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NEAR NOISE FIELD OF A J ET-ENGINE EXHAUST 

II - CROSS CORRELA'rION OF SOUND PRESSURES 

By Edmund E. Callaghan, Walton L. Howes, and Willard D. Coles 

SUMMARY 

Aircraft s tructures located in the near noise field of a jet engine 
are subjected to extremely high fluctuating pressures that may cause 
structural fatigue . Studies of such structures have been limited by lack 
of knowledge of the loadings involved. In addition to the magnitude and 
frequency distribution of the acoust ic pressures , it is necessary to know 
the cross correlation of the pressure over the surface area . A correla
tion technique has been used to determine this statistical relation in 
the near sound field of a large turbojet engine . Measurements with micro
phones were made for a range of jet velocities at locations along the jet 
and at a distance from the jet . Free - field correlations of the over- all 
sound pressure and of the sound pressure in frequency bands from 100 to 
1000 cps were obtained both longitudinally and laterally. In addition, 
correlations were obtained with microphones mounted at the surface of a 
plate that was large compared with the distance over which a positive 
correlation existed . 

The region of positive correlation was generally found to increase 
with distance downstream of the engine to 6 . 5 nozzle - exit diameters and 
remain nearly constant thereafter . In general) little change in the 
correlation curves was found as a function of jet velocity or frequency 
band width . The distance from unity to first zero correlation was greater 
for lateral than longitudinal correlations for the same conditions and 
locations . The correlation curves obtained in free space and on the sur
face of the plate were generally similar . 

The results are interpreted in terms of pressure loads on surfaces. 

INTRODUCTION 

The extremely lar ge acoust ic radiation produced by a jet- engine ex
haust has r esulted in several serious problems . The far - field noise 
annoyance difficulties are well known (refs. 1 to 4) . Another, and 
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2 NACA TN 3764., 

perhaps more serious, problem exists in the near noise field (refs . 5 and 
6) . In this region , the aircraft i tself is subjected to extrem~ly high 
fluctuating pr essures (40 Ib/ s q ft ) that may cause structural fatigue . 

Because of the importance of the structural problems created by jet 
nOise , the NACA Lewis laboratory has undertaken an experimental investi
gation of the character of the sound field near the jet of a full- scale 
engine . The spectra and over-all sound pressures are reported in ref
erence 7 . 

I n order to calculate the stresses in a structure, it is necessary 
to know not only the acoustic pressures and spectra but also the space 
distribut i on of the pressures . I n an essentially random acoustic field, 
such as that produced by a jet, the distribution of pressures over a sur
face i s determined by correlation techniques . I n this report, the appli
cation of correlation techniques to the determination of load dis tribu
tion is di s cus sed, and the results of correlation measurements in the 
near field of a full- scale turbojet engine are reported . 

An electronic analog computer for determi ning correlation coeffi
cients is described in the appendi x by Channing C. Conger and Donald F. 
Berg . 

Correlation measurements have been made both longitudinally and 
laterally to the jet (fig . 1) . The majority of the measurements were 
made with the microphones in f r ee space . A single set of data is given 
with the microphones placed in a pl ate of fairly large dimensions . 

SYMBOLS 

The following symbols are used in this report : 

A source strength 

a any fluctuating quant i ty 

B pressure amplitude of sound wave 

c speed of sound 

d nozzle- exit diameter 

E, e voltages 

F force 

f frequency 
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K,k constants 

P,p fluctuating pressures 

R correlation coefficient 

r distance from source to receiver 

s microphone separation 

T time period over which signal was integrated 

t time 

x distance along jet centerline from nozzle exit (fig. 1) 

Xl distance along jet boundary from nozzle exit (fig. 1 ) 

y vertical distance from jet centerline (fig . 1) 

z horizontal distance from jet centerline (fig . 1) 

~,~ phase angles 

m angular frequency 

Subscripts : 

o output 

X longitudina l 

Xl longitudinal along jet boundary 

y lateral 

1,2 position or time 

SOUND- PRESSURE CORRELATION 

The characteristics of any noise field are usually g iven in terms of 
its time-averaged, that is, statistical, properties such as over-all 
sound- pressure levels and spectra . These properties are determined by 
measuring the root-mean- square pressures over the whole frequency range 
and in frequency bands . The sound pressures created by a jet are random 
in time, but their time-averaged products may have a spatial relation. 
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The usual properties of r oot- mean- square pressure and spectra may not be 
sufficient to define the load on a structure . The loading on a surface 
is related not only to the root- mean- square pressure at various pOints, 
but also to the degree of unison of the pressures acting over the surface . 
I f the pressures at all points are in unison, then the root - mean- square 
"load is simply the product of the root - mean- square pressure and the area 
of the surface . Usually, however, the instantaneous pressure"s are not in 
unison and the relation between the pressures is measured in terms of a 
statistical r elation such as a correlation coefficient. 

