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When a fast-responding static pressure probe is inserted into
a flow, there are several possible mechanisms for the generation of
extraneous noise. If the probe signal is cross-correlated with the far
field sound, then the "probe noise" may contribute a dominant fraction
of the total correlatable noise in the source region. For a standard
probe, there is likely to be contamination from the tip due to large
fluctuating side forces, and from the stem, due to drag fluctuations.
A theoretical model is suggested for predicting the distortion of
"causality" correlation signatures (obtained when in-flow probes are
cross-correlated with the far field sound), due to the .probe tip

contamination. The predicted shapes agree well with experiment.

In the experimental investigations, the contaminated poftion
of the causality correlation signature is displaced in time from the
"true" jet pressure correlation. The unexpected result is the absence of
any significant jet pressure correlation. Thié leads to the conclusion
that the extent of jet noise sources may be very small, so that probing
devices inserted into the flow will generally produce a large portion of

the total correlation.
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'NOTATION -

fluctuating static pressure measured by the Tn—flow probing'device

fluctuating static jet-pressure

~surface pressure on the probe
far field pressure

| space coordinate, used to indjicate: the d1stance from a turbulent -

source to the far field m1crophone

space coord1nate, 1nd1cates distance from‘a point on the probeb
to the far field m1cr0phone ‘ '

space cordinate, indicates a peint position in the turbu]ence

measured from the. pressure taps

indicates a point on the probe surface measured from. the pneSSUre
taps . ,

space coordinate, indicates the d1stance from the pressure taps

to the far field microphone o

;'d1stance from the jet exit plane in the streamwise direction

radial distance from the jet centreline
probe diameter
Jet diameter

f]uctuat1ng ve]oc1ty components (pr1med values denote
root-mean-square)

convection've]ocity

velocity at the jet exit plane:

Mach number at the get exit p]ane (VJ/c )
speed of sound | '
density

angle between a normal to the probe surface and the far‘fieldp
microphone v .
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angle between a side force component on' the probe surface and
and the far field microphone located in the same plane

angle between a surface normallon the probe and the plane
containing both the4far field microphone and the probe

-normal surface velocity -

time

some time other than t

“a time difference given by t-t'

retarded time = t --%

T-X
c

integral 1ength scale

integral time scale in convecting frame of reference

- distance from pressure taps to probe tip

distance from the pressure taps to the point on the probe tip
where-an incidence-induced side force distribution has maximum
value '

‘correlation volume:

Lighthﬁll's stress tensor
surfébe

space separation vector

volume

————r—

. | | o | .
o)
correlation coefficient —— P P° C'C)/(/(S’J\I_,"')"MJ-" D/E,). |

correlation coefficient — — PPcé) ('t)/( !‘P“')'"‘LJ!—I-’——‘;) o
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1. INTRODUCTION

1.1 Purpose and Scope'

Stnce the advent of jet propulsion there have been substantia]_
_ reductions in the noise from jets. The most s1gn1f1cant improvement
has been through the development of h1gh by-pass. ratio engines ‘which
effect1ve1y reduce the average jet exit velocity. Other reduct1ons resu]t :
from new turb1ne designs and acoust1ca]1y treated flow passages (1 e., duct
v11n1ngs). Further reductions will only be possible however, if more is
known about the location of sources w1th1n jet exhausts. If the 1nd1v1dua1
contr1but1ons from each unit of vo]ume in the source region can. be
'determ1ned, then the 1oca11zed effects of various suppress1on.techn1ques
and nozzle configurations can be determined more accurately.’ - |
A source location technique which:has shown considerable

promise is the so-called “causality" corre]etion technique{ In this
technique, the strength of noise sources is.determined by the degree of .
correlation between a s1gna] 1n the supposed source region (the cause) and
'the resulting noise detected in the far f1e1d The simplest source s1gna1
to measure is the fluctuating static pressure in the jet. Unfortunate]&;.
certain errors uill result in the corre]at1on s1gnature when this is
udone. The most serious error is due to the generat1on of extraneous noise
by the prob1ng dev1ce in the f]ow This “probe noise" is sensed by the

far field m1crophone and will contam1nate the correlation s1gnature



The purpose in this work has been to examine the processes

which lead to contamination‘of-the correlation signature; Empirical_
;'methods are suggested for estimating'the extraneous noise fractions, whichft
shouidllead to. ideas for minimﬁzing“the'contamination effect.v Experimentat.fﬁ
“results are presented and compared to an emp1r1ca] model. Good agreement |

is 1nd1cated
| 1.2 »Motiyation

It can be shown that 1f a Jet is made up of N uncorre]ated ‘
sources then the re]at1ve contribution to the tota] far field sound ’?Twrw__
from a single coherent volume source w111 be g1ven by a norma]lzed

corre]at1on coeff1c1ent
o (111) =
S ('c)/ap" j'" ) = Cont®

: ] L . . .
where p(o)- = measured jet pressure fluctuation. Furthermore, 1f the sources
are of relatively equal strength, the number of sources can be estimated
s = 2\

C’J..

