold) spots are convected through a nozzle pressure gradient. 

Entropy noise (as w e l l  as nozzle-vorticity noise) i s  absent i f  the combustor 

i s  exhausted d i rec t ly  to  the atmosphere. Hence, the d i r ec t  discharge tests were 

d i r ec t  combustion noise studies. Appendix B i s  concerned with these t e s t s  and 

the investigation of hydrodynamic noise contamina.tion of interior pressure meas- 

urements. The primary cause of entropy fluctuations i s  temperature fluctuations 

entering a region of pressure gradient, such as a nozzle. The theory indicates 

tha t  for  the apparatus used (w 12% rms temperature fluctuations entering the 

nozzle and correlation length scales of the order of a centimeter) one should 

expect entropy noise to  be seen experimentally. This is  especially t rue i f  a 

choked nozzle i s  attached t o  the combustor, as i t  w a s  i n  the experiments of 

Appendix D. 

The tech-iques of ordinary and pa r t i a l  coherence analysis were used t o  make 

the determination of the re la t ive  dominance of combustion of entropy noise. 

Both techniques show the conclusion of entropy noise dominance a t  suf f ic ien t ly  

high nozzle contraction. Partial coherence was, however, t o  have been the more 

sensi t ive indicator of signal contaminatlon by some other cause, such as vor- 

ticity-nozzle interaction noise. Unfortunately, pa r t i a l  coherence analysis i s  

highly sensit ive t o  errors i n  experimental determination of spa t i a l  correlation 

of temperature fluctuations. Since these correlations were not obtained with 

high accuracy, the accuracy of the pa r t i a l  coherence analysis suffered. The 

re su l t  was inconclusive determination of the existence of non-considered noise 

sources. 

5 
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The connection between entropy noise and combustion noise is  investigated 

in Appendix E. It is  shown there, both theoret ical ly  and experimentally, tha t  

the two noise sources can be e i the r  d i r ec t ly  correlated or uncorrelated, de- 

pending upon the frequency range. For frequencies above the frequency defined 

by the inverse of a f lu id  particle s t a y  time the two noise sources are  in- 

coherent. Beluw t h i s  frequency there is  a high correlat ion between them. The 

root cause, of course, i r r  t ha t  both noise sources ;re related t o  the same heat  

release fluctuations. There is a l s o  evidence presented i n  Appendix D tha t  a 

resonance feedback osc i l la t ion  tai-es place a t  a frequency equal t o  the inverse 

of a pa r t i c l e  s t a y  time. %is is  a feedback osc i l la t ion  which l inks pressure 

fluctuations t o  entropy generation. While it takes place a t  a unique frequency 

and is of fundamental i n t e re s t ,  i t  is  of l i t t l e  in t e re s t  i n  noise generation 

because or' the mall amount of acoustic power generated. 

O f  i n t e re s t  from the data reduction standpoint is  a novel method which was 

developed fo r  measurement of thermocouple response t ime i n  s i tu .  This method i s  

described i n  Appendix F. 

Substantial  ear ly  work on t h i s  program was expended i n  development of an en- 

tropy pulse f a c i l i t y  t o  measure the entropy admittance coeff ic ient  of various 

nozzles under various flow conditions. R e b U l t S  are only now forthcoming from 

t h i s  work and w i l l  be reported l a t e r  i n  the archive literature. 

Fina l ly ,  Appendix G addresses the issue o f  the  frequency content of cmbus- 

t ion noise. The l i ne r  hole s ize  var ia t ions were found t o  have v i r tua l ly  no e f f ec t  

upon the frequency content of the noise when exhausting d i r ec t ly  t o  the atmos- 

phere. Both raw spectra of the in t e r io r  microphone and derived spectra of the 

heat release fluctuations were used in  the determination. This resu l t  was sur- 

prising, since it  had been suspected tha t  the mean length scale of turbulence, 

which should have been varied in  these tests, was a strong factor  I n  the f re -  

quency content!') me frequency content issue bears fur ther  examination. 
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Conc lu  s ions 

It must be borne i n  mind tha t  some of the experimental conclusions here 

may be dependent upon the apparatus and conditions investigated. Most important 

among these were a) operation a t  2 atm or  below, b) use of a combustor with 

temperature fluctuations of about 12% of the mean absolute temperature and c) 

length scales of the temperature fluctuations of about 1 cm. 

1. Theoretically, using experimental input, entropy noise w i l l  overtake and 

dominate combustion ge*.rr.ated noise as a )  the contraction r a t i o  of a 

terminating nozzle is increased a t  fixed mass flow and fue l / a i r  ra t io  

or b) the mass flow a t  fixed fue l /a i r  r a t i o  i s  increased for a fixed 

contraction rs t io .  This takeover and dominance should be seen f i r s t  a t  

the higher frequencies (in the range investigated). 

2. Experimentally, conclusion I 1 is borne out. 

3, A t  frequencies below roughly 200 Hz, entropy and combustion n o h e  a re  

highly correlated, since they have the same physical origin. 

4. Both in te r ior  and exter ior  pressure measurements are contaminated by 

one or more noise sources, other than entropy or combustion noise. It 

was inconclusive whether or not vorticity-nozzle interact ion noise was 

* a dminant contaminant, and fur ther  work is needed t o  investigate t h i s  

source e 

5. Measurement of the time-space cross power spectra of the temperature 

fluctuations must be performed with high accuracy i f  used i n  partial  

coherence analysis. I n  future work it  is reconmended that  a net of 

many thermocouples be used instead of the two thermocouple traverses 

used here . 
6. Hydrodynamic noise, which Is non propagational pseudo-sound, dominates 

flush mounted in te r ior  microphones below about 150 Hz. This may be 

largely eliminated by use of the in f in i t e  tube method with the micro- 
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phone displaced fran the flow field.  

7. The frequency content of combustion noise is  v i r tua l ly  unaltered by a change 

i n  the hydraulic diameter of the combustor l iner holes. Past programs have 

found no combustor or flaw variable tha t  s ignif icant ly  alters the frequency 

content; however, fue l  reac t iv i ty  has not been varied Over a wide range and 

deserves investigation i n  a future program. 

I 

I 
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Appendix A 

C(wBuST0B CHARACTElUZATIohl STUDIES 

The coohustor used fo r  the present noise measurement program w a s  remotred 

f ran a Boeing 502-7D gas turbine engine. lhis u n i t  w a s  designed t o  perform 

eff ic ient ly  a t  the three-atmosphere, 410% discharge of a single stage centri- 

fugal compressor, The current burning apparatus supplies air  a t  near ambient 

pressure and temperature t o  the canbustor, In addition, fue l  nozzle flows are, 

a t  most, 40% of specified design values, Since off-designoperatiancansignifi- 

cantly reduce burnicg efficiency, a performance evaluation of the cambustor was  
I 

judged necessaz-y. A s  a f i r s t  step, the air and fue l  metering systems were checked 

for  accuracy. In the present blow-down fac i l i t y ,  a i r  is supplied f ran  a 28 H 3 

storage vessel i n i t i a l l y  a t  690 kPa (gage). Flow rates are determined at  a regu- 

lated pressure with an or i f ice  meter using mercury manmeters t o  read upstream 

pressure and lip. An or i f ice  coefficient was computed from Ref, (Al) for  the 

range of flows t o  be employed i n  the proposed noise test program. A check an 

computed a i r  flaws w a s  d e  later in the program during cold-flow p i to t  surveys 

a; the canbustor exhaust plane. Agreement between the two methods was found t o  

be god.  

Fuel flaws are  determined with a Potter turbine meter and readout device. 

The uni t  w a s  calibrated i n  s a t e r  flow t e s t s  and was  found to yield a l inear  

output Over its useful range. Maximum measured fluw agreed within 0.5X of the 

manufacturer's stated value. The canbustor un i t  was then mmnted on the water 

flow t e s t  stand for  fuel  nozrle evaluation. The spray pa t te rn  was  observed t o  

consist of a barely discernable central  plume, roughly 2Cm i n  maximum diameter 

by 2.5Cm long, surrounded by an evenly dis t r ibuted cone of fog-sized droplets. 

The outer epray cone intersecfcd the l iner  w a l l  about midway between the i n l e t  

ana ex\aust planes. No signif icant  a l te ra t ion  in spray pattern was seen over the 

range of f l a s s  used i n  the current t e s t  program. I n  a l l  cages, the noeole spray 

10 
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observations were made with no a i r  flaw. 

A series of cold flow tests were next completed t o  determiue the portion 

of air which completely bypasses the l i ne r  and exhausts through the annulus 

(Figure Al ) .  P i to t  surveys of the e x i t  plane a t  the locations shown i n  Figure 

A1 fo r  flaws of 14.2 and 19.8 M3/Hin. revealed that 25% + - 1% of the total a i r  

mass flow was  bypassed. For both cases the sum of the pitot-measured l i ne r  

and annulus flows agree8 with the orifice-measured flow within - + 2%. Typical 

dynamic pressure prof i les  are sham i n  FigureA2 f o r  the 14.2 M3/Min. case. Pro- 

files for 19.8 M3/Min.  exhibit  the expected higher pressure magnitudes but 

closely resemble those fo r  14.2 M3/Min. i n  d is t r ibu t ion  indicating no s igni f i -  

cant a l t e r a t fon  fo r  changing flow rate. 

lbo cases with combustion ref lect ing a change i n  overal l  fue l / a i r  r a t i o  

were selected for i n i t i a l  study: 14.2 M3/Min.  a i r ,  (F/A)w = 0.016; 19,8 M3/Min. 

air, (F/A)w = 0.008, As i n  the cold flow tests, p i to t  measurements were per- 

formed a t  the s ta t ions  shown i n  FigureAl. In addition, temperature measurements 

were made with a chromel-alumel thermocouple a t  the same locations. Mass f law 

calculations from these measurements using mean values of temperature and dy- 

namic pressure shmed tha t  tne  by-pass flow was not a l te red  aFpreciably when 

canbustion was present. Bypass for both cases w a s  26% 2 1% of the t o t a l  in- 

i t i a l  a i r  flow. Total mass flow computed from the sum of measured l i ne r  and 

annulus flows i n  both cases was about 2.5% lower than tha t  calculated from 

o r i f i ce  measurements. This s l i gh t  discrepancy probably r e f l ec t s  the d i f f i -  

cu l t i e s  i n  obtaining accurate dynamic pressure measurements i n  a reacting 

flow. Figures A2 and A3 present dynamic pressure and temperature Srof i les  

€or the 14.2 M /Mino case with combustion. A s  i n  the cold flow tests, the 

dynamic pressure prof i les  with combustion €or 19.8 M'!Min. are  quite similar 

i n  shape t o  those for  14.2 M3/Min.  and d i f f e r  only in  magnitude. The previous 

ctatement i s  a l so  true when temperature prof i les  for  the two cases are cmpared. 
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It should be noted 

fuel spray pattern 

that the 

i n  which 

temperature prof i les  r e f l ec t  the earlier described 

8 central  plume i s  enclosed i n  a conical skir t .  

Burner eff ic iencies  were canputec! fo r  the 14.2 M3/Min, and19.8 M3/Min. cases 

with canbustion. I n  each case, efficiency was calculated both with a thermody- 

namic heat balance and with an expected temperature rtse based on the adiabat ic  

flame temperature. Each method ignored the 26% a n w l a r  flow i n  accordance with 

test r e su l t s  showing only minor heating. Figure A4  presents the computed e f f i -  

ciency values and shows tha t  the combustor performance was poor. It was observed 

fraa these resul ts ,  however, tha t  efficiency s ignif icant ly  improved with increased 

over-atl fuel t o  air ratio. On t h i s  basis,  it w a s  decided t o  investltgate combustor 

performance with increasing fue l  flow fo r  a given selected a i r  flow. 

Figure A5 

fo r  increased 

ency based 01. 

,~ 
i .  

shows the incrense i n  measured c a b u s t o r  center l ine e x i t  temperatures 1 . 
j .  fuel  rates at an a i r  flow of 14.2 M 3 /Mino Lines of constant e f f i c i -  

* 
a thermodynamic heat balance are a l so  plotted for  caparison.  It 

should be noted that the mean exhaust temperature rise for  these tests is  about 

80% of the centerline temperature rise so tha t  capa r i son  of experimental data 

with the efficiency curves is useful fo r  determining trends only. Figure AS 

clear ly  indicates imprcved performance a s  fuel flow increases with diminishing 

returns f o r  (F/A)a values greater thsn 0.014. Fran these r e su l t s  i t  w a s  decided 

t o  select an crier-all fuei-air  r a t i o  of 0.022 fo r  a more detai led e x i t  plane 

velocity- temperature scan. 

The dynamic pressure and temperature prof i les  for  (F/A)oA = 0.021 are shown 

i n  Figs. A2 and A3. Figure A2 indicates that dynamic pressure values decreased 

s ignif icant ly  from the (F/A)w = 0.016 case. It was  observed during the (F/A)w= 

0.021 tests that the flame routinely approaches and intermittently extends beyond 

the combustor can ex i t ,  indicating that  combustion is  not yet complete a t  the 

plane of measurement. A s  suggested ea r l i e r ,  measured dynamic presscre magnitudes 

r. 
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Figure A4. Combustor Performance Suuunary 
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i n  reacting gases are unreliable,  especially i n  th i s  par t icular ly  severe case. 

The resul t ing calculated liner mass flows were, as expected, considerably law. 

A second test was performed to  check the i n i t i a l  measurements. Extra care was 

taken i n  obtaining the annular data since l iner  measurements were not considered 

reliable.  Results of the second test ver i f ied the i n i t i a l  findings. By-pass flow 

was found t o  be about 22% of the i n i t i a l  t o t a l  a i r  flow f o r  t h i s  case. This 

small change from previous t e s t s  may indicate an actual  a l t e r a t ion  of the can- 

bustor flow pattern, but probably re f lec ts  the physical d i f f i c u l t i e s  involved 

i n  making measurements i n  the  annular flow with a flame extending past  the e x i t  

plane. As predicted by the centerline temperature measurements of Fig. AS, the 

efficiency values fo r  t h i s  condition were signif icant ly  improved. The perform- 

ance is tabulated i n  Fig. A4. 