The correlation coefficient R of any two fluctuating quantities 
a is defined as 

R 

where the bars indi cate a time average so that 

where , for practical purposes, T is a time of much longer duration than 
the period of the lowest frequency involved . For the case of fluctuating 
pressures, 

R 

where PI and Pz are the instantaneous fluctuating pressure at two 

points . 

The value of R is therefore determined by measuring the instan
taneous pressures PI and Pz with two microphones, obtaining their 

time- averaged product , and normalizing with the product of the root - mean
square values of the two pressures . In the special case where the pres 
sures PI and Pz are linearly related (act in unison), then Pz = kPl 

and R = 1 . If Pz is completely unrelated to PI' the product ~lPZ 

has equal probability of being positive or negative and, consequently, 
the time average of the product will be zero. Therefore, zero correla
tion is obtained when the relation between PI and Pz is completely 

random . There are , however, other conditions that yield zero correlation . 

.. 
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The case of the sound pressures generated by a single-frequency w 
simple source of strength A can be considered. If rl and r2 are 

5 

the respective distances of the microphones from the source ) as shown in 
the following sketch) 

Microphone 1 l) U Microphone 2 

" / 

" " , rl " r2 
I " 
I " O~ Simple source strength A 

the pressures at 1 and 2 are given as 

A cos wt 
rl 

P2 = ~ cos(wt + a) 
r2 

The pressures at 1 and 2 are out of phase by angle a ) where 
a = w(r2 - rl)/c and c is the speed of sound in the medium. The 

averaged product PIPz is 

and 

1 
lim T 

T-+oo 
cos a 
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Therefor e ) the correlat i on coeffic ient R bet ween 1 and 2 i s cos~ . 

For a single fr equency t he cor r elation coefficient and the cosine of the 
phase angle are equiva l ent and) hence ) can have any valu e from - 1 to 1 . 
There is no r eal nec essity for limiting the pr evious example to a single 
source . Any number of s ourc es t hat pr oduce sinusoi dal waves of a single 
frequency and r andom str ength wi l l i nduce resul ting pressure fluctuations 

and 

at the two microphones. The coeff icients B 
pressure amplitudes at the microphones ) and 
angle . The corr el at i on coef f i cient i s then 

R = cos i3 

where 

represent the resulting 
~ is a resultant phase 

If ~ is 90° ) then R = O. Furthermore) it can be shown that) if the 
pressures at 1 and 2 wer e of two differ ent frequenc i es ) the correlation 
would always be zer o . 

I t should be evi dent that ) even i f the sound pressures are distrib 
uted over a wi de frequency r ange , the pressure correlation between two 
points results only from the r elat i on between the ident i cal frequency 
components at the two po i nts . 

I f a series of cor r elat i ons a r e determined by moving one microphone 
relative to another ) a graph such as shown in figure 2(a) may be obtained. 
When the microphones are ver y close together ) the two mi crophones measure 
the same pr essure and the correlat i on i s unity . As the microphones are 
separated) the correlation coefficient falls below uni ty . A useful 
equivalent to the load on a r i gid surface can be determined from the 
correlation coefficient i n the following manner : From the definition of 
the correlat i on coeffic i ent ) i t follows that 

where all quantit i es on the right side of the equation are obtainable . 

If>. 
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The time- averaged quantity PIPZ is a constant for any given microphone 

separation . Thus, over the total period T the constant value of PIP2 

is equivalent to the product PI P2 of two steady-state pressures PI and 

PZ' If a value is selected for Pl , which may be regarded as the pressure 

associated with the stationary microphone, then Pz can be computed from 

where, by virtue of R, Pz is a function of the microphone separation. 

Because R = 1 when the microphone separation is zero, Pl = ~ and 

Pz = ~ =~. When the microphones are separated, Pl =~, as be

fore, but Pz = R ~ where P2 is the most probable value of pZ 

corresponding to Pl =~. The last four equations permit computation 

of a time- average pressure distribution along a line connecting the 
microphones when the sound pressure at the stationary microphone is 

PI =~. The result amounts to replacing the random pressure distribu

tion along the line of microphone separation by an equivalent steady
state distribution, as shown - in figure Z(a). 

In order to obtain a measure of the force distribution over a sur
face area, it is necessary to measure correlations in both the lateral 
and longitudinal directions (y- and x-directions, respectively, fig. 1) . 
From such measurements, the area distribution of the pressures can be 
approximated in the manner shown in figure 2(b). In this figure, curves 
of constant P2 have been as sumed to be ellipses in planes parallel to 

the x,y-plane. By using such a distribution, it is possible to calcu
late an effective instantaneous force distribution on the plate. Before 
such a concept has any value , however, it must be associated with some 
frequency; that is, the pressure variation with time must be known. 