MAX

Although several researchers have begun using the causa11ty
»techn1que for measuring source strength 1n reqent years, the agreement
amongst d1fferent experimenters has not been good. The tab]e be]ow 1IStS
the resu]ts for normalized cross- corre]at1on coefficients for several o

different experimental set-ups.



Meéchams,
~§ Hurd]e

BT
Rack1 B

lee &,
Ribrier

.Scharton“
& White

6.5

JET

DIAMETER = MACH

(INCHES)  NUMBER

1.5 .3
5.3
.625 .99

| .52-.99

4/D

.0385

~.083

"0

.20

~ COEFFICIENT

‘ Gmax

.006-,011
.08

angle measured between the Jet axis and the far field mi¢crophone

radial distance from the jet céntre line

jetudiameter

PROBE
TYPE & PROBE .
SIZE POSITION
B&K %" with X, ¢
standard D \5‘2
nose cone Yo =1
: £
6=90° -
special _ Xe =3
foil type b
dzl/8" Yo =1/é'
. D
8=90°
hot wire Xo =5th 6
. B :
te o
6=40°
1/8" B8k Xo ¢ 4
with nose D 6.4
cone Yo =
D
6=30°
0 =
x,= distance from jet exit plape
Y, 7
d = probe diameter
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Note that the value of Cmax is quite variable and generally

'1ncreases as the probe size becomes a- ]arger and larger fract1on of the N

Q'Jet d1ameter Ideally we wou]d expect C - to have a re]ative]y 1nvarﬁent fi;

va]ue, 1ndependent of the measurement There are three poss1b]e causes
for the d1fferences in the previous -table: s |

1. differing experimental conditions

2. errors in measuring the;fluCtuatfng'static pressure

3. probe noise

The f1rst cause, due to d1ffer1ng exper1menta1 cond1t1ons.
is certainly an important factor in exp1a1n1ng the differences. Scharton'
and Wh1te for examp]e filtered the Jet pressure s1gna1 around the Jet

Strouhal frequency (peak noise frequency) If the pressure spectrum at a

- po1nt in the f]ow does not peak at the’ same frequency as the overa11 Jet R

spectrum, such f11ter1ng will Tead to ap underest1mate of ;(_75. =Acoord1ng'
to equation (1. 1) this will tend to overest1mate the causa11ty correlatlon
coefficient, Scharton and White's exper1ments were a]so taken on- ax1$,.
while the others were offset rad1a]1y to the position of maximum shear. .
S1nce the root~mean square Jet pressures are 1ower on the Jet ax1s, th1s
will again tend to overestimate the corre]at1on coefficient. The wide
range of Mach numbers over which the d1fferent exper1ments were conducted
could also tend to 1ntroduce var1at1on since the Jet coherence may 1ndeed

be expected to 1ncrease with Mach number



The problem of thewmeasurement of static pressure in a

. turbulent flow is well known, and will a]so introduce error. S1ddon has

'shown however, that 1f the f]ow can be cons1dered 1oca11y quas1 steady, _
and 1f the measuring probe is properly aligned with the average f]ow, then
the error in ‘the measurement of f]uctuat1on pressure w111 be

2-;2-w ) where B=-% to -%, and v and w are the fluctuat1ng

. ~Bp(v W
- cross-flow velocity components norma] to the probe ax1s If the pressure :
in the jet varies roughly as pull then the maximum expected error w111 be

about 20%. .Recent work by P]anchon supports th1s

It 1s a prem1se of th1s paper- that 1t is the th1rd poss1b]e
cause, probe no1se that contr1butes much of the var1at1on in the resu]ts

on the prev1ous page. The work by Meecham and Hurd]e on a large s1zed -

i Jet s done w1th a rather small probing dev1ce re]at1ve to the Jet ‘;

~ diameter and resu]ts in a small norma11zed coefficient. The hot wire:
measurements by Lee and Ribner also resu]t in a small correlation
coeff1c1ent whereas the results by Scharton & White and Rack?l

are much h1gher us1ng larger prob1ng dev1ces

If much of the var1at1on 1s 1ndeed due to the probe size and
conf1gurat1on used then it shou]d be possible to show th1s in a

"systemat1c way by varylng probe size or geometry



1.3 Work Done by Others

Rack] found that if a probe of the type shown in F1gure 1

P

was shortened or lengthened the - corre]at1on s1gnature wou]d change S1ddon
at that t1me proposed a ratio for pred1ct1ng extraneous no1se due to the

probe which he ca]]ed the "probe contamination ratio". If a probe such

as that shown in Figure 2 is 1mbedded 1n a turbulent f]ow, the tip- w1]1 |
‘exper1ence certa1n 11ft and side forces and the stem w1]1 undergo f]uctuat1ng

drag forces. As these forces f]uctuate w1th time, they will appear as

acoustfc dipo]e sources., hence radiat1ng sound The "probe contam1nat1on ;