The test program described above reveals tha t  the present combustor un i t  

must be operated a t  over-a11 fuel-air r a t io s  on the order of 0.016 or  greater 

t o  approach design efficiency. Accordingly, a l l  subsequent measurements were 

performed a t  #'high efficiency" fluw ra t ios  so tha t  conclusions about combustor 

acoustics would not be subject to  question from off-design operation. 

Two alternate combustion l i ne r s  were manufactured t o  study the e f fec ts  of 

primary and secondary bleed hole width on combustor noise generation. I n  each 

un i t  ax i a l  s l o t  area dis t r ibut ion and s l o t  length was held equal t o  tha t  of 

the or iginal  liner. With th i s  constraint ,  machining and symmetry considerations 

dictated a minimum s l o t  width equal t o  one-half that  of the or iginal  ("S.W. x y ' )  

and a maximum s l o t  width equal t o  twice tha t  of the or iginal  ("S.W. x 2'f). Area 

dis t r ibut ion was maintained by doubling the number of narrow s l o t s  and halving 

the number of wide s l o t s  (including primary a i r  i n l e t  s lo t s  surrounding the fuel  

nozzle on the l iner  dome). The new uni t s  were fabricated from duplicate l iners  

obtained from the manufacturer. Each l i ne r  was modified by f i l l i n g  exis t ing 
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slots where necessary and mill ing new s l o t s  where required. The or ig ina l  and 

alternate l ine r s  are shown schematically i n  Fig. Ad. Bleed hold area d i s t r i -  

bution is plotted for the three l i ne r s  i n  Fig. A7. 

Operating charac te r i s t ics  of both l i ne r s  were checked pr ior  t o  the in- 

i t i a t i o n  of noise tes t s .  It w a s  observed tha t  the S.W. x 2  l i ne r  behaved much 

like the c r ig ina l  l i n e r  i n  s t a r t i ng  and steady state operation. Combustion 

appeared t o  be less cmple te  than with the original l i ne r  as evidenced by 

larger areas of yellow flame a t  the l i n e r  e x i t  plane. Flame d is t r ibu t ion  

a l s o  was observed not t o  be as uniform as with the or ig ina l  liner. This ob- 

servation was confirmed i n  a post-test investigation when areas of discolora- 

t i on  on the l i n e r  surface where found. A check of e x i t  plane temperatures a t  

f ive  locations for 

s l i gh t ly  lower mean temperature than for  the or ig ina l  l iner.  

= 0.016 (air flow = 14.2 M3/Min) showed only a 

Exploratory t e s t s  with the S.W. x 4  l i n e r  revealed tha t  s t a r t i ng  o r  main- 

taining a flame was impossible for  over-all fuel t o  air  r a t io s  less than 0.0145 

a t  an air  flow of 14.2 M3/Min. I n  contrast, the or ig ina l  and S.Wx2 l ine r s  

could routinely operate a t  (F/A)(zA = 0.008 and lower. Improved d i s t r ibu t ion  of 

a i r  flow i n  the primary combustion zone f o r  t h i s  l i n e r  apparently d i l u t e s  the 

fuel-air mixture uniformly below the flamability limits fo r  the lower fue l  

flows. Unlike the or ig ina l  and Sew. x 2  l iners ,  the S.W. x k  l iner  showed no 

evidence of yellow flame i n  the combustion zone. The light-blue flame was well 

distributed a t  the e x i t  plane and no discoloration was observed on the l i n e r  

surface even a f t e r  repeated runs. A check of e x i t  temperatures a t  f ive  locations 

i n  the exhaust for ( F / A ) w  = 0.016 (air flow = 14.2 M3/Min) showed the center- 

l i ne  temperature t o  be about 500OK above tha t  for  the original liner. Exhaust 

temperatures dropped quickly, however, with distance from the centerline and 

the result ing mean temperature was not s ign i f icant ly  higher than tha t  for the 

original liner. 

19 

i 

I .: 
I .  

I 



PRIMARY FLOW SLOTS SECONDARY FLOW SLOT 

0 

SLOT WIDTH = 1/2 X ORIGINAL 

SLOT NUMBER = 2 X ORIGINAL 

I -  O 0 

0 0- 

SLOT WITH = 2 X ORIGINAL 1 

SHELL 

NOTE: ALL LINERS HAVE SAME A X I A L  
BLEED HOLE AREA DISTRIBUTION 
(INCLUDING PRIMARY AIR INLET 
SLOTS) 

SLOT NUMBER = 1/2 X ORIGINAL 
Figure Ab. Canbustor Liner Slot Modification. 
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COtlEREWCE BENEEW INTERNAL AN0 EXTERNAL 
NOISE GENERATED BY GAS WRBINE CCBtBUSXW 

Uarrea C. S t r a h l L  
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Douglas P. Weale 
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Georgia I n s t i t u t e  of Technology 

Atlanta, Georgia 30332 
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Abstract 

Experiments and analysis on a gas turbine c h s -  
t o r  un i t  are reported w i t h  a view in mind to sepa- 
rate propagated acoustic parer f r ao  non-propagating 
"pseudo-sound". Analytically, i t  i s  suggested that 
a t rans i t ion  frequency w i l l  e x i s t  bel- which the 
interior pressure fluctuations are non-propagating, 
vhercas above t h i s  frequency, of the order of100 Ho, 
the noise is dasinated by propagating acausticwaves. 
Coherence measurements are reported which s h w  this 
cmcrpt  to  bc borne O u t  experimentally. Caherence 
be- i n t e r io r  and ex ter ior  microphones is meas- 
ured aver a vide range af experimental conditions 
fo r  a gas turbine ccabustor e&susting d i r ec t ly  to  
the atmosphere. The purpose is to show that bela, a 
cer ta in  frequency,measurements of i n t e r io r  noise are 
not indicative of cmbustiar noise -iltimately prop- 
agating f ran  an engioe. 
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c d s t o r  radius 
speed of sound 
denasinator defined by Eq. (15) 
spec i f ic  sensible in te rna l  energy 
transverse t a i l  of se r i e s  defined by €3. (17) 
defined by Eq. (11) 
cross power spectrum between signals i aad j. 

(-1 )1'2 
Bessel function of mth order 

wavenumber defined by Eqs. (15) 
length of colPbustor 
Nach d e r  
pressure 
heat release rate per un i t  volme 
rad ia l  coordinate 
cross-section area 
time 
ax ia l  velocity cmponent 
can volume 
vector velocity 
ax ia l  coordinete measured f ran  the upbtream 
end of the caabustor 
spec i f ic  acoustic admittance 
eigenvalue defined by Eqs. (15) 
constant defined by Eqs. (15) 
r a t i o  of spec i f ic  hea ts  
constant defined by Eqs.  (15) 
transverse eigenfunction defined by E q s .  (15) 
defined by Eqs. (15) 
density 
angular coordinate 
frequency 
of the order of 
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Subscripts 
e acoustic ( d i  lata t iaul ) quantity 
e cambustor ex i t  plane 
m n  summation indices for transverse modes 
0 dlmay integration variable 
V vo r t i ca l  ( turbulent)  quantity 
V s ide  walls of the cmburtor 
(u Fourier transform 

superscripts - dimensiaml quantity - t h t  mean quant i t les  or ensemble average of 
s t a t i s t i c a l  quanti ties 

U summtion index for transverse modes 
# pertarbation quant i t ies  

Inrroduction 

It is reasonably well undcrstood that in order 
for noise generated i n t e r i m  t o  a turboprupls ion  
system to  propagate t o  the surroundings a d i l a t a t ion  
vave mst acccrmpany t h i s  noise. %at is, i n  order for 
a propagational wave t o  be present, vhich ca r r i e s  
a c m s t i c  energy, the divergence of the v e l s i t y  vec- 
Lor mst be nm-zero. Alternatively,  sol~e of the in- 
t e r i o r  noise is caused by vor t ica l  motions cf the 
turbulence which a re  local in nature, not propaga- 
tionat. lhis probian of "pseudo-sound" coexisting 
w i t h  propagational noise causcs d i f f i c u l t i e s  i n  in- 
te rpre t ing  in t e r io r  microphonc measurements insofar 
as the i r  connection with the ult imately radiated 
s a n d  is concerned. Nevertheless, m e  of the primary 
techniques used to  investigate the existence of 
"core engine noise" or  "excess noise" has been the 
canparism of in te r ior  and exrer ior  microphone m a s -  
uremencs(1-3) 

A technique used to de tec t  a 
causal re la t ionship  between an in te r ior  and ex ter ior  
microphone has been the cross-correlation function. 
Ihe use of this func t im  in in te rpre ta t ion  of the 
r e su l t s  requires exact spec i f ica t ion  
functions which a re  d i r ec t ly  proportional to each 
other. So, for  example, the in t e r io r  pressure and 
the t h e  der ivs t ive  of the pressure were cross- 
correlated with the f a r  f i e l d  pressure in  Ref. ( 3 )  
t o  determine which of the t w o  functions was re la ted  
in d i r ec t  proportion t o  the f a r  f i e ld  pressure. A 
l ess  spec i f ic  but powerful function t o  investigate 
a l inear,  ceusal r e l a t i  between two variables is 
the coherence function.@) I t  has the property tha t  
i f  two variables a re  re la ted  by a l inear  t ransfom 
operation it w i l l  be unity,  regardless of the trans- 
form operation. 
causal relationship.  This behavior occurs regard- 
less of the transform operation. For example, i n  
Ref. 3 the cohercncr funct' I between e i the r  the 
time dertvative of the in t r i  a r  pressure or the pres- 
sure i t s e l f  and thr fa . -  f t i  ' pressure would be 
unity i f  e i t he r  01 ie two .,antities were perfect- 
l y  correlated with the fa r  f i e ld  pressure because 

of the tvo 

It w i l l  be zero i f  there is no 
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d i f f e ren t i a t ion  is a l i r e a r  transform operation.%e 
coherence function w i l l  be used in  t h i s  paper t o  
deternine the frequency regimes, i f  any, i n  vhich 
there is a l inear  causa1 re la t ion  between finterior 
.ad exter ior  pressure fluctuations. 

The purposesof this paper are --fold. First, 
i t  w i l l  be analy t ica l ly  established that below a 
cer ta in  frequency (apparatus dependent) the hydro- 
dynamic noise generated by turbulence within a c m -  
bustor is nm-propagational and cmrequently inco- 
herent with ex te r i a r  s d  measurements. Secondly, 
fo r  a par t icu lar  experimental s e t u p ,  t h i s  f ac t  w i l l  
be demonstrated. 

Analysis 

i he  theory of colobustion noise for the gas tur- 
bine canbustor w i l l  as&- t ha t  the f lu id  mechanics 
process is one of the gas phase alone. Therefore, 
the canplicatioas of fue l  evaporation ond mass, mo- 
aentum and energy t ransfer  between liguid and p s  
phases a re  avoided. Coacider8tion of these processes 
is not necessary Cor M adequate understanding of 
canbustion noise gtncratiosi, since the dminant 
noise geacracion process is a gas *are me - h e  
unsteady heat release in the turbulent @s phase. 
Although pass rclease f l u c t u a t i m s  in space aml time 
by evaporatioo frm tho spray droplet5 wauld indeed 
cause s a e  noise, o r l e r  of magnitude arguments sup- 
port the concoation tha t  the  extreae hea t  release 
involved causes grea te r  local f l uc tua t ims  in gas 
velocity. the primary smree of noire. %e approecb 
w i l l  be to  study the behavior of the f luc tua t ing  
:anpunento of various f i e l d  quant i t ics  about their 
time-mean values. mese f luc tua t ims  w i l l  contain 
both the hrbuience  and acoustic fluctuations,  and 
a s p l i t  i n t o  vor t ica l  turbulent motions a d  acoustic 
quant i t ies  is farnd possible by the nethod below. 

Hoiecular transport  processes are neglected i n  
comparison with turbulent transport. Although i t  
vould be necessary to  consider these t o  recover ex- 
a c t  flame s t ruc ture  (si,nce the actual canbustion 
process mst take place in  the microscale of the 
turbulence), the f l m e  sLmcture i s  basically l e f t  
a s  an unknown in the f o l l m i n g  treatmer.t, to be 
deternined by knowledge of both the time-mean f i e ld  
quant i t ies  and the fluctuation quantities. 

"he equations of continuity,  morentum, energy 
and s t a t e  for an invjscid perfect gas a re  

.c -++. B 62)- 0 ,  -+E. a i  v - y- , 
a? a7 

Ncndimensionalizing Eqs. (1) by the can length, the 
ex i tp l ane  mean speed of sound,densitp, and prersure, 
the conservation equations becane 

ax PE - + x . v x - -  3t YO (3)  

i iL D t  -' e 3 E-= D t  (y - 1 ) Q  (4) 

tha t  i f  I4 4 _< <l, p 

Constructing the :he mean equation tfr usual re- 
su1:s are  found. "hat is, Lhe pressure cradient is 
of the or e t  of the square of the Mach !anbet so 

e f fec t  of 4 is t o  cause a d i l a t ion  o f  the velocity 
vector,  nclt a strong pressure change. nese remarks 
presume well d is t r ibu ted  canbustian throughout the 

1; furthermore, the primary 

c h s t d r  so t ha t  v . i  is of &e order of unity 
throughout the combustor. l h i e  is generally true 
for a splay type diffusion fl-. 