The fluctuating pressure field near a jet is of an extremely complex 
character since, at any point in the field, the pressure results from a 
space distribution of randomly fluctuating sources. Furthermore, each 
source produces a fairly wide range of frequencies (ref. 7). However, 
the wave form of the sound at any point results from the cumulative ef
fect of all the sources. The usual wave form in the near field of a jet 
has a random amplitude a nd a fa irly peaked fr equency distribution. 
Hence) the largest contribution to the over-all sound-pressure correla
tion will result from the energy centered around this peak. To a first 

-- --- -- --~-- ~~-
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approximat ion, therefore , the loading di stribution of the over- all pres 
sures previ ously described might be assumed to fluctuate harmonically 
with a frequency corresponding to the peak fr equency of the spectrum . 

Surfaces in aircraft are usually resonant and would normally be ex
pected t o f a il most rapidly if excited by pressure fluctuations in the 
band of resonant fr equencies . Thus , t he pressure correlations of i nter 
est in many cases are those associated with a narrow band of frequencies . 
The data reported herein have , therefor e , been analyzed in approximately 
1/2- octave bands . I n order to check the 1/2- octave analyses , the correla
tion coefficient was also determined for a narrow band width (12 cps) with 
a mi dfrequency of 500 cps . 

I n order to determine the fatigue of a r esonant panel, the panel 
should be loaded with a harmonically fluctuating load corresponding to 
the resonant frequency band . The amplitude of the load over the surface 
would be determined from the correlation curve for the band of interest 
and the root - mean- square pressure (in the same band) . The procedure 
would be the same as described previously for over- all sound pressures 
but limited to the band width for which the plate is resonant . 

The practical determinat i on of the correlation coefficient for this 
investigation was obtai ned by the following method : The outprrt voltage 
e of a microphone i s linearly related t o the fluctuating pressures for 
the .range of fr equencies and pressures of interest ; so 

and 

and , therefor e, 

The correlat i on coefficient of sound pr essures at two points in 
space is therefor e obtained i n exactly the same manner as t he correlation 
coefficient for two fluctuating velocities in turbulence measurements 
(ref s . 8 and 9) . I t is therefore possible to obtain correlation coeffi
cients quite s imply with a correlation computer of the type used in ref
erence 9 and described in detail in the appendix of this r eport . 
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APPARATUS AND PROCEDURE 

The equipment required for the determination of the space correla
tion of the acoustic pressures near the jet can best be described in 
three parts : (1) the engine and its associated equipment, (2) the equip
ment for obtaining and recording the acoustical data, and (3) the correla
tion equipment . The first two items and their use will be described in 
the succeeding paragraphs together with a partial description of the cor
relation equipment and its use . The correlation computer is described in 
the appendix. 

Engine 

The engine used for the investigation was a large axial-flow turbo
jet of approximately 10,OOO- pound- thrust rating. The exhaust nozzle was 

22i inches in diameter . The pressure ratio across the nozzle under test

stand conditions when the engine was operated near rated power was 
approximately 2.2, resulting in choked flow at the nozzle and expansion 
to slightly supersonic flow just downstream of the nozzle. The engine 
was mounted in the outdoor thrust stand shown in figure 3 . Engine 
operating conditions were chosen that would allow duplication of the en
gine thrust condition over the range of atmospheric conditions expected 
to prevail during the experiments . In addition, the time required to ob
tain the correlation data limited the engine operation to somewhat less 
than full power . All the data presented herein, unless otherwise indi
cated, were obtained at a thrust of approximately 9600 pounds and a jet 
velocity (ratio of thrust to mass flow) of 1850 feet per second. The 
engine was equipped with an afterburner, but it was not used for this 
investigation. 

The engine and thrust stand were located so that no large sound
reflecting surfaces other than the ground were near the jet in any direc
tion downstream of the engine . The engine centerline was 6 feet above 
ground level. 

Temperature and total- press~e (velocity) surveys were made at sev
eral locations along the jet as far downstream as approximately 40 feet 
from the engine . From these surveys, the limits of the thermal and ve
lOCity boundaries (temperature and total pressure equal to ambient) were 
determined for conditions of little or no ,.,rind. Measuring stations were 
then set up outside the jet boundaries as shown in figure 1. These pre
cautions were necessary to allow the acoustic data to be obtained as close 
to the jet as possible without subjecting the microphones to undue tem
perature and jet-velocity effects . 
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Acoustical Equipment 

In order to obtain the s pace correlat ion data, it was necessary to 
provide a means for simultaneously recording the s i gnals from two micro
phones that could be precisely located in the sound field . 