ratio was meant as a crude estimate of the rat1o of unwanted noise due

-to 11ft, side or drag forces act1ng on ‘the probe to the noise com1ng

from an adJacent corre]ated vo]ume e]ement of turbu]ence For contam1nation‘

due to drag, he found that the probe contam1nat1on ratio

21 S ‘ : v
PCR - =K <Q> R g S |
drag D\D ﬁ?oc '~ where d=probe djameter
: ‘ D=jet diameter
M]oc local Mach number )

For 1ift or side forces,
R,k (9) 2

Tift "L\D ﬁZ
- ' ' loc

As expected,,smaller probes will have a Tower PCR than larger probes, and

the contaminatfon should reduce with increasfng Mach number.  Siddon

est1mated that KD has a nominal va]ue of about 40, and KL about 80

However these values are only crude est1mates (for x/D 4.0, x/D =%). The

' actua] va]ues must certainly depend on the pos1t1on of the probe within the

jet flow, and on the detailed probe geometry.



~ Although Siddon has been ab]e to estimate the relative
hproportion of probe no1se to Jet noise, and thereby estimate the degree

of poss1b1e contam1nat1on the resu]ts have not been ver1f1ed

exper1menta11y. A]so, 1f the form of the contam1nated cross-corre]at1on‘

t_funct1on can be pred1cted and 1t agrees w1th exper1menta1 fact then -~ =~

' th1s w111 1ead to more rlgprous 1deas about the physical parameters and 8

‘propert1es of the flow f1e1d wh1ch govern the contam1nat1on of the

‘ corre]at1on functions



2. AEROACOUSTIC.THEORY

| 2.1 Backgrdund

- From the statements of mass and momentum conservation, it

is possib]e to form a non-homogeneous wave equation.

| : zf + a(Pwy) =
| mas;. XS :;;:—v

} dui g N T
momen tum: ¥ fu Uyt - 07 =
Sy OAj S’Ea | S °
’Comb1ﬁmng g1ves _
(2.1) Bf ~ c‘*vzf"# STy
- 3% dx;

where T

i3 fu1g +F5U g—chJ

Co= ambient speed of_sound

Psp = pressure, density - .including both mean'and fluctuating parts .
The dépendent variables can be written as the sum of a
constant part and a fluctuating part at each point in space, so that

equation (2.1) an be rewritten for'the;fluCtuating tomponénts‘as:

1 o Azf 7¢j . N



" pressure.

For acoustic processes wh1ch can be cons1dered ad1abat1c (as

in shock free flows) the 1sentrop1c equat1on of state can be assumed
Ve a ) ?'. =’C
P () = e

This allows equat1on (2.2) to be written in terms of the f]uctuating ‘

(23). _L ,_-v a‘T.,
t P , 5*%5*3

In turbu]ent f]ows it is usua] to assume that viscous stresses
are sma]] compared to Reyno]d s stresses (t <<pu uy ) thus equat1on (2 3)

can be further s1mp11f1ed

(2.4) 1 O*P Fz ﬁu. ,

cr At}

There are two well-known solut1ons to equat1on (2 4) The first,
due to Proudman, is g1ven below: | |

(2.5) pixt)= 41rc:'zJ Bt (fux)]%ow(@

(x‘t) is the acoustic pressure rece1ved in the far field due to, in : d
this case, momentum f]uctuat1ons of the turbu]ence in the d1rect1on of |
the observer (see Figure 3). These momentum f]uctuat1ons can be thought
of as noise emitters. The second t1me der1vative of these f1uctuat1ons
must be integrated over the source reg1qn to give the contr1but1on to the L
far field pressure from that region. The square brackets denote evaluat1on
at the retarded t1me t t-x/c.where x is the d1stance from the source to the

observer,_and Q is the speed of sound.



An equivaTentfsolution to equation (2.4) has been suggested'.
by R1bner | | o ‘. |

2 6) F(" ).i +Trc.va:cs Rt*@],{d"(’ﬁ ' '} |

In th1s case, the hydrodynam1c pressure f1uctuat1ons p(o) of the ”

:turbulent flow can be cons1dered as the bas1c source mechan1sm

‘ Both equat1on (2 5) and (2. 6) are va]1d on]y in the geometr1c B
o far f1e1d (x>>x) and - the acoust1c far f1e1d (x>>A) If the region of )

o unsteady flow: conta1ns no surfaces then e1ther equat1on shou]d accurate]y

descr1be the acoust1c pressure rece1ved in the far f1e1d

- If a surface is 1mbedded in. the turbu]ent flow, then an |
'add1t1ona1 resu]t due to Cur]e must be cons1dered Aga1n the 1sentrop1c
. assumpt1bn app11es, and the far f1e1d approx1mat1on has been made, ,

(2 7 "t) fé(f’uﬂ d»S- §L9+rli‘uh}£&5-%‘_r‘q:§‘( rg{@ F(P)}(*\}
- S | L

4TE T

o
]

i = E]j(pd,;-T..) total force per unit area exerted on the
W WU fludd by the surface. .