By l inear iza t ion  a l l  processes in  tlte turbulence re- 
lying m oonl inear i t ies  such zs generation, spec t ra l  
t ransfer  and decay (which is not considered because 
v i rcos i ty  1s not cansidered) are anitted. Censidera- 
t im is therefore focused an the energy cmta in ing  
eddies over t!w can length which is prestmaed rbort 
ccrspared with a length required fo r  a subs tan t ia l  
a l t e r a t ion  of the turbuleace structures.  ColPbining 
Eqs. (2) and (4), tqs. (3) and (4) becam a f t e r  
l inear iza t ion  

Now consider the linearized fluctuation equations. 

15 Eq. (6  

correc t  t o  terns o f a t 4 )  canpared to  u n i t y .  NW let  
the perturbation vr loc i ty  vector be s p l i t  i n t o  i ts  
LamelLar and solenoidal ccsponents. 

the secmd term MY be dropped because 
Pp i S m !  1 ) and in the f i f t h  term ji - 1 nury be used, 

v I l l  = va + vv 
L 

- . - e  

&ere 7 . v '  = v x v '  = 0. Here v' IC asroeiated w i t h  

a d i l a t a t iona l  acoustic motioo and v' is assaciated 

ulcfr vor t i ca l  turbulent motions convected by the 
meau f lu id  motion. Because of the l inear i ty  of Eqs. 
( 5 )  and (6) the pressure may be considered as s p l i t  
i n t o  two cmponcnts pr and p\: and Egs. ( 5 )  and (6) 

amy be s p l i t  as follows: 

V -*1 4 

Y 

(7) 

(5) 

Io Eq. (E) 6' has been associated with the acoustic 
problem since heat release per uni t  voluzu can pro- 
duce no torque, only d i la ta t ion .  I n  Eq. (9) the ex- 
pected rcru:t is present that the prcssuze fluctua- 
t ions  produced by the vor t ica l  motian a r e  convected 
by the m a n  flow, modified only by the r igh t  hand 
s ide  of Eq. ( 9 ) .  I f  terms of the order of the Mach 
number a re  neglected, canpated with unity, the sec- 
ond and th i rd  ttrms of Eqs. (7) and (E) may be ncg- 
lected i f  i s&l)  so t h a t  wavelengths a r s  of the 

order of the c a u h s t o r  length. This assures that 
the V operator in of order unity. I n  t h i s  case, 
taking the Fourier transform of Eqs. (7) and (8) 
and mnbining 

a t  

Equation (11) is an inhunogeneous Helmholtz equation 
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driven by the f l u c t u a t i q  heat release. Furthermore, 
the source te rn  is the local Bulerian time deriva- 
ti of the heat release as has occurred previous- 
$)not the t o t a l  time derivative as in the formu- 
la t ion  of Ref. (6). 

A t  law values of the frequency Eq. (11) is not 
accurate and the primary information canes frau Eq. 
(8) 88 

v0.v; - (y-1) 6' (12) 

neglecting terara afmM) canpared t o  unity. m e  
pressure is thsn datereined by Eq. (7) wilhmt the 
tbm derivative tern. Equations (11) and (12 )  are 
lidti- forms of Eqe, (7) a d  (8 )  a t  w o p a l )  and 
u-.O,respectively. Inregrating Eq. (12) mer the 
embustor  volume and aseumiog a high impedance head 
end adl walls of the cslbustor, rhe Fourier trans- 
fcrm of the r e s u l t  yields 

Eq. (13) states that the -rage normal velocity 
fluctuaticnr a t  t h e  can e x i t  p lane  is directlycaused 
by the a\p oi the hea t  release fluctuations in t e r io r  
t o  the can. Ibe awerage velocity fluctuacion a t  the 
can e x i t  w i l l  r ad ia te  sound in accordance w i t h  the 

frequency and j u s t  outside the can 
re la t ion  of &ef.(t).Inthe l i m i t  of lcrv 

pat -. 0 as UD - 0 

Consequently, since 

(by def in i t ion  of a flUCMCing quantity)an observed 
experfmental f ac t  of very law ex ter ior  pressure fluc- 
tuatians a t  lov frequency is recovered analytically.  
However, it w i l l  be seen experimentally that ac  low 
frequency che in t e r io r  pressure fluctuations remain 
high while the e x i t  plane fluctuations !isappea:. 
An i n t e r io r  microphone w i l l  see both p,, and pa 
whereas ex ter ior  micro&ores w i l l  only see the e f -  
f ec t s  of pa', it beinga propagationalwave rontain- 
ing f lu id  dilatation. Pi can therefme expect a 
poss ib i l i ty  &at belov a cer ta in  f reyency ,  i f  p,' 
dmina tes  &' a t  higber frequency, 
pa'. lbfs is only a poss ib i l i ty  ana ly t ica l ly  because 
both p,,' and h' mast go t o  zero as (D-J but t\e end 
plane impedauc; relation might drivetpa' t o  zero 
f a s t e r  &an po . hny dcminance of p+ 
quency must c m e  frm the source 6 and a t  w o f & l >  
Eq. (11) is the dcrmiaant equatiun i f  the source is 
strong enough. Experimentally i t  is knoun thatprop- 
agatioaal s m d ,  called cambustlon noise, i e  heard 
f roe  combus=rs, and, conoequently, there is a f re -  
quency reglum &ere Eq. (11) is valid. m e  point Ls 
that & the l imi t  of IQ& frequency there i e  no rta- 
sun t o  eruect a correlation between an i n t e r io r  
pressure nnmsurement @ the pressure measurement - outside the can. At suf f ic ien t ly  law frequency there 
is the posoibil i ty tha t  am-propegacing "pseudo- 
sound" w i l l  d e i n a t e  in t e r io r  pressure measurements. 

Because the exact nature of the turbulence f ie ld  

nust a l s o  go :o zero i f  w - o  

may dominate 

a t  any f r c -  

-- 

is not known, it  is inpossible t u  s t a t e  the exact 
value of (D a t  which a t rans i t ion  w i l l  occur frm 
Eqe. (9) end(10) to Bgs. (7) and ( 8  ) a s  thepovem- 

ing system. This w i l l  have t o  be determined experi- 
mentally. The t rans i t ion  w i l l  be called the hydro- 
dyacrraic t o  acoustic t rans i t ion  since Eq. (11) has 
wave phenanena c lear ly  associated with i t  while E q s .  
(9) a d  (10) a re  controlled by the turbulence f ie ld .  
Consider, then, the solution of Eq. (11). To solve 
Eq. (11) the acoustic behavior of the l i ne r  walls 
and e x i t  plane must be known. Frau the work of Ref. 
(7) it is known tha t  the acoustic Impedance of the 
e x i t  plane should d i f f e r  l i t t le  f r m  tha t  of an un- 
flanged pipe,  open t o  t h e i n f i n i t e  surr~undingkFram 
the work of  Ref. ( 8 )  the head end should behave 
basically as a hard w a l l .  The s ide  walls present a 
ccstplex acoustic picture,  however. It if known ex- 
perimentally tha t  only weak can resonances appear, 
so t ha t  the s ide  walls must be reasonably absorbent, 
acoustically. An acoustic adEittance, p , vCll be 
assigned t o  the side w a l l s  which w i l l  be! l e f t  aa a 
f r ee  paremeter. Ihe magnitude of p can be deduced 
approximately by a canparison of d e  theore t ica l  
and experimental resonance peak heights in the pres- 
sure. Under the approximations leading t o  Eq. (111, 
therefore, the bmndary conditions on p a re  (assum- 
ing a cylincrica. canbustor) u) 

3 Pa 
ax D o  x - 0  - 

-,., 
where a is the can radius and 8, = u R e  *-q 

w e  
the spec i f ic  acoustic admittanca of the e x i t  plane. 

The solution t o  Eq. (11) subject t o  Eqs. (14) 
may be worked at by standard methods, by expansirni 
In terms of normal modes of the cambuster. Since 4, 
is a randcm function of position i n  the conbustor 
can there are no sycmetries tha t  may be invoked t o  
simplify the solution and t h e  s61ution wilt contain 
both sylrmetric acd anti-syatnetric modes. Since in- 
t e r e s t  is ultimately in  canparing a wall-neasured 
pressure against the exter ior  radiated pressure, 
the solution is here given for a wali pressure. me 
solution is 

0 = + 1, -1 

X a 

c 

e 

r 
j '  

. I  

. '  
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km 2 2  n u )  -&,' x and 1 , pu) 

for  only a short  ax ia l  distance near x - 0 and UI is 
la, a careful inspection of Eqs. (15) s h w s  the 
anticipated behavior t ha t  a l l  transverse modes e r e  
cutoff (Fd) i f  the mensuring point is suf f ic ien t ly  
f a r  damstre=. This latter case cannot be expected 
t o  occur i n  prac t i re  since a t  best  one ba l f  of the 
can length must contain ac t ive  canbusticm. On the 
other hand, there is a reasonable expectation that 
near the quarter wave resonance point the plane 

, w i l l  dominate F. Further- wave mode 

more, i n  the limit of small u) (UJ-0) the plane wave 
mode w i l l  dasinate F i f  is small becausc of the 

other hand, i t  should be recalled tha t  a t s u f f l c i e n t -  
l y  1- u) Eq. (11) ceases t o  be valid. Consequently, 
numerical calculations a re  i n  order t o  determine 
the ac tua l  mamitudes of various terms. 

- 0. Additionally, i f  f is nonaero 
W 00.2 

* PIN 
0 0 r 1  and 2 

appearance of b o w  w i n  k e denominator. 00 the 

I n  order t o  expcrimentally determine whether or 
(1 7) , howevel; not any term8 may be neglected i n  E 

the coherence function may be used.?&) Consider a 
measurement of the pressure a t  two canbustor posi- 
tion, x and 1. The cross power spectrum of these 
two pressures i s  

i 
I 
I 

1 

The pW1 part of the solution contains the eontri-  

bution of f contains tbe 
contributions fran x (the measuring point) to  1 . Z h ~  
f i r s t  term i n  the overa l l  sum (mPnd) , u - +1) is 
the (nearly) plane wave mode. It is not absolutely 
piane because k 6 , # O a  but is calculated f o r  amall 

frm x - 0 t o  x and p 
4-32 u) 

a I fran the Bessel function equatimi t o  be 

where the * denotes a complex conjugate. Here 

0 0  ,2 

Now note tha t  part  of p (1) contains p (x)in the 

integration of Eqs.(lS).In f ac t  p j l ) = H ( ~ ) p ~ '  (x) 

+ J where H(w) is a l inear  determinad t ransfer  func- 
t ion  and J is a frequency dependent randan function 
which s incoherent wlth any other term.Consequently, 
le t  p) (x) = b and the pressures take the form 

u)oo,l uoo,l 
1 

u)oo,l 00,l 

00,l 

pw(l) = Hb + K 

P,(x) = b + L 

For prac t ica l  purposes, however, l i t t l e  e r ro r  is  
made i n  the use of Eq. (16) f o r  IH 
unity. The f i n i t e  magnitud- of goo means tha t  

I as  large as 
00 a 

Y' = J ( ~ ~ ~ r )  + 1 
00 0 

has a r ad ia l  dependence, and, consequently, p ' has 

a r ad ia l  dependence which keeps i t  frcm purelyplane 
behavior. 

Doo has a minimum near UJ = n12, the quarter wave 
resonance point. n u s ,  a maxirmrm x c u r s  in  hO' a t  
the quarter wave frequency, as expected. Because 
each term i n  the sum contains a d i f f e ren t  functional 
weighting of f,,, i n  the integrations,  each term i n  
the sum is pa r t i a l ly  incoherent i n  phase with the 
other, unless, of course, fw is not random i n  posi- 
t ion,  which is  not to  be expected. p,,, may a l s o  be 
represented by 

wo 0 

For be large, as i t  13 a t  low u), -1, and where K and L a re  incoherent with b. 'If a many s a -  
ple average i s  inken of Grl t o  yield Gx, there re- 
s u p  

cxl = b b* H* 

The auto spectra a f t e r  averaging a re  ! 

The coherence function is  defined by 
L where a l l  three quant i t ies  a re  incoherent with each 

other and F i s  the e n t i r e  transverse mode t a i l  of 
the doubly i n f i n i t e  series.  It would be nice i f  it 
could be shown tha t  sane of the terms of Eq. (17) 
could be neglected. Clearly, i f  fw - 0 between 

Gxl  - 2  x! 
" Z _  -- 

I 
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apd there results 
gb*2 nn* 

(m + IL* )( I it* + KK*) (18) 
Y 2  - 

I f  either a) event. bemeen x a d  1 daniaate be- 
havior (J and L am large so that K and L are large 
cappared wirh b , or b) P is dminant and F(1) is 
i n c d e r e n t  r ich F(X) , y* IS mall. ou the other 
h d  i f  b i s  the damiaant tern y 2  - 1. A coherence 
function of unity (or near unity) i n  a givvan fre-  
quency range w i l l  therefore show that a s ingle  term 
dmlnates  the solution of MS. (15) and t ha t  events 
between x and 1 are uuimnortant (G-0). Further- 
more, the cohereacc functicm w i l l  a l s o  show where 
Eqs. (7) a d  (8 )  t J e  ower fram Eqs. ( 9 )  and (10). 
lhis can be seen i f  the microphone a t  x is dollbated 
by 
outside of the caPrbostor eud plane t o  seas3 only 
propagational saund, p:. 