Microphone posit i oni ng . - A remotely controlled and remotely indi
cating microphone- positioning device was used to provide the microphone 
movement requir ed . One of the mi crophones was mounted in a fixed position 
to the body of the device and the other was mounted on a movable carriage. ~ 
The whole assembly could be positioned at any point in the sound field n

l outside the jet . Posit i oning of the fixed microphone and the traversing 
mechanism was ac compli shed by measurement from permanent markers. A 
photograph of the positioning device in place at one of the measuring 
stations behind the engine is shown in figure 4 . Later in the investi-
gation the posit i oner was modified t o provide motion in the vertical i 
direction . 

At the beginning of each experiment, the two microphones were hori
zontal and adjacent with the microphone faces in the same vertical plane 
and at the engine centerline height . For the correlation data taken along 
the jet boundary (Xl- direction)) this vertical plane) the a)b)c)d- plane in 

figure 1) was along the microphone location line. Correlation data were 
also obtained at three locations away from the jet boundary with the plane 
of the microphone faces parallel to the jet centerline (X- direction) and 
in the e)f)g)h- plane . For the longitudinal correlations) one microphone 
was moved in a horizontal direct i on away from the fixed microphone and 
toward the engine . For the lateral correlat i ons) the microphone was 
moved upward from the engine centerline height. 

With the microphones adjacent) the microphone centers were approxi 
mately 1 inch apart . Magnet i c t ape records of several minutes duration 
were made with the microphones adjacent for purposes of calibration of 
t he correlation computer . The microphones were then separated in small 
increments and tape records of approximately I - minute duration were taken 
at each position . Small incr ements were taken at fir st ) and then larger 
increments were used when the total separation was several feet. 

For the study of the longitudinal correlation over the surf ace of a 
panel ) a stiff a luminum plate consisting of three segments was used as 
shown in figure 5 . The center segment was a s liding bar approximately 
twice the length of the fixed top and bottom sections. The microphones 
were mounted behind porous) sintered stainless- steel plugs flush with the 
plate surface to protect the microphones. These plugs do not aff ect sound 
pressures for the range of frequencies of interest. The movable micro
phone was mounted near the center of the bar and the fixed microphone in 
the adjacent plate . The actuating and position-indicating mechanism was 
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similar to that previously des cribed. The plate was mounted on vertical 
stands at the engine centerline height . The face of the plate was in a 
vertical plane along the microphone location line near the jet boundary. 

Microphones. - Small condenser microphones of approximately 5/S-inch 
diameter were used to obtain both the free-field and plate data . Because 
of the differences in sound level existing at the various measuring sta
tions, it was necessary to use several sets of microphones having appro
priate sensitivities to avoid amplitude distortion of the signals . The 
signals from the microphones were transmitted by compensated cable sys
tems to the recording station located in the small engine-control 
building (fig. 4) . 

Data recording . - The signals from the two microphones were recorded 
simultaneously on a single tape by a dual- channel magnetic-tape recorder . 
The signal strengths from the microphone systems were recorded at equal 
amplitude by controlling the recording levels separately . A cathode-ray 
oscilloscope was used to monitor the input signals to the recorder. From 
observation of the Lissajouls figures formed using both input signals 
simultaneously, a rough estimate of the degree to which the signals were 
correlated was possible during the progress of the experiments. 

Data processing. - In order to determine the correlation of the 
data, the tapes were run through the tape- handling playback portion of 
the correlator described in the appendix . The dual-channel pickup heads 
were adjusted so that they picked up signals recorded at the same time. 
The correlation coefficient was then determined for each microphone 
separation at all the measuring stations and engine power conditions 
stUdied . These values of the correlation coefficient are over-all values 
for the entire frequency range of the microphone signals. Correlation of 
frequency-band filtered signals was also obtained. From the playback 
pickup system, the signals were passed through high-pass and low- pass 
electronic variable-frequency filters and then to the correlation computer. 
The frequency cutoff of the filters had a slope of 20 decibels per octave. 
The band width measured to the frequencies of 3-decibel attenuation for 
all of the frequency bands investigated is shown in the following table: 

Midfrequency, Frequency at 3- db attenuation, Band width, 
cps cps cps 

Low High 

100 SO 119 39 
200 161 242 Sl 
300 244 360 116 
400 326 4S6 160 
500 405 600 195 
600 485 710 225 
SOO 650 960 310 

1000 SOO 1200 400 
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In addit ion, one set of narrow-band filters was made that had a band
pass width of 12 cps at the 3-decibel attenuation point for a mid
frequency of 500 cps. 