<
A

] ve]oc1ty component norma] to the surface

- The two surface . 1ntegra1s descr1be the additional rad1ated ?
' no1se resu1t1ng from the 1nteract10n of the turbu]ence w1th the surface CIf
the surface 15 r1g1d (u -0) and if shear stresses are sma]] compared to

normal stresses (Tij<<p61j)’ then equation (2.7) can take thevreduced fqrni
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' 1 @7
(2.8) Pc—x £) = gébse [g—t‘e‘} de _-'—'———t j [_‘}_;.f- Jo(_\_}
411’2(‘_ RE o 41TC.L 9 )i % _
Pn'= pressure exerted an the surface by the fluid.

6 = angle between a normal to the surface and the observer
2.2 Causality Source Location Technique

Traditionally, researchers have obtained estimates of the
radiated a;oustic intensity from each source region by squaring and time '

averag1ng* either equation (2.5) or (2.6), as done below to equat1on (2 5)

(2.9) P(xt)P(_,t) leﬂ‘“xc"’fj (f’uwfu, (% §>>J da§ d*4

The processes are assumed to be stat1st1ca11y stat1onary so that

p(X, t)p(x T 7'15 only a function of t-t'=t. Two probes each measur1ng
momentum f]uctuat1ons in the d1rect1on of the far field m1crophone are
separated by all possible combinations of space separation {£) and time'(r).
A'twprfo]d‘integra1 over the corre1atien volume and the entire‘éource-region
is‘necessary Because of the enormous number of measurements requ1red and -

because it is necessary to take the fourth time derivative of each |

Cross- corre]at10n to finally get an est1mate of p(x t)p(x,t'), the method
has proven to be largely unsuccessfu] in obta1n1ng detailed information -

- about the spatial distribution of noise spurces within jets.

* overbars denote. time averages over a time period wh1ch is long compared
: w1th character1st1c per1ods of p(t). .



More recently, a much simp]er but equivalent method of
determining source strength and distribution hae'been.used by Siddoﬁi
Meecham and Hurd]gi Rackfzand‘others Both sides of equation (2‘6) (iflthe
'preSsure source model ié used) are s1mp]y multiplied by the sound

pressure rece1ved in the far f1e1d

. ‘ o) : : |
(.10 P<1‘.t>P<"-’°'>" o f {é_,e‘ }avup - plx

4t c,”
At~ X,

Tak1ng a time average and assuming a stat1st1ca]1y stat1onary process,

(2.11) \_’T’(T"}:‘c»xj{ ( (-c)>]du

- %/ o
BE(T) is the se]f or "auto" corre]at1on of" the far field sound w1th 1tse1f

The contribution to pp(t) from a s1ng1e element of source space is now

proportional to theisecond time derivative of a single corre]ation + Thus

it s dependent on only one 1nf]ow probe pos1t1on yet is exactly: equ1va1ent

to equatjon (2.9), The far f1e]d 1ntens1ty (1=p° /pC ) results if T is set

'equa1 to zero. 'Correspondingly,.the cross¢COrre1ation function p(o)p must

. be evaluated at retarded time t = gjco; The intensity I from each noise

~source volume is a measure of the acoustic bower flow from that source in a »

given direction, so that the source strengtn from a region in the jet can

be written as:

a2 - ': .
S dr = L dP= - L (B .P()F'(T)]

A hypothetical cOrre]ation fdn¢t1on 15 shown 1in Figure 4. dech

12



a smooth symmetric curve should be the result for pure jet noise with

no surfaces interacting with the turbulence. However the correlation

taken by Rack] (see Figure 1) is much different, indicating some‘additional

surface effect.

The acoustic 1ntens1ty rece1ved in the far f1e1d due to both
volume and surface effects can be found by s1mp1y mu1t1p1y1ng Curle's

- result (equat1on (2.8)) by p(x t! )

?TF’

] F(%.t) de

g B

T e HAEFJPC B
- 1 :

e g g o]

Again assuming stationarity and time averaging,

(.14 Wz)é;wzﬁ_c:mﬁz ]:: -4“‘ Hb— 3 & ]z x

(d

For researchers using the céusa!jty technique, it has been

common to measure the correlation p(o)p and assume that the unwanted
portion E—B'will be small. It is certainly true that the total intensity

sensed in the far field will almost exc]us1ve1y be due to the jet turbulence,
However, the pressure of the surface can st111 ser1ous]y contam1nate the
correlation between Tocal Jet pressure and far field sound if the probe
surface is comparable in size to the cdrre]ation volume of the adjacent:“

turbulent "eddies". Unfortunately, this is Tikely to be true for most model

13



jet experiments (the contaminating effect is.described theoretiea11y in
section 4). Other then reducing the probe size, only three alternatives
appear ava1]ab1e to reduce the effect of a pressure probe on the Jet
pressure far field corre]at1on
| i) . Because the surface term has a d1rect1v1ty descr1bed by
cos’ 8, if the far f1e1d m1crophone is situated so that cos e-—*>0 then the
contribution from the ~surface will not be included in the correlation.
ii) S1nce the surface term is dipole in nature, the noise wh1ch
it produces will be proport1ona] to V6 & The jet noise however, is
known to vary rough]y as V8 £ $0 thet the re]at1ve contr1but1on of the
probe noise should be less at h1gher speeds |
iii) In some cases it may be poss1b1e to separate the effects
' of the probe noise from the jet noise, as they may occur at d1fferent de]ay

t1mes on the corre]at1on function.