I f  a frequency is f a m i  where y 2  1. it is 
as- tha t  f 0 between x ana 1. Any deviation 
fran y m 1 atulrigtter frequencies must then indicate 
the transverse h s  caapezing with the plane wave 

and the x - 1 microphone is placed s l igh t ly  

magnitude has been chosen to g i w  roughly @e quar- 
ter wave resonaxe  peak magnitude which is experi- 
mentally observed. has been assumed real, on the 
basis  of no o&er i n  Bri ormatian. In the calculation, 

(a,e) - 1 and Hl0 real (h00) have been assumed 
' 00  
f o r  the order of magnitude calculations. Ihe posi- 
t ion P has been chosen, t o  cerrespond with the ex- 
pt?riPlental setup. l he  expressior. for  Be is the low 
frequency asymptotic trpression of kvineschwinger (9) 

Be 1/[w a( 0.6 i + 0.25 a a) ] 

"his has a l s o  been used for  the f i r s t  transverse 
mode calculation. "be elimination of the w a l l  damp- 
ing i n  the transverse mode calculation w i l l  raise i ts  
magnitude canpared with the case of damping; conse- 
quently, t h i s  is a conservative caoparison of the 
daninance of the plane wave mode over the transverse 
mode. %e integrals  i n  Eqs. (15) have been estimated 
by a) carrying out the q, integration as thwgh fu, 
s e r e  indepeudent of a and b) the transverse inte-  
grations have been estimated as 

&ere 4J i s  an average (UaknOMI) source strength. 
Shown i n  Fig. 1 are calculations fo r  the plane wave 
made a d  the f i r s t  a n t i s y m e t t i c  transverse mode 
(l,O), which is the f i r s t  transverse mode t o  cut on 
as frequency rises. Star t ing fran top t o  bottcrm, the 
plane wave mode a t  x 0.6i5 with source contribu- 
t ions from 0 t o  x (00,l) is the daoinant term. I t  
shws  the quarter wave resonance near IN - n/Z. 
Slight ly  1-r in magnitude is the plane wave mode 
evaluated a t  x - 1, now using the sourcecontribution 
from x - 0 t o  x - 1. me reason i t  is s l i & t l y  lower 
in  magnitude, even though the source contributes 
over the f u l l  can length, is that  the impedance con- 
d i t i w  at the can e x i t  plane requires nearly con- 
s t a n t  pressura, whereas there is no such r e s t r i c t ion  
in t e r io r  t o  the canbustor. Much l m e r  in magnitude 
is the plane wave contributicm t o  the x = 0.655 

..' 

posit iou frolr the earbustor posit ion daroststream of 
the transducer position. (00,2). Consequently, even 
i f  the canbustor source strength were as large dam- 
stream as upstream of the transducer posit ion it 
w u l d  not contribute t o  the t r a n s b c e r  measurement. 
F iMi ly ,  w e l l  dawn f r m  the plane wave modes, is the 
f i r s t  transverse mode cmtribution. It is ahnost 
canpletely cut off a t  the transducer location over 
the frequency range &awn. lheoret ical ly ,  it vould 
cut  QO completely a t  a dirPansionless frequency of 
8.8 Ibe frequencies of i n t e re s t  experimmtelly are 
well bel- this value YO that the P function of Eq. 
(19) may indeed be neglected. lhe major conclusion, 
therefore, is that  in Eq. (18) y 2  - 1 should result 
mer the frequency range of i n t e re s t  as l a g  a s  the 
frequency is high enough that  Zys. (15) are a val id  
solution t o  the problem. 

Experiment 

Ibe gas turbine caubustor used ir! t h i s  study was 
described in Ref. (10). A echematic of the setup is 
sham in Fig. 2. A warer-cooled pressure transducer 
capable of extract ing signal above 135 dB r e  
N/mZ was  located on the l i ne r  w a l l ,  92 ran f ran the 
can e x i t  plane. A near f i e l d  1 /2  inch condensor 
microphone was located i n  the can e x i t  plane, 113 lpil 
t o  the s ide of the l i n e r  lip. a i s  transducer meas- 
ures the can e x i t  plane dynamic preseure as long as 
the frequencies are  r a s x i c t e d  t o  wavelengths long 
compared with t h i s  separation distance. Far f i e l d  
microplanes a re  employed t o  detect  the onset of 
scat ter ing frao the burner hardware (non-rPoslopole 
behavior of the can e x i t  plane) as w i l l  be explained 
later. 

A l l  signals are  rec-rded on M tape fo r  l a t e r  
d i g i t a l  Fourier analysis. Ihe primary items of in- 
t e r e s t  are  spectral  shape8 add coherence ana lys i s .  
Calibration procedures a re  therefore unimportant, 
except t o  be sa t i s f i ed  that the microphones are be- 
having l inear ly  i n  voltage output vs  dynaiic pres- 
sure level. 

Resu 1 ts 

Figure 3 displays me spectra obtained by fixed 
bandwidth frequency analysis of the in t e r io r  micro- 
phone signal. Shown are  the runs a t  extreme ends of 
the airflow and f u e l l a i r  r a t i o  matrix. In a l l  cases 
there a r e  two regimes to  tha spectra. 
200 He the spectra fir% quite  f l a t .  Above t h i s  value 
the spectra undergo a hump. Ihe upper frequency 
l i m i t  was chosen as 800 He, for reasons t o  be appar- 
ent  la ter .  Depending upon f u e l l a i r  r a t i o  (speed of 
sound) a weak quarter wave resonance is seen in a l l  
curves in the v i c in i ty  of 400 He. 

Belw about 

I n  cmtrast , look a t  Figure 4 which displays a 
typical near f i e ld  microphone spectrum (although 
here a wider frequency range has been considered). 
A t   la^ frequency the spectrum f a l l s  off a t  roughly 
13 dB/octave whereas the in t e r io r  microphone meas- 
ured a f l e t  spectrum. By way of i n t e re s t  Figure 4 
s h w s  the 114, 314 and 514 wave resonance peaks. 
'Ihe major point i s ,  however, that the near f i e ld  
spectrum has behavior s.;milar t o  the i n t e r io r  mico- 
phone spectrum only above about 200 HI. More docu- 
meptatim MI t h i s  e f f ec t  is s h a m  by the several 
near f i e ld  spectra i n  Pig. 5. Also sham is a typ i -  
c a l  f a r  f i e ld  microphone spectrum which is aimilar 
in shape t o  the near f i e ld  spectra,  rxcept that  
grmnd ref lect ion e f f ec t s  are eeen in the spectrum. 

. . ,. " ,, . - 
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N a v  cms ide r  Fig. 6 which shave the near to f a r  

f i e l d  caherencr which is high (mar ly  perfect co- 
herence) aver the range 100-600 Ha d is acceptably 
high even below 100 He. A s  Long as the frequency is 
suf f rc ien t ly  law that the q is babaving as a uumo- 
pole rad ia tor  the f a r  f i e l d  is qu i t e  coherent w i t h  
the near f i e l d  w e n  in the presence of p d r e f l e c -  
ims; &in occurs because g r d  r e f l e c t i m s  cause 
only a l i n e a r  t r a n s f o w  operation 00 the near f i e l d  
signal t o  recover the f a r  f i e l d  signal. Furthermore, 
i n  the freqwncy d a h  the distance traveled to  the 
f a r  f i e l d  microplme only introduces a phase lag, 
again a linear transform operation which cancels out 
in coherence analysis. Abow 6Ob Ue one caacludes 
that scattering f ran  the &mer hardware is such 
that monopole behavior is destroyed; a single potnt 
measumrient in rhe near f i e l d  is insuf f ic ien t  t o  de- 
scribe the total charac te r i s t ics  uf the  f a r  f i e l d  
radiatiuo. ConieQratly,  ..elow 600 He a near f i e l d  
measurement is adequate to  describe the spectrum of 
the ult imately re4iated sard pover, end atter,tion is  
focused only below 600 He. 

Nw view Pig. 7 which portrays the caherence be- 
tween the interior and near f i e l d  microphones fo r  
several  nm cd i t ious .  a e  coherence behavior IP 
the s a  f o r  a l l  runs; it  is above 0.5 bemen abmt 
150 HE and 600 Hz and is nearly unity mr the range 
200-500Ez. As frequency drops below 150 Bo the c b  
herence drops t G  nearly :;To. Ihe LnterpretaLian of 
these results is as follcws. a) a source other than 
ccrsrrustion noise is .!aninacing the interior micra- 
p o n e  masurement a t  frequencies below 150 tit, b) 
be-muse of the above analysis and the nm-corres- 
m e a c e  of the spec t ra l  shapes of the tvo micro- 
phones a t  low frequency the other noise source is 
hydrdynamir noise caused by the vc r t i ca l  turbulent 
motirms and those motims do not provide prnpaga- 
tional s d  and t) above 600 HE the low coherence 
is caGsed by the f a i h r e  of a single point measure- 
r e n t  in the near f i e l d  t o  characterize the entire 
radiation pattern; the monopole rad ia t ion  pattern 
has ceased. Ihe drop in  thr near f i e ld  s p e ~ t i u m  a t  
la, frequency is f a s t e r  than a dropoff proporticnal 
t o  frequency a l m e ,  indicating tha t  Aw is Lalling 
of f  a t  rougbly 6-7 dB/octave below about 300 He. 
?his appears t o  be the primary reastm fo r  Lire take- 
over of hydrodynamic pseudo-sound a t  low frequency. 

Discussion 

lhe  r e s u l t s  presented here can c lear ly  be expect- 
ed t o  be apparatus-dependent, especially with regard 
t o  the fzequency a t  which hydrodynamic noise and 
canbustion noise are equivalent at  an in t e r io r  luca- 
tion. rne only contention here is t ha t  generally 
such a traxwition a t  s a n ~  frequency may be expected. 
In the experiment here there were only two basic 
noise scurces - flow noise and combustion noise. I n  
an ins ta l led  configuration a t  least two other cm-  
bustor-turbine interaction noises w i l l  cane in to  the 
picture to  confuse the resu l t s ;  there w i l l  b e e  
noire11 end vorticity-nozzle interaction noise, 
both of which w i l l  cause propagatiaral noise and 
which w i l l  be senred by both in t e r i c r  and ex ter ior  
microphones. lhene smrces  have been avoided here 
by d i r ec t ly  discharging to the atmosphere. 

l Y O P Y  

A major point t o  be stressed is t ha t  canbustion 
noise may be present i n  the fa r  f i e l d  s i p a t u r c e v e n  
i f  there is l i t t l e  coherence between in te rna l  and 
external microphoner. "his was precisely the case a t  
low frequency in  these experiments. Conscqucntly, 
sane care in  experiment design in ins ta l led  conffgu- 
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rations is required t o  dstekzibe the ariamt of 
peudo-sound in the crmbuntor AS canpared with yrop- 
agational s d .  

In the experimetds he r s  it w a s  furtunate tha t  
the frequency content of canbustion noise vas low 
enou& and the burner s i s e  wa6 =ll enaugh tha t  
a) the plane wave mule duainatdd the in tc r ipracaur -  
tics and b) the can radiated basic3lly 9s a monopole 
over the frequency range that contained most of t h t  
cambustiaa noise. Severe camplicatiars i n  tnterpre- 
tatim can be expected i f  th ib  i6 not the cass. 
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Figure 3. Interior microphone spectra as func- 
tions of airflou rate and fuel/total 
air. The fraction of a ir  bypassed is 
approximately 26%. 
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Figure 4. Typical near field microphone 
spectrum. 

30 



r -  
- - - . . . [ MICROPHONE SPELTRA ._ - - .  -30 

'Y 0.0- _ -  
A 

I... 0.m . 
a ..- 4.,"2 I 

z u  0.00 

9- 

19. e -0.008 

- ; -30- 
0 - 

-40- 
n 
m 

50 

-60 

-70 - 

-80 

- 

- 

I 

1 . 1  L I I 1 I ,  I j  
20 100 m 

. . .  , x 

Figure 7. Coherence between the interior and 
exterior microphones for several 
run conditions. 

FREQUENCY (HZ) 

Figure 5.  Near field spectra as a function of 
airflow and fuel/total air. A l s o  
sham i s  a typical far field 
spectrum. 

COHERENCE FUNCTlON 
(NEAR FIELD 8 FAR FIELD 1 

i 

i 
. .  
i I 

FUEL/TOTAL AIR ~0.008 

O t  
1 1 1 1  1 1 1  1 1 1 I I I I I  

40 I00 1000 
FREQUENCY (HZ) 

Figure 6. Coherence between the near and far 
field microphones. 
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Appendix C 

Theory of Canbustor Noise 

Formulation g~& Solution 

The theory of Appendix B is used as the s t a r t i ng  point here. The differen- 

t i a l  equations are based upon the linearized vo r t i c i ty  - acoustic f i e l d  equa- 

tions. (B1) Equation (11) of Appendix B is the acoustic equation t o  be solved, 

which is here reproduced as 

2 2 v P U + W  P w = - f  0) 

where the nanenclature is  defined in  Appendix B. Equation ( C 1  ) i s  an acoustic 

f i e l d  equation, independent of the turbulent, vo r t i ca l  part of the f l a w  (by 

assumption), except as the two f i e lds  may in te rac t  a t  boundaries. Equation (Cl )  

was derived on the basis  of a low Mach number flow. 

In Eq. ( C l )  the acoustic pressure is  driven by fluctuations i n  the heat 

release throughout the combustor, represented by f . The boundary conditions w 
applied t o  Eq. ( C l )  i n  Appendix B are given as Eqs. (14) i n  tha t  appendix. 

The boundary condition a t  the combustor e x i t  plane (x=l), however, was not the 

most general boundaq condition, and here such a condition w i l l  be introduced. 

Since it was found i n  Appendix B that  only the plane wave mode was important 

a t  the experimental frequencies of in te res t ,  only the plane wave mode w i l l  be 

treated here. 

The most general boundary condition a t  the e x i t  plane for  the plane wave 

mode involves the ax ia l  velocity,  pressure and entropy fluctuations in the  

(C2 ) f on0 

where cy is the entropy admittance coeff ic ient ,  and the dimensionless entropy 

fluctuation is defined by , m s t  
g e -  

rP 
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and i s  equal t o  

Q' p 1. &' 
Y P  P 

for  perfect gases. The osci l la t ions of Eq. ( C l )  a re  isentropic (o'=O) and 

the primary source of 0' is  i n  temperature fluctuations produced by unequal 

heating of d i f fe ren t  f lu id  elements a s  they t ravel  down the combustor, This 

i s  emphasized by Eq. (4) of Appendix B which may be writ ten 

Both the acoustic prescoure and the entropy fluctuation a re  consequently driven 

by heat release fluctuations. Moreover, they in te rac t  a t  the boundary through 

Eq. (C2). It must be emphasized, therefore, tha t  entropy noise (noise due t o  0 )  

and d i r ec t  combustion noise (noise due t o  f )  a re  related,  but not identical .  