The limitation of the frequency bands shown (100 to 1000 cps) in the 
preceding table results from the frequency distribution of the sound and 
the limit on the maximum possible signal (VOltage) level that can be im
pressed on the tape. The peak of the frequency spectrum occurs between 
100 and 1000 cps for all the acoustical near field (ref. 7). For most 
positions the spectrum peak occurs near 500 cps. The available signal 
in each band drops off quite sharply on either side of the spectrum peak, 
and for most cases bands above 1000 and below 100 cps do not contain a 
sufficient signal for a reasonably accurate value of correlation with 
the computer described in the appendix. This, however, should not be 
particularly important s ince the sound pressures outside the 100- to 
1000- cps region are far below the peak values (ref . 7) and probably 
would not have suff icient energy to affect the aircraft structure. 

It WOUld, of course, be possible to filter the microphone signal in 
frequency bands ahead of the recorder and, hence, obtain data over a much 
wider frequency range. This would result in an exceedingly large amount 
of engine operat i on time and, therefore, was not considered. 

RESULTS AND DISCUSSION 

The results presented herein are largely confined to the effect of 
various parameters, such as jet veloc ity and measurement position, on the 
correlation coefficient. All the correlation figures presented have 
correlation coefficient as an ordinate and a dimensionless microphone 
separation (ratio of microphone separation to nozzle-exit diam. sid) 
as the abscissa . The data presented were obtained both longitudinally 
(x- or Xl-direction) and laterally (y- direction). The Xl-direction is 

measured a long the jet boundary and i s at an angle of 9 . 8 0 to the x - or 
axial direction (fig . 1). 

Longitudinal Correlation 

A typical set of correlation data is shown in figure 6. These data 
were obtained at a position approximately 17.3 nozzle- exit diameters 
downstream (measured along the jet boundary) of the engine and 12.1 
nozzle-exit diameters from the jet centerline . Correlations are shown 
for the over-all sound pressure and for sound pressures in various fre
quency bands with midfrequencies from 100 to 1000 cps . The width of each 
band and its midfrequency is tabulated in the APPARATUS AND PROCEDURE 
section. 
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The correlation curves of figure 6 s how interes ting characteristics. 
There i s a definite order to the results . The higher midfrequencies show 
a decreased region of positive ini tial correlation. The microphone 
separation for which the correlation coefficient is initially zero occurs 
at decreas ing sid values, and the curves sharply steepen with increase 
in frequency . The maximum negative correlation and the second zero
correlation points follow this same trend . Decreasing frequency results 
in a movement of both the maximum negative and the second zero correlation 
toward larger values of sid . The maximum negative correlations show a 
definite tendency to i ncrease (negatively) to a midfrequency of 400 cps 
and to decrease thereafter. 

For the data shown in figure 6, the peak of the frequency spectrum 
occurs between 300 and 400 cps . The over- all correlation curve also falls 
between the 300- and 400- cps midfrequency correlation curves. All the 
correlation data exhibited t his characteristic; that is, the over-all cor
relation curve fell near the correlation curves corresponding to the peak 
of the spectrum. The approximation of the over-all curve by a curve of 
single frequency as described pre viously in the section SOUND PRESSURE 
CORRELATION would appear to be u seful for structural loading purposes. 

Effect of jet velocity . - The over- all sound-pressure correlation 
for a range of jet velocities from 630 to 1780 feet per second is shown 
in figur e 7 . These data wer e obtai ned along the jet boundary 2 . 16 
nozzle- exit diameters downstream of the nozzle exit. In general, the 
shapes of the curves are nearly the same, and the effect of jet velocity 
appears to be quite small. 

The small effect of velocity might well be inferred from the results 
of reference 9, which show very little effect of exit velocity on the 
scale and intensity of turbulence . Since the relation of the sound
pressure spectrum near the jet is qui te similar to the turbulent ve
locity spectrum in the jet (ref . 7) , it would be expected that the near
field sound would reflect the same trends as the turbulence results. 

The effect of velocity on the correlation coefficient for several 
frequency band widths is shown in figure 8. As might be expected from 
the previously discussed results on the over- all sound- pressure correla
tion, the effect of velocity on the correlation for the various band wi dths 
is quite small . 

Effect of position . - The correlation of the over-all sound pressures 
at various positions along the jet boundary i s shown in figure 9. Near 
the nozzle exit, 2.16 nozzle- exit diameters downstream along the boundary, 
the region of positive correlation extends to an sid value of 0. 385 . 
Farther downstream the region of ~ositive correlation i ncreases, but at 
6.5, 10 . 8, and 17.3 nozzle- exit diameters the region of positive correla
tion is nearly the same and appear s to give a first zero crossing at 
about s i d of 0.93. The correl at i on of these same data for the various 
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f r equency bands is shown in figure 10 . In general, the correlations of 
figure 10 follow the general trend of decreasing region of positive cor
relation with increasing freque ncy, as discussed previously (fig . 6 ) . 
This is shown quite clearly in figure 11, where the initial zero-crossing 
point (fig . 10) is plotted as a function of frequency . The straight line 
relation of the data indicates that the distance for initial zero crossing 
is related to the frequency by an equation of the form 

sid = ___ k __ 

(frequency)n 

The value of n appears to increase nonuniformly from about 0. 5 near 
the nozzle to about 1 . 2 far downstream. 