14
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3. PHYSICAL MODEL OF CONTAMINATION

To understand the process of probe noise contamination, we
-consider the .case of a probe imbedded in a turbu1ent flow andlaligned

with the flow as shown in Figure‘Z A]though turbulence can rea]]y on]y
be characterlzed by stat1st1ca]1y determ1ned structures, for s1mp11c1ty we

will cons1der the flow to be»made up of d1screte'turbu1ent "eddies”ﬁ

.If.we 1magine such an eddy at.position 2 on the prohe the
pressure f]uctuat1ons within the eddy will be sensed’ by. the probe and
assum1ng proper probe des1gn, can be assumed to be within 20% of the true
pressure fluctuat1onsf As a by-product of these v101ent inertial f]uctuatibns,
there will be nuch smaller acoustic waves. generated, trave111ng aWay.from'
the source regton, arriving at the far fiéld microphone at a time t later.
The strongest corre]at1on between the far field and the probe shou]d
resu]t therefore, if the probe s1gna1 is delayed by time t x/core1at1ve
to the m1crophone signal. If the probe is a11gned with the time averaged
f]ow, there w11] be only negligible 1ift or side forces acting in the ,
vicinity of the pressure tap. Considerably h1gher forces will occur
however, at' the tip and stem of the probe. These are in the form of
fluctuat1ng 11ft or side forces at the tip, and predominantly drag forces
on the stem. A]so, any po1nts on the probe where: anea changes occur.

‘will Tead to f]uctuat1ng surface forces @nd to: separat1on if the area change

is sudden) As-a result, these areas on the probe will also be -

acoustic em1tters, radiating additional no1se which would not have existed

* see Appendix B



without the probe being present and which3w111 be sensed by the far field
microphone This does not mean that the far f1e1d pressure spectrum

: will be significantly a]tered “nor that the overall far field sound w1]1
be 1ncreased very substant1a11y, since it will include noise com1ng from
the ent1re jet and all other uncorrelated eddies. Neverthe]ess, the
unwanted probe noise may be apprec1ab1e or even greater than the no1se

produced by the jet turbu]ence within one . correlat1on vo]ume " Furthermore,

the probe noise will often have very similar spectra] properties to the

legitimate jet noise.

| The no1se from the prabe t1p and stem will not corre]ate at

exactly the same t1me as the jet- no1se ‘To understand this, cons1der the
fo]]ow1ng 1f 1n fact we wanted to get the corre]at1on between the probe
noise and the far f1e1d pressure we can do it two ways First, we could
simply move the pressure measur1ng holes to the tip, so that thevtip
pressures wou]d‘corre1ate with the far field microphone at some time t
later, dependent'on the sound speed and dtstance to the far field - |
microphone. Nowunote that the.pressures sensed at the tip wi]i be the sum
of ‘the legitimate jet pressures.and the additional tip pressure distribution
.due.to 1ift and side forces; hence the corre]at1on due to probe noise wou]d
be exactly super1mposed on the jet pressure corre]at1on An a]ternat1ve
~ method to get the probe noise- far f1e]d corre]at1on wou]d be to 1eave the

holes at po1nt 0 (1n Figure 2) and assume that the turbu]ent jet pressures
"~ which 0ccurred at the tip will be the same as at point 0. Since the |
distance is short, this is reasonably accurate if the convecting turbulent

field is changing slowly. As the'pressure fiuctuatiOns myst convect at a

16
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ve]ocity U over a distance Y from the tip to the sensing holes, then -

t
an acoustic signal due to the 1nteract1on of the turbu]ence with the tip
will 1eave the probe at a time At= Yt/U before the pressure f]uctuat1ons
in the turbu]ence are sensed by the probe at p01nt Q‘. Consequent1y,‘a
strong'correlation wi]]_occur at time t-At doe to the probe tip‘noise,'
as'well-as e strong correlation.at time £.  In both cases the far f1e1d

m1crophone is corre]at1ng w1th the same turbu]ent "eddy“

Now in fact we do not want to corre]ate the probe t1p noise
with the far f1e1d but this happens natura]]y because the ve10c1ty
field which: produces probe noise is also generat1ng 1eg1t1mate jet no1se
af s1m11ar character. Thus there,appears an add1t1ona1 bump on the
corre]ation due to tip noise'before'the correct time:de]ay and an -

additional bump due to stem noise after the correct time de]ay;