The superscript A on Q i n  Eq. (C2) is t o  emphasize that  the plane wave 
we 

mode requires a cross section average of o that  is, w' 

Using the nondimensionalization scheme of Appendix B and the  fac t  tha t  0' is 

dominated by temperature fluctuations 

h e  
'e f 

Q I -  

where T is temperature. These temperature fluctuations a re  presumed known from 

some independent measurement. 

me boundary conditions a t  the side wall and head end are  the same as  i n  

Eqs, (14) of Appendix Bo The solution t o  Eq, (Cl) then follows from standard 

... 

methods for  an in te r ior  wall pressure measurement point downstream of the 

1 .  

yz 
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canbustion zone. 

where the nanenclature is  the same as in Appendix B. The e f fec t  of the e x i t  

plane entropy fluctuation is t o  add a term t o  the solution proportional t o  

01u 

e f fec t  of the entropy fluctuation i n  noise generation. 

a . I n  the case of experiments with no nozzle a=O; hence there is no 
We 

Now consider three microphone positions a t  x = x o ,  x = l  and a t  the nozzle 

ex i t  plane. Denote the plane wave pressures there as p woI P q  and P I n  
w2 

general the t rue measured pressure a t  an in t e r io r  microphone position w i l l  be 

contaminated with hydrodynamic noise which does not propagate t o  the near 

f ie ld ,  coneidered as the p 
w2 

the j e t  stream. A t  x=xo,  Eq. (C4) may be rewritten as 

microphone i f  i t  i s  placed near, but outside of, 

where H is the hydrodynamic noise, fl and f are frequency dependent t ransfer  

functions and A 
2 

is the transform of the weighted heat release fluctuation 
u) 

A = j f cos kO0 x dV 
w W 

V 
A t  the nozzle entrance plane, the acoustic pressure 

from Eq. (C4) with an 

A 
u ) r "  tu 

P 

additional hydrodynamic noise 

w i l l  a l so  be computed 

contribution 

Fina l ly ,  there a re  the acoustic transmission generation and ref lect ion 

processes due t o  the presence of a nozzle a t  the e x i t  plane. It w i l l  be 

assumed that the nozzle i s  suff ic ient ly  short (compared with a wavelength 

or length of an entropy pulse) that  quasi-steady short  nozzle theory may be 

34 
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wed. (") I n  such a case the two conditions are a) conservation of mass and 

b) conservation of stagnation energy. For the acoustic part of 

excludes H1, these conditions yield 

Y 

. 

(C7j 
with e = 1 + 9 ?, and isentropic osc i l la t ions  have been assumed. Since i n  

the absence of entropy fluctuations Eqs. (C7) may be expected t o  hive a solu- 

1 t ion, the determinant of the solution matrix must be zero, yielding 
I 

Moreover, Eqs. (C7) nust yield a solution with 6 f in i t e .  Consequently, 
we 

Equation (C9) emphasizes the previously mentioned f ac t  that  a s  M 2 + % ,  ( ~ - 0 ~  

The on ly  item l e f t  t o  close the solution i s  B2. Reference ( C 3 )  shows 

tha t  a t  low values of 3 the f ac t  that  there i s  a temperature mismatch be- 

tween the combustor j e t  flow and the surroundings does not greatly a l t e r  8, 

Over i t s  Levine-Schwinger value. (c4) Using the low frequency l imiting form, 

1 
rn 

hLs @ a 2  [OO6i + 0.25 wa2] 

3 5  
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t 
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where a2 i s  the radius of the nozzle outlet. On the other hand, near 3~1, 

the choking conditiaa yields B2 = (y-1)/2. For the approximate calculations 

here a l inear  re la t ion  is used for  Mach numbers between 0 and 1;  that is, 

(cl:) 

llhe f i r s t  of E q s .  (C7) and Eq. (C6) may then be writ ten as 

The experLaents of Appendix B verify tha t  the hydrodynamic noise, H 

is not propagational to  position 2 and no hydrodynamic noise is  present i n  

and Ho, 1 

the p2 s ignal  i f  the microphone i s  s l igh t ly  outside of the j e t  flow. Can- 

bustion noise dominates the s i tuat ion,  a t  least  when no nozzle i s  present. 

Now the major fac t  revealed by E q s .  (C6) and (C12) i s  that  entropy noise 

and combustion noise have d i f fe ren t  transmission character is t ics  t o  the p2 

m i c i  -phone (which i s  a l s o  coherent with the f a r  f i e ld  microphone a t  the f re -  
t 

depends upon both p and , PW2 W l  
quencies under consideration). From E q e  (Cl2) 

6 , but frm Eq. (C6) p depends on A (combustion noisc) and 13 (entropy 
we 4 W 'e 

noise). Depending upon the behavior of f3, f4, f5, and f6, which are a l l  d i f -  

ferent ,  i t  is  possible t o  have the following poss ib i l i t i es :  

Position 1, Q dominant, Position 2, CY dominant; Position 1,u dominant, Position 

dominant which means CY i s  s t i l l  dominant; Position 1, A dominant, Position 
. /  

: I  
r , 



i '  

P 

,? 

I I  

I 

2,o darninant, which means tha t  combustion noise dominates the c m h s t o r  

i n t e r io r  while entropy noise i s  the strongest exter ior  noise; Position 1, 

A dominant, Position 2, p dominant which means that  combustion noise 

dominates the ex ter ior  noise. 
W l  

The d is t inc t ion  between an entropy noise and a combustion noise domi- 

nated case beccanes a b i t  unclear when one recalls tha t  they are both funda- 

mentally linked t o  the heat release fluctuations. For the  mment, however, 

consider tha t  A and 6 are s t a t i s t i c a l l y  uncorrelated, and t h i s  point 
W 'e 

w i l l  be returned t o  i n  a later appendix. 

Calculations 

one 

the 

Assuming s ta t is t ical  independence of A , 5 and H ,  the ensemblz average, ' we 
sided spectral  dens i t ies  of the measured pressures may be constructed from 

Focrier transforms i n  Eqs. (C5, C6 and C12). Denoting a one sided spectral  

density by G with a subscript fo r  the quantity under consideration, there re- 

sults G = G  f 2 + G S f 2  2 + %  
0 A 1  PO 

$3 -I = G  f 2 + G S f z +  
A 3  P1 

f 2 + G S f 6  2 
p2 = G(pl-Hl) 5 

* 

The spectral  densi t ies  a re  dimensionless by constructian when F1 i s  the pressure 

used f o r  nondimensionalizing and the t i m e  un i t  is 

a l l  numbers have been plotted as a spectrum dimensionless in  pressure un i t s  

hl 

/ cl. In  the cdlculations 

but on a p e r  Hertz basiso 

Consider f i r s t  the case with no nozzle. Sample calculations have been made 

3 fo r  the 19.8 m /min a i r  fluw case a t  an overall  fue l / a i r  r a t i o  of 0.016; Figure 

3 7  



7 of Appendix B shows the coherence between the i n t e r io r  and exter ior  micro- 

phones for t h i s  run. I n  the experiments the position of the in t e r io r  micro- 

phone i s  a t  x = x = 0.655. For t h i s  case 5 = 5 = 0.1 and Q = 0 ,  so only 

GA and 

wave resonance occurs a t  450 He for this case and experimentally there is nearly 

perfect coherence between po and p2, Moreover, independent experiments have 

shown that  p2 senses no hydrodynamic noise a t  its location aut of the jet flow. 

Consequently, a t  450 Hz both p and p2 are sensing canbustian noibe almost corn- 

pletely. The exp=rimcntal spectrum for  p is  shown i n  Fig, Cla. A value of @ 
0 al 

i s  chosen so that the theoretical  spectrum (fi ) best osculates the spectral 

peak of Gp - t h i s  value i.s 9.06 which indicates a hard, but not too hard, be- 

havior of the l iner  w a l l s .  This determines G4 a t  the 450 Hz point. Since Y*.c 

physical location of the p microphone is  not precisely a t  the ex i t  plane, a 

calibration factar  t o  m u l t i p l y  the expcrimentaI G 

a t  45fI Hz and 

0 

enter the picture. A spectral  peak corresponding t o  the f i r s t  quarter 

0 

2 

0' 

2 

is obtained knowing GA 
p2 

2 2 
= GA f 5  G = G  f A 3  p2 

The calibration factor i s  then applied t o  the measured p2 spectrum and the 

corrected spectrum represents the p 

a t  the ex i t  plane, nis is shown i n  Fig, C l a .  Since G 

spectrum which would have been measured 2 

senses only combustion 
.-a p2 

,ioise, G may be calculated by G = G /f3L as  a function of frequency; t h i s  i s  
A p2 3 

A 
L 

shown on Fig. Cla. Knowing GA, one can calculate % from %o = GPO - GA f l  . 
0 

This is  shown in  Pig. Cla and i s  the derived hydrodynamic noise. This subtraction 

process becomes highly sensit ive t o  small  experimental errors  wheq % f a l l s  more 

than 5-6 dB below G ; i f  t h i s  happens is a r b i t r a r i l y  s e t  t o  zero. One sees 
PO 

that the in te r ior  microphone i s  darninate5 hy hydrodynamic noise a t  frequencies 

less  than, say 150 Hz. 

I .  

1 .  
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As a check on t h i s  procedure, ai& assumes only two noise sources present 

a t  the in t e r io r  microphone and one swlrce at  the exter ior  microphone, the co- 

herence h n c t i o u  between the p and pz microphones may be computed. (c s) Ibis 
0 

1 

1+ - 
is 

m 
%O 

Y 2  = 

It i s  computed and canpared with experiment i n  Fig. Clb and the agreement is 

very good. The camputed function is  higber than the experimental function 

everywhere, which it should be because i n  r e a l i t y  there is  some electronic  

noise and a low level j e t  noise which contaminates the two signals. 

Guided by this successful separation of combustion and hydrodynamic noise, 

i t  now remains t o  calculete the e f f ec t s  of entropy noise. For th i s ,  independ- 

ent  measurements a re  required for  5 . These a-rr 4escribed in  Appendix D. For 
we 

these calculations Gs is known from those experiments. It i s  assumed i n  the 

calculation tha t  

Are made for  two cases, one with a contraction r a t i o  of 3:1, which a t  the same 

mass flow and fue l / a i r  r a t i o  yields 5 = 0.1, 3 = Oe33, and one for a contrac- 

cion r a t i o  yielding 3 = 1.0, It is moreover assumed tha t  GA is unchanged with 

a nozzle on (since the pressure is only varied over a factor  of two i n  the com- 

bustor, t h i s  is not expected t o  yiela a large error) .  

remains the same with the nozzle on or  off. Calculations SO 

where has 
been m i t t e d  for  c l a r i t y  (see Fig. Cla), for the "short nozzle" case (low con- 

t rac t ion  ratio).  It i s  seen tha t  the entropy noise contribution to  the signal 

i s  small ,  so tha t  for  pract ical  purposes the in te r ior  microphone would be dum- 

inated by combustion noise., Notice that  there i s  a strung change in the can- 

puted spectral  shape, as  cumpared with G 

were only carrisd t3 600 Hz the resonance peak, which has shifted t o  a higher 

Shown i n  Fig. C 2 a  a re  the camponents of the calculated G 
PO 

i n  Fig. Cla. Since the calculations 
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frequency in the presence of a nozzle, does not appear, Continiing, G 

is computed and then G 

that  the entropy contribution is st i l l  negligible,  but approaching the cam- 

bustion noise curve at the higher frequencies. 

(PI-%> . zhe r e s u l t s  a r e  shown i n  Pig. C2b. It is evident 
p2 

The calculations a re  reported for the choked nozzle case and are shown 

i n  Figs. C3a and C3b. The r e su l t s  are tha t  the in t e r io r  microphone is domi- 

nated by canbustion noise but the t ransd-t ted noise becomes entropy dominated 

above 210 He. Moreover, there i s  an elevation of the high frequency contenr 

of the noise. 

caaclusion 

The conclusion is therefore c lear ,  but may be due to  the par t icular  hard- 

ware used in the experiments. A t  suf f ic ien t ly  high frequency and under choked 

or nearly choked conditions, entropy noise may be the dominant noise source 

i n  combustors. Under suff ic ient ly  low nozzle pressure drop cambustion noise 

w i l l  daminate. These theoret ical  resu l t s  a re  borne out by the experimental 

r e su l t s  in  Appendix De It must be cautioned that because of the many approxi- 

mations used in the ana lys i s  that  the resu l t s  should be viewed i n  4 qual i ta-  

S t i ve  sense only. Moreover, the assumption in the calculations tha t  G and G 

are independent is  not s t r i c t l y  true, as w i l L  be seen i n  Appendix E. 
A 
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Appendix D 

Entropy Noise 

Genera 1. -- 
This section deals with combustion and entropy noise radiation character is t ics  

and the experimental procedures for  separating them. Combustion noise radiat ion 

character is t ics  and the ways of separating them from the hydrodynamic noise 

have been explained i n  detail  i n  Appendix B. Entropy noise i s  generated i n  tur-  

bopropulsion systems when combustion generated hot spots are accelerated through 

a region of mean pressure gradient. I n  the present program, such a pressure 

gradient is imposed on the hot gases by attaching to the burner e x i t  a conver- 

gent nozzle of area reduction 3 : l  o r  an o r f i ce  plate  with 9 holes of 14 m di -  

ameter each and having an effect ive area reduction of 10.5:l. An e x i t  Mach num- 

ber, Mp=0.20,is obtained with the above nozzle whereas a t  high Mach numbers, 

M2 = 0.6, 0.8 and 1.0, the j e t  i s  exhausted through a multi-hole or f ice  plate ,  

rather than a s iagle  opening nozzle, t o  keep the j e t  noise interference low. 