The r esults shown in figure 10, however, do not show exactly the 
same order as the correlations of over- all sound pressures in figur e 9 . 
Th i s should be expected since the spectrum distribution of the sound 
changes i n moving downstream from the no zzle exit . The peak of the sound
pressure spectrum curve occurs at decreasing frequency with increasing 
downst r eam distance (ref . 7) . If space and time ar e related by an eddy 
convective velocity or the speed of s ound, the correlation of the over -all 
sound pressure s can be achi eved from the Fourier transform of the sound
pressure spec trum . It should be expected, therefore, that the shift in 
the spectrum '{QuId show up in the band- pass correlations. 

In f i gure 12 is shown a compari son of over- all sound- pressure cor
relations measured on the jet boundary and 12.1 nozzle- exit diameters 
fr om the jet centerline for two downstream distances. At a downstream 
dis tance of 6 . 5 nozzle- exit diameters , the shape of the correlation 
curves are vastly different . On the boundary, t he first zero-correlation 
pos ition occurs at an sid value near 0. 85 , whereas 12 . 1 nozzle- exit 
diameters from the jet the correlation coefficient appears to approach 
zero asymptotically . At 17.3 nozzle- exit d i ameter s downstream of the 
nozzle exit, the curves are somewhat s imilar , although the microphone 
separation at the first zero crossing is slight ly larger near the jet . 
The data of figure 1 2 in the various bands are also shown i n figures 6 
and 10 except for the position 6 . 5 nozzle- exit d i ameters downstream of 
the nozzle exit and 12 . 1 nozzle- exit diameters from the centerline . 
These correlati ons ar e pres ented i n figure 13 . 

Effect of band width . - The correlat i on of sound pressures would 
ideally be made for a b and width correspond i ng to the band wi dth to which 
the surface i s responsive . This would not necessarily be worthwhi le , as 
illustrated in figur e 14 . I n t h i s figure, data at several locations i n 
the fi eld ar e presented for t wo band-widthS , 195 and 12 cps, both having 
essentially the same midfrequency ( 500 cps ) . I t i s evident that the 
initial reg ion of posit ive correlation i s pract ically i ndependent of the 
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width of the band pass for a band pass less than 1 octave. There is a 
tendency when reducing the band width for an increase in the maximum 
negative value of the correlat i on coefficient but little effect on the 
positions where the values of first zero crossing occur. The small ef
fect of decreasing the band width from 195 to 12 cps indicates t hat 
further decreases in the band- pass width would show only an increase in 
the absolute magnitude of the second maximum positive and negative values 
but little change in the zero- crossing positions . This result agrees 
with a similar treatment of turbulence data (ref. 9) . It should be 
obvious that increasing the band wi dth by an appreciable amount is bound 
to shift the curves toward the over- all sound- pressure correlation. 

Comparison of free field and plate . - The results presented thus far 
have been concerned with the correlat ion in free field . A point of con
siderable interest is the relation between a free-field correlation and 
a correlation on a surface. I t might be expected that the introduction 
of a surface into a sound field would cause some change in the 
correlation. 

As a preliminar~ estimate of thi s effect, a single set of data was 
obtained of the correlation on a flat plate . The dimensions of the plate 
and the microphone locations are shown in figure 5 . The data were ob
tained with the fixed microphone located approximately 2.7 nozzle-exit 
diameters downstream of the nozzle exit ) the long dimension of the plate 
along the jet boundary) and with the plate surface tangent to the jet. 
From figure 9 it can be seen that the free- field over-all sound- pressure 
correlation is much smaller than the physical dimensions of the plate; 
that is) the correlation has become nearly zero in the first 0 . 9 nozzle
exit diameters compared with the plate length of 1 . 98 nozzle- exit 
diameters . 

The over- all sound- pressure correlation coefficient for both the 
plate and free field at approximately the same spatial location is shown 
in figure 15 . Also shown in the figure are the results for several fre 
quency bands . From these data it can be seen that the surface correla
tion and the free-field correlation for each frequency are not too dif
ferent . The correlation curves for the plate have slightly different 
shapes and greater negative values than the free- field results . This 
might well be caused by the slightly different locations of the plate 
and free - space measurements . The plate location (fixed microphone) was 
approximately 1 foot downstream of the free-field measurements. I t would 
appear) therefore} that correlation is relatively unaffected by the 
presence of the body in the field} at least for the case where the body 
is larger than the area over which the pressures are correlated to a 
large degree . 