va.At is large enough, then it may be posstb]e to'completeT§
separate the contaminating correlation from the jet‘pressure corre]ation.
Since the real jet pressure correlation i{s often very much sma]]er than
the probe noise correlation, any over]ap between the two corre]at1ons can
obscure the true jet pressure corre]at1ons comp]ete]y Before'quantitative
| source strength analysis can be done 1t is necessary to know the magn1tude
of error in- the cross- corre]at1on and if, 1ndeed the 1eg1t1mate source-far

f1e1d corre]at1on can ever be detected accurate]y
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4. ANALYTICAL MODEL

| A pr1mary purpase. here is to theoret1ca11y pred1ct the shape
of the causa11ty correlation funct1on wh1ch will occur, including the
contam1nat1on effects of an 1nserted.probe. The geometry‘associated with
the problem ‘is shown in F1gure 5. Details not given‘here appear”in

Append1x A.

| | The corre]at1on function é;?37(T) is the time averaged product
of the jet (source) pressure p(o) and the corresponding far field acoust1c
pressure p. The relation describing this function is obtained in a |
manner ana]ogous to the der1vat1on of the causa11ty 1ntegra]s (equat1on
(2.14)). In the present case however, we mu]t1p1y both sides of the .
radiation equat1on (equation (2.8)) by the source jet pressure before time |
.averaging. Aga1n assuming the turbulence .to be stat1st1ca]1y stat1onary

the fo110w1ng re]at1on results:

-_____

@ (0)
(4. 1) . mg P P d% - ._'__ a F
o <
4:ch z6 t{ E.,
L < L
p(o)t = pressure measured by the probe. For a well designed

probe 1n quasi steady flow, this w1]] close]y approx1mate
the true jet pressure |

p(Q? = the real jet pressure

o
n

far field pressure -



| It can ' be' seen that the shape of pp( 0)' (t) depends on two
terms. The first is the surface integral of the cross-cdrre]ation between
the probe deteéied jet pressure p(o)I and the local surface_pressures Pn
'measured‘at all other points on the probe surface S. This term represents
the unwanted pdrtion of the correlation due to the probe surface noise.
The second term is a volume integral of cross-correlations between p(o)',
and the correspond1ng true jet pressures p( 0) meaSured atla11 other points
in the adjacent regions of turbulence. Th1s 1sithebcorre1ation resulting

from 1egitimate jet noise.

In order to model the contaminated eorre]ation between.the.far
field pressure and the source jet pressure, it is necessary to est1mate

integrals I1 and 12 It is known that turbu]ent eddies exhibit the .
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properties of convect1on and decay with space and time, so that in theoret1ca]

pred1ct1ons of noise generation by turbulence, it has been common to -

assume a convecting Gaussian function for p(o)p(o)':

A\ 3 N ’~
(4.2) G R P R P S iy
P“’)P“‘m e T H L T
where U. = convection speed of the eddies
Ll’ L2, L3 = integral length scales of'the turbu]ent eddies: L1 be1ng

. in the d1rect1on of the f]ow while L2 and L3 are transverse
-to the flow. o
T can be cons1dered a typ1ca] 11fet1me of a turbu]ent eddy :The

decay parameter %/T must be non- zero, in order that the f]ow may

' fgenerate sound.
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Substituting (4.2) into I2 and integrating with limits at infinity
y1e1ds the following solution:

(4.3) - ¥ LL%L%J‘_" [e i <"ZT )

22T

which predicts a symmetrical curve as shown in Figure 6. The correlation
should peak at a time delay f=§/d,corresponding to the necessary acoustic
travel time for a pressure disturbance in the source region to reach

the far field microphone.

Integral I1 can be written in the equivalent form below (see
Appendix A):

f "’A_(P“”;‘) dy'

(4.4) Il '4-11'70(.

there f is the net side force per unit length on the probe in the plane of
the far f1e1d m1crophone and g (see Figure 5) is the angle between the force
‘vector and the far field m1crophone. The integral over y' extends from -
to the probe £ib since we imagine the probe to extend fndefinite]y ddwnétream
after the pressdre measuring taps. This simply means that sources of’
contamination which occur after the pressure taps (due to drag forces ‘on the
stem or to sudden area changes) will not be modelled here. This ‘
situation was dup11cated exper1menta]]y by extending the pressure taps a
considerable distance in front of the supporting stem‘so that

contaminations which occur because of downstream anomalies will appéar _'
later in time oﬁ.the éorre]ation éignature than the “"true" pressure -

correlation. For the probe shape being modelled here, the form chosen for
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The various terms in this empirical form are explained as follows:
~A: As in the jet pressure correlation, this term describes the
expected decay of turbulence with time. T is a typical time scale for decay

in the convecting frame of reference.