Experimental Apparatus 

The f a c i l i t y  used fo r  the present investi6::ion i s  the same as that  described 

i n  Appendix B. The experimentcl set-up with tke re la t ive  locat€ons of the trans- 

ducers i s  shown i n  Fig. D 1 .  

the near f i e ld  and the f a r  f i e ld  radiated sound pressures have been measured 

through a photocon pressure transducer and BNel  and Kjaer type 4134, 1 2  m 

condenser microphones. The reason fo r  including a near f i e ld  microphone i n  the 

measurement scheme i s  twofold. 

expected t o  contaminate the exter ior  radiated core noise signals. In  that case, 

the near f i e ld  microphone by v i r tue  of i t s  location, w i l l  receive more contri-  

bution from core noise radiation with a lesser  degree of contamination from a 

small local area of the j e t .  However, the f a r  f i e ld  microphone signal may be 

The pressure fluctuations inside the combustor and 

A t  higher e x i t  Mach numbers, the j e t  noise is 
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dominated by jet  noise as i t  sees the whole jet. lhis means tha t  the near f i e l d  

signal, rather than the f a r  f i e ld  one, can be used with more confidence t o  rep- 

resent the exter ior  radiated core engine noise. The second reason is that  the f a r  

f i e ld  microphone spectrum is  masked by severe ground ref lect ion efrects ,  a s  show 

ea r l i e r  i n  Fig. 5 of Appendix B, whereas the near f i e ld  microphone, by v i r tue  of 

i ts  close location to  t5e burner ex i t ,  i s  f ree  from these effects.  Since the en- 

tropy noise study requires the de t a i l s  of the combustion generated hot  spots, a 

measurement program has been carried out t o  obtain the temperature fluctuation 

characterist ics.  Fast response chromel-alumel thermocouples of wire diameter 0.025 

m are  used to  record the tempzrature fluctuations a t  the burner exit  plane as 

shown i n  Fig. D1. 

plained i n  Appendix F, and the thermocouple signals are compensated fo r  these 

time constants l a t e r  during data analysis by sui table  modification of the Fourier 

Ihe time constants of the thermocouples a re  determined 6s ex- 

Analyser crogranrming. A l l  the s ipa l s ,  a f t e r  amplification, arc  recorded on an 

Ampex FR 1300, 14 chant.el magnetic tape recorder a t  3 tape speed of 30 ips. The 

recorded signals are  then subjected t o  spectral  analysis and coherence function 

estimates through a HP 5451C. Fourier Analyser system. 

Results 

Spectral Characteristics: An e x i t  Mach number, M2=0.05, represents the burner 

can operating without a nozzle while M250.20 belongs to  the convergent nozzle case 

and M2=0.6, 0.8 and 1.0 come through the use of the o r i f i ce  plate. "lie airflow ra tes  

vary between 7.0 and 19.8 m /min.,with the ove ra l l fue l / a i r  r a t i o  maintained constant 3 

a t  0.016 for  a l l  cases. Out of a wide range of t e s t  runs, only the above conditions 

are  selected for  the purpose of comparison of the results.  Fig. D2 shows the spectra 

of the in te r ior  pressure fluctuations. The upper frequency l i m i t  is  chosen as 2000Hz 

because the information of intereot  f a l l s  below th is  l i m i t .  Figure D2a i l l u s t r a t e s  

the spectral  changes with the increasing pressure drop across the combustor as the 

e x i t  termination is changed for  a fixed airflow rate  and fue l / a i r r a t io ,  whereas 

p- -% , 
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rigure D2b 

the o r i f i ce  plate  for  varying airflow ra tes  and a fixed fue l / a i r  ra t io .  It can 

be seen from Fig. D2a 

tral level r i s e s  s ignif icant ly  w i t h  an increase i n  the ex i t  Mach number, i n  the 

lower frequency range of 0-300 Hz. Around 300 He, a l l  a t t a i n  almost the same 

ievel, and then they f a l l  off  rapidly a t  the same r a t e  (10 dB/octave) with in- 

creasing frequexb. Another observation made here i s  that  the in t e r io r  spectrum 

corresponding to the ex i t  Mach number, MP = 0.05, exhibits a quarter wave reson- 

ance peak around 500 Hz. W i t h  an increase i n  the e x i t  contraction r a t i o  corres- 

ponding to  high Mach number cases, t h i s  resonance peak should s h i f t  t o  a higher 

frequency range (800-1000 Hz), tending towards a half  wave resonance. On the 

contrary, these peaks have disappeared i n  the high Mach number cases. Such peaks 

have been seen i n  experiments not reported here, when using a n  AVL i n t e r io r  trans- 

ducer. The occurance of a peak around 100 Hz i n  the case of high Mach numbers is 

explained a t  the end of t h i s  section. 

shows the spectral beha-Jior w i t h  the increasing pressure drop across 

that as  the ex i t  contraction r a t i o  is increased, the spec- 

Fig. D3 shows the near f i e ld  spectra for  the same run conditions. While a t  

low ex i t  Mach numbers, there i s  a familiar combustion noise hump, high Mach nun- 

ber cases exhibit  no such characterist ics.  The near f i e ld  spectra, pertaining t o  

high Mach number cases, do not resemble the usual combustion noise spectra. The 

change in the spectral  shapes 

noise domination or j e t  noise contamination of the near f i e l d  signal. To invest i -  

gate the above speculation, two checks were made. F i r s t ,  the scaling of the near 

f ie ld  sound power level with ex i t  velocity was obtained. The exponent on velocity 

i n  high Mach number cases was higher than value obtained a t  low Mach number cases. 

However, the value of t h i s  exponent was f a r  below the one corresponding to  the 

j e t  noise velocity scaling law. This means that  the near f i e ld  microphone raceives 

a greater contribution from core engine noise radiation although there is j e t  

a t  high Mach numbers could mean e i ther  entropy 
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noise conzemination t o  a lesser  degree. Secondly, a spectral  analysis of the 

near f i e ld  signals was carried out. Fig. D4 shows a comparison of the near 

f i e ld  spectra of the hot exhaust a t  Mg=0.6 with the cold flow of ident ical  

e x i t  velocity. It can be seen tha t  the spectrum level with the combustion on 

is  higher than t h a t  of the exit-velocity-matched cold flow by a t  least 3 to  4 db 

j 

= 

i n  the frequency range of 150-1000 Hz. %is gives some confidence tha t  the core 

b engine noise dominates the jet noise, a t  least i n  the freqaency range of i n t e re s t  

to the present investigation. Later i n  this section, i t  is 

function analysis that  it is indeed the entropy noise that  

cantly t o  the near Cield signal a t  high exit Mach numbers. 

Typical spectra of the temperature fluctuations 2t the 

shown through aherence  

contributes s i gni f i - 

burner e x i t  plane a re  

shown i n  Fig. D 5  ‘he spectral  shapes of the temperature fluctuations,  corres- 

ponding to  d i f fe ren t  ex i t  terminations, as seen from Big. D-5, are  found to be 

very similar. The temperature fluctuation spectrum i s  a broad band one and low 

frequency i n  nature. The spectrum gradtally f a l l s  off  with an increase i n  f re-  

quency. ‘fie r.m.s. temperature fluctuations a re  found to  vary within a range of 

9 t o  14% of the mean temperature for  various cases. 

I 
The theoret ical  evaluation of entro,y noise requires a knowledge of the 

spatial correlat ion length scales  of the temperature fluctuations. h t h e m -  
! 
I 
i 
i 

! 
! 

I 
I 
1 
i 
i 

couples of tke same s ize  (0.025 IW wire diameter) have been used for  t h i s  correla- 

t ion study. One of the thermocouples monitors the temperature fluctuations a t  a 

fixed place a t  the burner e x i t  plane while the other one reg is te rs  the signals 

a t  various locations, moving radial ly  away from the former. The fixed and the 

moving thermocouple signals have been cross-correlated and normalized to  obtain 

the cross-correlation caefficients.  The cross-correlation coefficient,  as a 

function (rt the separation distance between the twu thermocouples, i s  shown i n  

Fig. D6 for  two cases corresponding to  the thermocouple traverse along two 
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di f fe ren t  rad ia l  directions. In both cases, the temperature fluctuations seem 

to be correlated over a distance of about 12 nrm a t  the burner e x i t  plane, thereby 

suggesting a temperature eddy of aboct 12 nun i n  size. The constancy of the corre- 

la t ion length scales i n  various rad ia l  directions demonstrates the axi-symmetric 

nature of the thermal eddies. The s imilar i ty  i n  the correlat ion analysis resu l t s  

for  two different  t e s t  conditions is brought out i n  Fig. D7 

cases, tha cross-correldtioir is  found t o  be posit ive everywhere, with a lang t a i l .  

In a l l  the above 

XC is important t o  note tha t  the spectral  character is t ics  of the temperature 

fluctuations meotioned i n  the above paragraphs were obtained through s ingle  point 

thermocouple measurements a t  the burner e x i t  plane. However, the entropy noise 

calculations require the quant i t ies  averaged over the burner e x i t  area. The re- 

lationship between the single point thermocouple measurements and the area averaged 

quant i t ies  a rc  sstabljshed below. 

Le t  TI and ?. represent the fluctuating and mean temperature measured a t  a 

point a t  the burner e x i t  plane by a thermocouple and a r a t fo  a '  be defined as 

S t  
0 '- - 

cP 

where s' is the fluctuatinq entropy component and C 

pressure. fiowever, the entropy noise evaluation requires ^s given by 

is specif ic  heat a t  constant 
P 

W 

where Ae is the burner e x i t  area, and the subscript w represents Fouriar trans- 

form of the correspnnding primed quantities. I f  the cross-correlation properties 

of the tern-Geratul-e fluctuations a re  fnvarient across A,, i t  may be sham tha t  

' !  

! i  
i 

E 

2 Ae 2 s ; SA - s ;WGi = - r 
a i  cor A SA, = - 

es A, 00 si ui 
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where 2 S and Y represent the spectral  and coherence es  t ima t e  , respectively, of t 

2 

I *  the subscripted quant i t ies  and i stands for any d-y point on the burner e x i t  

plane. Acor refers to the area over which the temperature fluctuations a re  corre- 

lated a t  the burner e x i t  plane and i s  given by I 

I. i where 3 i s  a vecter representing anj point on the burner e x i t  plane and a i s  a 

vector representing the separation distance between any two 3". It is  obvious 

from the above expressions tha t  the area averaged quant i t ies  can be derived from 

the single point thermocouple measurements, once the correlation area as a function 

of frequency i s  evaluated through Eq.(D-4). "he var ia t ion of the normalized corre- 

i 
' I  

l a t ion  area with the frequency, as obtained by a single radial thermocouple t ra -  

verse, i s  shown i n  Fig. D8. For reasons to be explained l a t e r ,  an average corre- 

la t ion  area is  also computed. This average one i s  computed from three correlat ion 
i . ;  
1 %  areas obtained through rad ia l  as well as circumferential thermocouple cross-corre- 

lations without any end attachment and r ad ia l  cross-correlations with the o r i f i c e  s 1 ,  
3 I 

Ji plate  attached. The airflow ra t e  and fue l / a i r  ratio were kept constant a t  9.1 m /min, 

and 0.019 respectively i n  the above three t e s t  runs. nis average temperature corre- 
? :  

1 
la t ion area i s  also shown i n  Fig. D8. It can be seen from Fig. D 8  tha t  the low s .  

U 

frequency temperature fluctuations a re  correlated over a larger area compared to t 

the high frequency fluctuations as i s  reasonable. Since the correlation area i s  d 
a measure of the eddy s ize ,  i t  can be said that an eddy representing the low fre-  

quency fluctuations i s  larger i n  s ize  compared to  that  of a high frequency one. 

Coherence Estimates. So f a r ,  the spectral  character is t ics  of the individual 

signals hava been discussed i n  detai l .  It w i l l  be expedient a t  t h i s  stage 

to  look a t  the coherence between the various signals. As already mentioned i n  

Appendix B, coherence estimates between two signals w i l l  bring out the true l in -  

ear relationship between them. Coherence analysis among the in te r ior ,  near and 

60 
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f a r  f i e ld  signals i s  explained below. Various noise sources and the i r  associated 

transmission paths a re  i l l u s t r a t ed  i n  Fig. D9. The near f i e ld  s ignal  i s  expected 

t o  contain contributions from the two in t e r io r  sources, namely combustion and en- 

tropynoisesources as w e l l  as from the exter ior  j e t  noise. Hence, the coheience 

between the in t e r io r  and near f i e l d  s ignals  has to  be evaluated on the basis  of 

a multiple input problem. I n  such cases, the degree of lirtear re la t ionship be- 

tween any s ingle  cause and the e f f ec t  i s  bes: revealed through the 3artial co- 

herence function analysis which cancels out the e f fec ts  of the other extraneous 

inputs. The theory of pa r t i a l  coherence functions and the procedures fo r  evaluat- 

ing them are described i n  de t a i l  i n  Ref. D1. 

The resu l t s  of the coherence estimates between the in t e r io r  and the near 

f i e l d  s ignals  are showninFigs. D10 - D13. It is important to  note 

tha t  the in t e r io r  sources, namely, the in t e r io r  pressure transducer and the 

thermocouple signals,  may o r  may not be correlated, I n  e i ther  case, the coherence 

analysis takes care of the s i tuat ion except tha t  i n  the uncorrelated case, the 

expressions become simpler. The significance of the experimental coherence re-  

s u l t s  can be best  explained with the help of some analyt ical  expressions for  co- 

herence estimates based on the model shown in Fig. D9. For the purpose of ex- 

planation, a model of an uncorrelated case w i l l  be assumed because of i t s  simpler 

analyt ical  expressions, although the same conclusions can be arrived a t ,  even i n  

the case of correlated inputs. For the uncorrelated in te r ior  sources, the model 

shown i n  Fig. D9, yields the following expressions : (D1) 

Ordinary Coherence Estimate. 