It is interesting to note that the actual sound-pressure levels on 
the plate (when placed along the jet boundary) are much higher than those 
measured in the free field (ref. 7) . 

J 
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Later al Corr elation 

In gener al) i t would be expected that a sound-pressur e correlation 
would involve a spat i al volume . That is ) a constant value of the corre 
lation coeff icient would have a shape in space in t he same sense that a 
turbulence correlati on ha s in a jet (ref . 9). For structural considera
tions ) it is neces sar y to know the cor relation in the plane of the sur 
face under cons i deration. Measurements have ther efor e been made along a 
ver tical line (y - direction) f i g . 1) at several positions corresponding to 
measurement points of longitudi nal correlation . No measur ements were 
made in the direction normal t o t he plane of the longitudinal and lateral 
correlations . 

Effect of pos i t i on . - Correlations of the over -all sound pressures 
at three positions ar e shown in figure 16 . I n each case the fixed 
micr ophone was held in the hori zontal plane of the jet center line (fig . 
1) and the movable mi cr ophone was moved vert i cally upward . 

I t i s appar ent from t he f i gur e that t he pressur es a r e correlated 
over a cons i der able d i s t ance . I n f a ct) only the data at 2 . 16 nozzle- exit 
diameters downs t ream along t he jet boundar y show a zero correlation within 
the actuat or limi ts . If the da t a of figure 16 are compared with the 
longitudi nal cor relat i ons for t he two comparable space posit i ons (fig . 9)) 
it is appar ent that t he l a t eral distance to the first zero crossing is 
larger than the longitudi nal . 

A s i ngle set of measurements movi ng the microphone vert i cally down
ward were made a t 2 . 16 nozzl e- exit diameters downstream along the jet 
boundary . The se data were nearly i dent ical to the r esults obtained when 
mo ving the mi crophone upwar d . 

Correlation in fr equency bands . - The correlation in frequency bands 
at 17 . 3 nozzle- exit d i ameters downstream is shown in figure 17 . These 
data show exactly the same trends as the longitudinal correlations in 
frequency bands (fig . 6 ) . 

Effect of band wi dth . - The effect of band- pass width on the correla
tion f or two f r equency bands at two downstream distances is shown in f i g
ure 18 . I t i s appar ent t hat t he effect of band- pass widt h i s quite smal l 
in the ini t i a l pos i t ive r egion . The max i mum negat i ve value is greater for 
the smaller pass band ) wh i ch agrees with the effect on longitudinal cor
relations presented in f i gure 14 . 

SUMMARY OF RESULTS 

As part of the study of the near no i se f i eld of a jet exhaust) the 
space correlations of the sound pressures have been measured and the fol
lovring results obtained: 

~ 
o 
CD 
o 
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1 . The size of the region of positive longitudinal correlation of 
the over-all pressures along the jet boundary (the distance to the first 
zero crossing of the correlat ion curves) varied from 0 . 385 to 0 . 93 nozzle
exit diameters . 

2 . Longitudinal correlation curves obtained over a range of jet 
velocit ies from 630 to 1730 feet per second showed, in general, little 
change in the over- all and frequency band- width correlations as a func 
tion of jet velocity. 

3 . For longitudinal correlations along the jet boundary the first 
zero - crossing distance was found to increase with distance from the en
g ine up to about 6 . 5 nozzle- exit d i ameters . However, at distanc es of 
6 . 5, 10 . 8, and 17 . 3 nozzle- exit diameters downstream from the engine, 
there was little difference in the first zero crossing distance . 

4 . Longitudinal correlations measured 12 . 1 nozzle- exit diameters 
from the jet centerline at a distance downstream of 6 . 5 nozzle- exit diame
ters from the nozzle exit approached zero asymptotically . Farther down
stream from the exit (17. 3 nozzle- exit diam), the correlation curves 
measured 12.1 nozzle- exit diameters from the jet centerline were more 
nearly like those at the jet boundary . 

5 . A comparison of the correlation curves obtained at a midfrequency 
of 500 cps for band widths of 12 and 195 cps showed small effect of band 
width . The narrow band resulted in increases in the second maximums and 
minimums , but no significant change occurred in theozero- correlation 
distance . 

6. Correlation curves obtained in free field and on the surface of 
a plate showed only minor dissimilarity . 

7. The distance over which the correlation coefficients were posi
tive was greater for lateral than for longitudinal correlations. 