B: Th1s describes the convection of the turbu]ence in the y'
d1rect1on and its decay with d1stance L1 is the streamwise corre]at1on
length. -

C:' This is a weighting fudction for the correlation which
approximates the expected side force distribution on the probe. It is
sketched approx1mate1y in Figure 6. The constant k determines the distance
from the probe tip where the side force distribution is expected to peak.
For this work we have assumed fax to occur at a distance % diameter from
the probe tip, which requires that k—/ . The exact distance depends upon
the precise probe tip geometry, but for any round-nosed axisymmetric body
the peaking dJstance is not likely to be greater than one diameter, or Tess
than 1/8 diametert K is a parameter whichlgoverns the magnitude of the

side force distribution, and can be ca]cu]ated if the total side force
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‘resulting from cross flow (due to incidence changes) is known:

F" él.fd:'dc-. o - AREA = 'Y:(\(n Y - (Xr-4") |
ToTaL 2 oL . g € '{QJ. dﬁ,
-0
dC ' 2 T]'pV'U
Assuming"‘—L = 2; =V o Area = 4% and integrating, gives K = ¢
7 da Uc 4 42

v' is the root-mean-square value of the cross-stream turbulence velocity. -

D: R is a parameter which must have units of pressure; To a
first approximation, R is assumed to equal the root-mean-square preSsure
at the point of measurement (i.e.z.OS%pV§ at x,=4D, y,=%D). C is a coup]ihg
coefficient which attempts to describe the coherence between probe side
force f and jet pressure p(o)I when £=0 and y'=0. If the correlation were
perfect, C would equal‘l. Since no information is available on the expectéd
correlation between.f and p(o)., C was left to be fitted to the experimental
results. For C to equal 1 would imply an identical phase and amplitude
variation for f and p(o). Although some degree of coherence is to be
éxpected between side force (proportional to v'/UC) and the ]oca]ljet
pressure, it is extremely unlikely that a perfect one-to-one compatability
exists. |

]
If the function for p(o) f given in equation (4.5) is

substituted into I; of equation (4.1) the following integral resU]ts:

o ~Ote-y' )~ (Y -ue)- T°F
(4.6) - \ A L~ T
I- MS (G-4)e dy’

. -0

AT C. =

. i | K (o) 1
where CRK = %—%(Q‘G)(Q&YP »@ﬂ;)

*These are reasonable values for a slender axisymmetric quy subjected
to small. auasi-<teadv incidence chanages.
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Thereforevby solving I;, and combining with the solution for Io, we get

the contaminated correlation function:

=5 L v\ d P g - £
| _ = Coa < N L
(4.7) P-,"‘-‘? Fou AR R R i erw (e
d 2 c.‘ T L
e 0&(Q )er+uﬂ+ja%“ﬁ
+ deqe™ f(&+él)}
m(%)

For.the position where turbulence is highest in a round subsonic jet

(i.e., X /D =4 and y,/D=%), the flow parameters have. the f0110w1ng nom1na1

va]ues
€ . Ly = .4D
7; = -6 1
(o) Lp = L3 = L1/3
p”msz = .05
35 22D
_ - T= v
v

At other points in the jet the f]bw parametérs will be different,

but the form of the function will be similar. I predicts a relatively



antisymmetric curve as shown in Figure 6 with a maximum slope occurring

at a time Ybeak

curve also shown in Figure 6 which has zero s]ope.at the correct time

/Uc befdre the correct time de]ay.‘ I2 predicts a symmetric

-~ delay, T = 0.

24
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5. EXPERIMENTAL.APPARATUS

The purpose of the experfménta] investigation undertaken was
.to confirm the gehéral characteristics of the correlation model. This
consists of two objectives; first, to confirm thé.shape of the‘mode]]ed'
function, and secohd,\to discoVer whether thbSe barametérs on which the
empirical correlation functibn depends do indeed have the'predicted effect.
Probe§ of varyfng sizes were built to test the change in qontaminétidn
resulting from siée changes. Each of the prabes wére tested at Mach numbérs

ranging from‘.35'to..83 to determine the change in contamination with‘velocity.

5.1 Jet Facility .

A roté}y compressor rated at 280 cfpm (.132 m3/second) of
standard air wasﬁavailable for use. Air pressure delivered wés 100 ps%
(690 KPa). 'w1th bur 2 cm diameter jet this has a capabiTity to run
continuously atuM=l. _For higher velocities, the rig must be run in a .
b]ow—ddwn mode, . for which a 1afge 1.9 m3 receiver is available. While the
jet is runningvét lqwer Vé]ocities the receiver also serves to effectively
damp out possible pressure surges caused by the. compressor during
start-ub and.shuf-down. A Fisher pressure regulator was used to control
'the flow rate‘ag all Mach numbers. The flow rate was mohitored by both a
water manometer»fdr Tow velqcities (M-5;435),-énd a mercury manometer for

higher ve]ocitiés.’ Both. manometers cou1d be read to an accuracy of * 1 mm,



'z ' o | 26

Approximately 5 minutes‘was required for the system to reach equilibrium,

| after which the f1ow rate was remarkably stable. A s11encer was placed
_between the control valve and the Jet p]enum in order to e]1m1nate
upstream_valve noise. This cons1stedus1mp1y of loosely rolled f1breg1ass
in an enlarged pipe seCtion, 'An,83cm'flexib1e hose was used between the
control valve andlthe jet p]enuh to further reduce upstream noise due to
sharp pipe bends and’fittﬁngs._ With the jet nozzle removed, the upstream.
valve noise could not be detected with a B&K " Microphone uhen the‘chamber
door was closed. The chamoer was exhausted through a perforated section of

the mainvdoor, positioned downstream of the jet axis.