I 

5 

1 

t 
. $  

L 

!' 

t 



PRESSURE THERMOCOUPLE 
SIGNAL SIGiiAL - 

Hi H2 

HI, HZ ,Hy TRANSFER FUNCTIONS OF I ,2, y 

NEAR FIELD 
M ICR OP H ON E 

SIGNAL 

Y - 

Figure D9. Nol se sources model for coherence estlmaces. 

JET 

Z 
4 NOISE 

? 
i k 

T e 

L 

63 



1 
D 

2 
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l H l l  s11 + gzz 2Y 
2lhermocouple and near f i e l d  microphone = 

P a r t i a l  Coherence Estimate. 

1 I n t e r i o r  and near f i e l d  microphones - - 
with entropy noise e f f e c t  removed : %y,2 8 

+ ( , H 1 ; ; 4 1  1 
(D-6) 

1 Thermocouple and near f i e l d  microphone 

with i n t e r i o r  microphone e f f e c t  removed 
* 2  e 
* Y2y,l 

where 's denotes the many $ample averaged power spec t r a l  d e n s i t i e s  of the sub- 

scr ip ted  source. Returning t o  the coherence r e s u l t s ,  i t  can be seen from Figs. 

D10 and D11 t h a t  the ordinary coherence funct ion leve l  between the i n t e r i o r  and 

near f i e l d  microphones generally docreases with an increase i n  the e x i t  Mach 

number, while that between the  thermocouple and the near f i e l d  increases.  This 

r e s u l t ,  in te rpre ted  through the Eqs. (D-5) suggests t ha t  the entropy noise  con- 

t r i bu t ion  ava i lab le  to  the near f i e l d  microphone s t a r t s  dominating the combustion 

noise contr ibut ion to  the near f i e l d  microphone s igna l ,  with the increase i n  the 

e x i t  Mach number. Stated otherwise, there  i s  a gradual t r a n s i t i o n  from a combus- 

tLca noise  dominated s i t u a t i o n  a t  low Mach numbers to  an entropy noise  dominated 

one 3t high Mach numbers. 

Ihe p a r t i a l  coherence estimates, a more r e l i a b l e  procedure fo r  the mult iple-  

input problem, a l s o  confirm the above r e s u l t s  i n  Figs. D 1 2  and Dl3. It  can be 

seen from these f igures  t h a t  with the increase i n  the e x i t  Mach number, the par- 

t i a l  coherent.- estimate obtained between the thermocouple and che near f i e l d  s ig -  

nals, with the i n t e r i o r  microphone e f f e c t s  removed, r i s e s  above the p a r t i a l  co- 
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Figure D11. Ordinary coherence estimates between inte- 
rior and near field signals for a fixed 
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increasing airflow rates. 
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hereuce levels evaluated between the inter ior  and the near f ie ld  microphone 

signals, with the effect  of the entropy noise removed, This partial coherence 

result ,  w i t h  the help of the Eqs. (D-6) reestablishes the previous resu l t  that  

the entropy noise *.tarts dominating the near f ie ld  signal w i t h  the increase in 

the ex i t  Mach number. In other words, the partial coherence analysis  also re- 

affirms the resul ts  of the ordinary coherence function analysis that a combus- 

tfon noise domination of the near f ie ld  signal a t  low Mach numbers yields to 

an entropy noise domination a t  high Mach numbers. It is important t o  note chat 

in a l l  the above par t ia l  coherence calculations the single point thennocouple 

measurements were converted into area averaged quantit ies using Eqs, D-3 andD-4 

which involve the ra t io  (&/Acor). A look a t  Fig. D8 

difference in the correlation area values computed in two different ways. The 

reveals a significant 

coherence results,  discussed above, are based on the correlation area obtained 

from a single radial  traverse of the thermoco7 L a t  the burner exit plane with- 

out any nozzle or or i f ice  plate attachment. It i s  informative to  see how sensi- 

t ive the coherence estimates'are to  the correlstion area values. Referring to 

Fig. D 9 ,  

2 subtracted out by a linear least-square prediction, i s  given as follows. 

the par t ia l  coherence estimate between 1 and y, w i t h  the effects  of 

(D1) 

(D-7) 

Ihe symbols used above have been explained i n  the previous equations and the 

ra t io  (Ae/Acor) appears i n  the above equation to  obtain the area averaged quan- 

t i t i e s  from single point thermocouple measurements, as explained i n  the Eqs. 

h (D-3 and 4). For a given t e s t  run, the spectral and ordinary coherence estimates, 
i a f t e r  ensemble averaging and spectial  smoothing, have very stable values, Hence, -2 

2. . 
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the accurate estimation of the partial coherence estimate in Eq. (D-7) depends 

heavily on the confidence w i t h  which Acor can be computed fc r  a given Ae. Fig. 

D8 compares the correlation area obtained i n  two different ways. As explained 

in the previous section, the average correlation area is computed from the three 

correlation areas obtained through the radial  as well as the circumferential 

thermocouple cross-correlations a t  the burner exi t  plane without any end attach- 

ment and the radial  cross-correlations at  the burner exi t  plane w i t h  the or i f ice  

plate attached. Ihe otbsr one is obtained by a single radial traverse of the 

dzermocouple across the burner exit plane without any end attachment. It can be 

seen from Pig. D8 that there is about 2:l change in the values when computed 

in two different ways. For a given set of spectral values, this change may drive 

the bracketed quantities in Eq. (D-7) co fluctuate between very low positive 

values and negative ones, thereby altering the par t ia l  coherence estimates sig- 

nificantly. Fig. IZ4 shows the partial  coherence estimate based on this  average 

correlation area for a few typical cases. A comparison of Figs. Dl2 and D14 w i t h  

the help of Fig. D8 

generally increases the partial coherence estimates, with its effect  being felt  

more on the coherence between the thermocouple and the near f ie ld  signals than 

on the one between the interior and the near fie14 microphones. The above argu- 

ments lead to  the fact  tha t  a sufficiently accurate determination of the tempera- 

ture correlation area distribution is v i t a l  for a reliable estimation of the par- 

t i a l  coherence. Ibis may be achieved by using a large d e r  of thermocouples a t  

the burner exrt  plane so as to  obtain more detai ls  about the spat ia l  distribution 

of the temperatut? fluctuations. Zhe extraordinarily high coherence a t  about 100 Hz 

in the case of high Mach h e r s  is explained a t  the end of this section. It is im- 

portant to  note that the coherence values i n  some cases, even af ter  ensemble averag- 

ing,are found to be in the range of the J t a t i s t i ca l  errors associated w i t h  the co- 

herence eetimates.Wit'naviaJtoincreasing the re l iabi l i ty  of the results,  a spectral 

indicates that  a decrease in the correlation area values 
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8moothbg technique has been employed in  which the spectral estimates corres- 

powling to  9 adjacent frequency bands have been averaged. lhis process reduces 

the frequency resolution but Improves the s t a t i s t i c a l  stabil i ty.  

. 

1 

'&e results of the ordinary coherence estimates between the near and far  

f i e ld  microphones are presented in Fig. D1S. A good coherence level exis ts  

a t  law exit Mach numbers. This is attributable to  the fac t  that a t  these low 

Mach numbers, the combustion noise contribution to the exterior radiated sound 
, 

is very hi@, and, further, i ts  low frequency nature yields to  a monopole radi- I .  

ation pattern. However, a t  high ex i t  Mach numbers, the coherence level starts 1 

- 1 decreasing as shown i n  Fig. D15. This may be due to the fact  *.at with the in- 

creasing ex i t  Mach number, the je t  noise starts contaminating the core noise S I  
I 

;: 1 
I " : ;  radiation. Ihe f a r  f ie ld  microphone signal is contaminated to a kreater degree 

ii than that of near f ie ld  as the former receives the effect  of whole je t .  However, 

the near f ie ld  microphone receives greater contribution from core noise radia- 

t ion with a lesser degree of contamination by j e t  noise. This leads to low co- 

herence levels between near and fa r  f ie ld  signals a t  high exi t  Mach numbers. 

b 
! . .  
! 
, . .  

-_  I i c  

I It can be seen from the coherence results of Fig. Dl0 to  D15 that i n  the 
' I  

high Mach number cases, the coherence suddenly jumps t o  a high value i n  the 

vicinity of 100 Hz. The interior and the near f ie ld  microphone spectra as well 

as the thermocouple spectra exhibit a similar behavior a t  the corresponding fre- 
I 

quencies, as shown i n  Figs.D2,D3 and D5. Many possibi l i t ies  for the occurance i~ 
1 

of this low frequency peak have been investigated. A speculation about the con- 

tr ibutlon by the burner stand or the probe to t h i s  peak has to be discounted, 

because this occurs only i n  the high Mach number cases and, moreover, the corres- 1 
i 
i 

1 
c .  ponding cold flow tes t s  do not exhibit this  trend. A suspicion on a longitudinal 

I 

resonance phenomenon is ruled out because the resonant frequency of the cmbustor, 

calculated from the speed of sound within the burner r i g  and the length of the 
:. 1 i 

I 

I 
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combustor, f a l l s  i n  the range of 400-800 € iz ,  depending on the nature  of the 

e x i t  termination, as supported experimentally by Fig. D2. A s t rong poss ib i l i t y  

i s  t h a t  there  may be an acoust ic  coupling between the i n t e r i o r  pressure waves 

and the fuel/air  r a t io .  Pressure waves t ravel ing towards the head end of the 

burner w i l l  br ing out a change i n  the density of the  a i r  which brings a change 

i n  the fueZ/air  r a t io .  This changes the temperature of the f l u i d  t ravel ing 

towards the nozzle. The temperature change encountering the nozzle i n  turn pro- 

duces a new set  of pressure waves, augumenting the old se t .  I t  i s  believed t h a t  

t h i s  acoust ic  feed-back i s  mainly responsible f o r  the observed low frequency 

(about 100 Hz) peak, s ince the frequency of the phenomenon should be governed 

by the flow speed and the burner length. Calculations show tha t  t h i s  frequency 

f a l l s  i n  the range of 100-200 Hz. This peak, while i n t e re s t ing ,  i s  not too s ig-  

n i f i can t  a s  f a r  as the overa l l  sound output is concerned i n  these experiments. 

* 

Fina l ly ,  note from Eqs. (D-6) t ha t  the p a r t i a l  coherence funct ion should be 

uni ty  i f  there  a r e  no intervening noise sources other  than the two under con- 

s idera t ion  (Szz=O). A par t ia l  coherence of un i ty  w a s  not achieved with e i t h e r  

partial  coherence function for  e i t h e r  a rea  co r re l a t ion  curve. Moreover, t h i s  

was not even achieved fo r  runs where the j e t  noise contamination was low. One 

could possibly conclude, therefore ,  t ha t  there  3re  some unconsidered noise 

sources which arc: important to  the core noise problem. Unfortunately, the par- 

t ial  coherence function i s  r e l a t i v e l y  sens i t i ve  t o  the co r re l a t ion  area rneas- 

urements so tha t  t h i s  conclusion appears weak. On the other  hand, the p a r t i a l  

coherence function between the i n t e r i o r  and near f i e l d  microphones should not 

su f f e r  from e r r o r s  i n  the co r re l a t ion  a rea ,  and a t  high e x i t  Mach number there 

i s  indeed low p a r t i a l  coherence between these two microphones. 'Ihere i s  the sus- 

picion, therefore ,  t ha t  a t  l e a s t  one o ther  noise source i s  present which was not 

investigated i n  t h i s  program. The most l i ke ly  candidate appears to  be v o r t i c i t y -  

nozzle in t e rac t ion  noise,  which deserves inves t iga t ion  i n  a fu ture  program. 
I. 
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Appendix E 

The Rela t ion  Between Direc t  Combustion and Entropy No& 

I n  Appendix C i t  was shown t h a t  i n  the absence of any containment t o  an 

i n t e r i o r  microphone t h a t  the  pressure transform i s  of the form 

= f(w) dV 6 cos k x pW w 00 
V 

where f(w) i s  a frequency dependent t r a n s f e r  func t ion ,  V is  the  combustor 

i s  the  plane wave mode wavz number and Q i s  the  transform of volume, 

the  dimensionless h e a t  r e l e a s e  f l u c t u a t i o n .  Also, i t  w a s  shown t h a t  t h e  en- 

. 
0 

u) 

tropy fol lows the equat ion 

which upon l i n e a r i z a t i o n  and a p p l i c a t i o n  of the  Fourier  transform becomes 

Assuming the  mean flow is  near ly  one dimensional,  Eq. (E2) becomes 

1 
S Taking a c r o s s  s e c t i o n  average by t h e  opera t ion  - J' dS, 

( E 2 )  

For purpose of a n a l y s i s  i t  w i l l  be assumed t h a t  the  convective term u 

i s  n e g l i g i b l e  compared with the. f l u c t u a t i o n s  i n  5 

dG/dx 
00 

due t o  6 . This appears 
W W 

j u s t i f i e d  i f  u is only the a c o u s t i c  v e l o c i t y ,  but  t h e o r e t i c a l l y  the  t u r -  
woo 

b t  len t f l u c t u a t i o n  

cated a n a l y s i s  can 

be w r i t t e n  

( v o r t i c a l  p a r t )  should a l s o  be considered. More s o p h i s t i -  

reexamine t h i s  issue i n  f u t u r e  work. Equation (E3) may then 

(E4)  

1 
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I f  the boundary condition i s  applied t h a t  there  is  no combustion, and, hence, k 
f 
4 

no f luc tua t ion  i n  0 a t  x=O,  the so lu t ion  t o  Eq. (E&) may immediately be 

w r i t t e n  as (evaluated 

6 =v-l 
we YS 

which may be computed 

a t  the e x i t  plane) 

? 
I 
I 

(s ince S = V i n  the non-dimenionalization scheme used) 

Equation (E5) may be wr i t t en  as 

where g(u) is  a de te rminis t ic  t r ans fe r  function. It can already be seen t h a t  

there  is a remarkable s imi l a r i t y  between Eq. (E6) and Eq. (El). This i s  espe- 

c i a l l y  t rue  i f  u/Cmx < < 1  i n  which case cos k x and the exponential terms 

i n  Eqs. (El) and (E6) are unity.  With the nondimensionalization scheme used 

here  a'; 

of magnitude as the inverse of a f l u i d  p a r t i c l e  s t ay  time i n  the combustor. 