Lewis Flight Propulsion Laboratory 
Nat ional Advisory Committee for Aeronautics 

Cleveland, OhiO, May 25 , 1956 
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APPENDIX - CORRELATION COMPUTER 

By Channing C. Conger and Donald F . Berg 

The correlation computer is a device that is designed to solve by 
analog methods an equation of the form 

(1) 

where T is real time, Eo is the output voltage from the computer, and 
ea and eb are the input voltages . The correlation of two voltages may 

be written as 

(2 ) 

where the bar indicates the true time average . Therefore , if K is 

made equal to l/Ve~~, then Eo = R. If eb(t) = ea(t + 6t), where 

is a time delay, then R is termed the autocorrelation coefficient of 
ea · 

6t 

The operation of the computer will be described with reference to 
figure 19 . The two signals whose correlation is to be measured are 
recorded on a dual - channel tape recorder on 1/4-inch magnetic tape . The 
signals are recorded in periods of from 1 to 30 minutes followed by 10-
second intervals during which nothing is recorded on the tape . All tape 
recording equipment is commercially available and of instrument quality. 

The magnetic tape is played back on a tape handler similar to the 
one used in recording but with a special playback head arrangement . The 
playback heads are mounted so that one of the two heads may be translated 
along the tape with respect to the other . The amount of translation is 
measured by a micrometer head used to drive the movable playback head . 
The maximum head motion is 3/ 4 inch, and this motion may be measured to 
an accuracy of l xlO- 4 inch by means of a \rernier on the micrometer head. 
The tape speed used on playback is 15 inches per second . Therefore, the 
adjustment allows an adjustable delay of from 0 to 50 mill i seconds to 
be introduced between the signals from the two playback heads . This 
adjustable delay is used in the determination of autocorrelation functions 
as described previously. For cross correlations (as from two microphones), 
the delay is adjusted to zero . 
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The compensation amplifiers receive the two signals from the play
back heads . The gain characteristics of these amplifiers have been ad
justed by means of passive filters to compensate for the frequency 
characteristics of the recording system. They also serve to correct for 
the frequency response of the playback heads and to amplify the signals 
to a level suitable for use by the remainder of the circuitry. From the 
compensating amplifiers) the signals go to the variable -gain amplifiers) 
as shown in the block diagram. The adjustable -gain feature of these 
amplifiers is used to set the scaling coefficient K of equation (1). 

The switching circuit (indicated in fig . 19) is used to switch the 
output voltages of the variable -gain amplifiers to a monitering oscillo 
scope) a vacuum- tube voltmeter) or the electronic multiplier . The 
switching circuit aids in setting up the computer and in checking its 
operations during use . 

From the switching circuit) the two signals are applied to the 
electronic multiplier . The multiplier produces an output voltage pro
portional to the instantaneous product of the input voltages . The product 
voltage is applied to resistance - capacitance averaging circuit of con
ventional design. The average amplitude of the product voltage is then 
read from the vacuum-tube voltmeter . 

When used for autocorrelation measurements) the computer is usually 
adjust~d so that the correlation may be read directly from the voltmeter . 
The adjustment consists of the following : The heads are adjusted until 
zero time lag is produced; therefore) the correlation is unity. Then) 
the gain of the variable-gain amplifiers is adjusted until the output of 
the multiplier indicates 1 volt full scale on the voltmeter. With this 
initial setting) the autocorrelation coefficient may be read directly 
from the voltmeter dial as a function of the time delay obtained by 
adjusting the movable head. 

Two blocks of figure 19 remain to be described) the calibration 
circuit and the tape -reversal control . The calibration circuit provides 
appropriate alternating-current and direct - current voltages that may be 
switched into the electronic multiplier . These voltages are used for 
calibration and adjustment of the multiplier prior to use . 

The tape -reversal control is used to operate automatically the tape 
handler . The control uses the lO- second blank intervals at the end and 
beginning of a section of recorded data on the tape to stop automatically) 
reHind) and restart the tape handler . Use of the controller) therefore) 
allows a section of the tape to be played back repeatedly without atten
tion from the operator and produces the effect of a loop of tape without 
the necessity of cutting and splicing the tape . 

---------------------

- I 
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Complet e circuits of the correlation computer showing the construc
tion of electronic portions of the equipment (and the amplifier response 
curves ) are pres ented in figures 20 to 27 and table I. 
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TABLE I. - SWITCH POSITION FOR SWITCHING CIRCUIT 

Switch position Meter signal 
proportional t o 

1 X,Y,Z 

2 Y,Z2 

3 X,Z2 

4 X,Y2 

5 Z,Y2 

6 Z,X2 

7 y ,X2 

8 y,Z 

9 X,Y 

10 X,Z 

11 Z2 

12 y2 

13 X2 
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Figure 1 . - Location of jet boundarie& and measurement stations. 
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Figure 2. - Steady- state pressure distributions indicated by correlation 
measurements. Arrow with F indicates i nstantaneous direction of applied 
force. 
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