I n  the opposite l i m i t  w/; 

of the exponential f ac to r  i n  Eq. (E6) as the x- integrat ion i s  car r ied  O u t  

which would destroy any phase coherence between Eq. ( E l )  and (E6). 

00 

1 corresponds t o  the physical frequency being of the same order max - 
< < 1 there is  extremely rapid phase ro t a t ion  max 

The expected s i t u a t i o n  is  ,consequent. y ,  near perfect  coherence between 

[except f o r  the f ac to r  ; i n  the denominator of Eq. (E6)] a t  low p and 6 

frequency, changing t o  zero coherence a t  high frequency. The t r ans i t i on  

whauld take place where w e u I n  the current  experimental hardware the 

physical frequency 

W ' e  

- 
max O 

i s  roughly 200 Hz. 
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n u i s  the cross  sec t lon  average transform of the entropy f luctuat ion.  A 

point  measurement w i l l  be expected t o  yield lower coherence, as discussed in  
'e 

Appendix D. The coherence funct ion,for  a nozzle-off case,between a point 

temperature measurement and the wall pressure f luc tua t ion  i s  shown i n  Fig.  E l .  

The drop i n  coherence a t  very low frequency is believed due t o  the hydrodynamic 

noise contamination of the i n t e r i o r  microphone, as discussed e a r l i e r .  The drop- 

off  above 153-200 Hz i s  the t r ans i t i on  from coherence t o  incoherence between 

P a n d o .  
w ue 

This phenomenon i s  shown a l s o  i n  Fig. E2 where the cross  co r re l a t ion  co- 

e f f i c i e n t  between p' and g' i s  shown. Although de ta i l ed  in t e rp re t a t ion  of t h i s  

curve i s  impossible because Eqs. (E6) and ( E l )  contain complicated phase in-  

formation, i t  is  readi ly  observed tha t  a) a s t rong cross  co r re l a t ion  exis ts  

and b) the "frequency" of the cross-correlat ion o s c i l l a t i o n  i s  roughly 130 Hz, 

which i s  of the expected magnitude. 

The major conclusion is  t h a t  above about 200 Hz i t  i s  permissible t o  assume 

s t a t i s t i c a l  independence of combustion noise  and entropy noise ,  whereas a t  lower 

frequencies they are int imately connected. This t r a n s i t i o n  frequency, of course, 

depends upon the flow speed and burner size.  

1 
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Thermocouple Time Constant 
Measurement by Cross Power Spectra 

Warren C. Strahle’ and M. Muthukr i shnan t  
Georgia hstirute of Technology. .4 tlanra. Go. 

lnrroduclion 
HE measurement of fluctuating temperatures dou n. T stream of the combusror in turbopropulrion system\ i \  

required to quantify the importance 0 1  entrop) n o i w  
generation in thew systems.’ ’ I t  17 well known. houe\c:. I t ?  11 

most t h e m o c o u p h  suitable for u w  in wch a hoqlile cii. 

vironment have response Iimei coniidc, ab11 longer th.irr  
required for flat rrcponce in thr audible frequenq .anec 
Conrequeqtly. th:y must be compen\a:sJ. Ccntral to the cor i i -  
pensation problem i s  the problem of measuring the rr\pon\c 
rime of a g;ten ihermmouplc, becauw i t  mu\t he mcawred in  

:heen\tronrncnt which i t  will w e  in USC. This 1s hccauw Ihc 
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respnw time depends upon the convective and radiative en- 
tironment in which the thermocouple is located.' Methods 
previously developed for measurement of the time constant 
have usuall) relied on measurement o f  the impulse response 
by quicLly inserting the thermmpk into the environment. 
switching a gas stream from cold to hot. or by turning off an 
initial current through tb.  wire and watching the temvrature 
&cay to the temperature of the environment.' Mechanical 
met hods are adequate for time constants of the order of I 0 0  
nlwc or longer. However. for "fast" response thermocouples 
(<IO msec). ihe mechanical switching methods are not 
urually fast enough to provide a inre step input temperature 
change. Electrical methods. since they involve heating of the 
wire above the environment temperature. are not satisfactory 
if the thcrmocoupk is  operating near its limit of survivability. 
Thc purpose of this note is to show a new method of ther- 
mocouple time constant measurement. which at the same time 
i s  nonintrusive upon the tkmucoupk. 

AMI- 
The fundamental assumptions are the equation for the AC 

output of the thermmplc. y. which is proportional to the 
apparent temperature fluctuation about the mean tm- 
pcrature. is given by y = j + : .  where -3 u the portion of the 
signal truly proportional to the temperature flucturaths. 
and : is the background elecrronic noise. -3 obeys the linear 
differential equation 

dt I - = - (91-p, 
dt T 

Here r i s  the time constant. x i s  the true temperature fluc- 
tuation. and I i s  time. i s  a factor. usually very near unity. 
which may be calculated from known radiation and con- 
duction correction factors.' q i s  the ratio of the equilibrium 
thermocouple reading to the reading it would give i f  i t  were at 
the true temperature. The method of measurement of r i s  the 
issue. In the method outlined heye. two thermocouples. 
denoted by I and 2. of di:fering time constants are required 10 
be placed in  the flow as closely as possible to one another so as 
to see the same tempe;ature history. Any separation o f  the 
two thermocouples will yield some error, the exact nature of 
which i s  discussed later. 

The method assumes the availability of equipment which 
wi l l  readily process the signals by Fourier analysis. Taking the 
fiwte Fourier transform o f  Eq. (1). 

9 ( l + i " T ) = q X  

and b! definition 

Y=Y+Z=- ' Ix +z (2) I +iwr 

Here capital letters stand for the Fourier transform of the 
small letter quantitia. The cross power spectrum and the auto 
power spectra are$ 

5,: = Y ,  Y; s,, = Y, u; 
s,, = Y, Y:, 

which yield from Eq. (2) 

j + -  ' IX + 7 )  ' I X '  
- 1  I --r.Jr/ I + I W ,  

where a denotes the complex conjugate. I f  the spurious noise 
is incoherent with the signal then an etsemble average. 
denoted by a bar superscript. will yield 

- +Xx' 
I + W J T l T 2  + &( T /  - 7.3 ) 

SI, = 

(4) 

provided t h t  z, i s  incoherent with E'. In what follows i t  i s  
prewmed that the spurious noise for signal I i s  sufficiently 
smallthat2,Z; may be neglected in comparison with the 
fint term in $,/. Ncw constructing the ratio of s,, to SI?. 

Consider t hen 

l im R = R, = r 2 h I  
4 - m  

which directly gives the time constant ratio. More im- 
portantly. cewider the imaginary part of R. R,. 

Differentiating, and finding an extremum in this function. 

-_ =O r, - r2 2": ( T ,  - r2 r /  
I + W j T , '  ( l + u ; r / 2 )  * 

where the e subscript denotes an extremum value o f  w. For 
r l # r 2 .  which i s  the reasor? for using two different thcr- 
mocoupla. there i s  a single extremum at 

w,. = I / T ,  (7) 

Thus, I ,  may be found directly i f  a plot o f  R, is mailable. The 
primary restrictions here are that both t5ermncouples ?re 
seeing the same .r and that the noise aoec not mask the signal 
in the vicinity o f  to3.. 

The quality of the data can be arwred by constructing the 
coherence function. This i c  

, S&: I 
>-=-  = S,,SJJ I + b  

All the terms ir b are porilite. rea; qua:.Iitiec. .4 tu/$rcrenl 
condition. therefore for Eq. ( 7 )  to bc valid i c  one of 7 ' being 
close to unity in the vicinity of . 1 i i is  condition furthcrmorc 
assures that X at position 1 IS thc Came a\ A a1 position 2 5ince 
the effect of any difference i s  to i n w t  a spurious noise iii:n 
one signal that i s  not cecn at the uthcr This cohrrencc con- 
ditioli o f  m i ty  i c  not a neceswy one, houzscr. All .hat arc 
nrcecsary are the conditions leadirip to Eq.  ( 5 ) .  in t k  cisrniry 
of r ~ ,  . The rcwon the Loherence condilion i s  introduced IC that 
Ihcre 15 ccmmercialiy a\ailable cquinmcnt that will readily 
compute 5 :. 

Finally. Eq. (6)  i s  not uscful as Eq. 17) bccausc II require\ a 
largc wlue of frequency. Siwc both vgiiah Hil l  be falling off 

"- 

I 
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Experiment 
TO illustrate the procedure two cornmeieal Chromel- 

Alumel thermocouples of wire diameters 0.00: in. (TCl) and 
0.003 in. (TC2) were mounted l a c  than 1;s in. apart in the 
ahaus t  of a gas turbine combustor. Fixed bandwidth spectra 
(15.6 Hz) of the AC component of tcm:.erature are shown in 
Fig. I ,  Also shown in Fig. I is the true temperature spectrum 
(q2X,X,* )  after correction. knowing the thermocouple time 
constant. Since the time constant pocs roughly as D' 5 ,  where 
D is the wire diameter, TC2 has a poorer response, which is 
also shown in Fig. I. In this example the ratio of thc time con- 
srant.r,/r,.sho,ldberoughly 3 '  ' = 5.2. 

The time constant for TCI was expected IO lie between 1 
and IO msec. so finer bandwidth filtering (3.1 Hz). and z 
narrower frequency range (0-400 Hz) was chosen for time 
constant analysis in Fig. 2. In Fig. 2a, the coherence function 
is seen to be adequate within the band 1 0 4 0  Hz. In Fig. Zb 
are shown R,  and R,.  R ,  shows thr expe-.ted behavior of 
monotonically going from unity to r : / r ,  as i) gocs from zero 
to values much greater than I ,'I:. R ,  shows the expected 
bekvior of a maximum at 40 Hz. torraponding to 
T ,  = 1/(2r40) = 4 msec. 

Some prcblcms A h  thi5 method are a) the AC component 
of temperature is usually substantially lower than tne DC 
component SO that high systems gains are needed and higher 
Vhan desired background noise IS usuall) evident. especially 
for the larger thermocouple. and b) the maximum is 
somewhat broad in R,  5 0  that. In this example. about 25% 
error in r may be expected. Problm a) i s  minimized by using 
thtrmocouplei of nearly q u i t  alent (but not q u a l )  time con- 
:.[ants. However, it appears that prohlem b) rnuci be accepted 
as a limitation of the method. 
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Appendix G 

--- Liner Hole Size Variation Invest igat ion 

The special manufacture of d i f f e ren t  liners was described i n  Appendix A. 

These were tested i n  the nozzle-off cmf igura t ion  t o  determine spec t r a l  shifts 

in  the cambustiolz noise due to  liner hole s i z e  modifications. Only the near 

f i e l d  microphone was used, it being the one to  sense p r j s a r i l y  combustion 

noise. 

Ibe results of the near f i e l d  spectra fo r  several  runs are shown i n  Figs. 

G l  - 63. The raw spectra show l i t t le ,  i f  any, change i n  frequency content 

with a change in  liner hole size. To put: this on a more precise basis, the 

spectra f o r  the 14.2 P /min a i r  flow, 0.02 f u e l / a i r  ratio cases were in te -  

grated Over the range 0-2000 Hz. The r e s u l t s  are presented i n  Fig. 64; from 

this plot  the "half-power" frequency may be seen, above and below which half 

of the cumlal;ive noise exis ts .  There is  v i r t u a l l y  no s h i f t  f.1 frequency with 

liner hole size. If anything, there i s  a n i l d  s h i f t  t o  higher frequency with 

an increase in  hole s ize ,  contrary to  physical expectation. 

3 

To put the r e s u l t s  on 8n even more fundamental basis ,  the tecbnique of 

Appndix C i s  applied t o  ex t rac t  the h - a t  release spectrum fo r  a set of three 

liners a t  fixed f u e l / a i r  and mass flow. Shown i n  Figs. G5 - 67 are the heat  

release,  hydrodynamic noise, and i n t e r i o r  microphone spectra as w e l l  as the 

integrated (or cumulative) spectrum of the heat  re lease function, The heat 

release spectrum is v i r t u a l l y  unchanged with a change i n  l i ne r  hole size.  

(GI 1 The r e su l t s  were surprising, since a previous c0mbus:ion noise study 

showed a correlaLCon of frequency ccntent with turbulence properties,  in-  

cluding turbulence length scale.  The hole s i ze  var ia t ion was spec i f ica l ly  

carr ied O u t  t o  modify turbulence length s rs le .  Previous r e su l t s  (G2) have 

shown tha t  v i r t u a l l y  no flow, heat  re lease,  or  combustion r a t e  property 
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a f f e c t s  the frequency content. This i s  an untenable s i t ua t ion .  I n  the ex- 

periments of Ref. (G2), however, the fue l  r e a c t i v i t y  was only varied Over 

a f ac to r  of about 2:1, and the more sophis t icated analysie  used here was 

not  applied t o  those resu l t s .  It i s  believed a more corrected e f f o r t  with 

a wide range of fue l  r e a c t i v i t y  should be car r ied  out t o  determine i f  h e 1  

r e a c t i v i t y  is the determinant of frequency content. 
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