The Jet plenum des1gn is. shown in F1gure 7 . The plenum consists

of three sect1ons, | » |

4 1) a f1breg]ass 11ned sect1on to further reduce noise and
to encourage the jet enter1ng the plenum to diffuse quickly.

11) screens and honeycomb for flow stra1ghtening

111) a short sett11ng section so that those small edd1es
generated at the screens and honeycomb can be damped out. |
The maximum ve]oc1ty (at M=.83) in the ~settling chamber is extreme]y 1ow

(1.8 m/sec) so that the: approach flow is essentially laminar.

The nozzle used (see Figure 8 ) was designed to give a uniform
velocity profile at the exit plane (Sm1th and Wang) A plot of the mean
ve10c1ty across the ex1t p]ane is given 1n Figure 9 . The large contraction

ratio (156:1) ensures very thin boundary layers and a Tow turbulence 1eve1



A special traversing mechanism was designed to minimize the
surface area in close proximity to the jet. This is shown in Figure 10
The obJect1ve was. to e11m1nate any undesirable acoust1c ref]ect1ons wh1ch
might further contam1nate the corre]at1on funct1on The traverse gear is
capable of radial and ax1a1 movement over the s1gn1f1cant regions of Jet

' turbu]ence and ‘is accurate to +.5 mm.
5.2 Instrumentation

The far field microphone was a %" B&K type 4135. This has a‘
flat frequency response up to 40 kHz and a maximum phase shtft of 35 at
40 kHz. The output from this. m1qrophone was amplified, f11tered and fed into
a Saicor Mode] 43A signal corre]ator channel B. A schematic of the.51gna1

“path is shown in Flgure 11.

The ih-f]ow probe consisted of a .030 in. (.078 cm) diameter

Kulite semiconductor pressure transducer, imbedded inside static pressure.
sleeves of three.different sizes. As shown in Figure 12, a section of
hypodermic needle was used as a. fixed Kulite holder, so that d1fferent
probe sizes cou]d be tested w1thout constant]y disturbing the Kulite
'transducer The stem of the probe was airfoil shaped in order to reduce the
drag fluctuat1ons and to increase the stem stiffness in the ax1a] d1rect1on

| TheAKulite transducer was calibrated using a 250 Hz purertohe,
‘and the sensitivity,Was found to closely match the manufacturer's
: specﬁfications;A2The.sf§na1'from'the Kulite was amplified, filtered

(20 Hz - 40 kHz)~and fed into channel A of the Saicor correlator.

27
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Because the s1ze of the sensing diaphragm on the Kulite
transducer is very. much smaller than the smallest wave]ength to be measured,
all of the frequencies of interest will appear to the‘d1aphragm as
spatially uniform pressure waves. As a result, no high frequency ro]]-off
is expected, ¢ that a frequency response ca11brat1on for the Ku11te
transducer was felt to be ‘unnecessary. S1nce the phase shift is related
- to the frequency response, it also is expected to change very little up

- to the maximum frequency of 1nterest

When the hypodermic tubing containing the Kulite is inserted into
the static pressure sleeves, a small cavity is formed direct1y before the |
Kulite diaphragh, which could lead to-a resonant condition at the‘He]mho1tz
frequency of the cavity. To avoid this, the cavity size for each probe
was kept as sma]] as possible so that resonance was forced to occur above

40 kHz

To concur with the quasi—steady:assumption of section 4, the
diameter of the static pressure sleeves must be small compared‘to the
expected correlation scales. At x/D=4-and y/D=%, a typical streamwise
velocity sca]eiwdu]d be about .1x,(.8 cm) and about .04x_(.32 cm) in the
transverse dfreCtion. The largest probe used‘is .470 cm’in_diameter and
does shOw a s]fghtly lower overa]j rms pressure than the smaller probes,
1nd1cat1ng some- 1oss of high frequency 1nformat1on due to its poorer

pat1a1 reso]ut1on

For accurate pressure measurements.in steady flow using a .-

standard probe, it is necessary to locate the pressure taps about 6
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diameters downstream from the nose and about. 8 diameters upstream fromvthe
stem in order to;cance1 the tip and stem effects. For unsteady flow, the
pressure taps should be located in a similar position in order to be
1nsens1t1ve to streamw1se ve]oc1ty f]uctuat1ons Since all three of the
static pressure sleeves are the same length (see Figure 13) 1t was

necessary to place the pressure taps for the largest probe at a distance on]y‘
a 1itt1e‘greaterbthan.4 diameters from the nose. Referring to Figure 14,

it can be seen that for steady flow, such placement will lead to only a

slightly larger error.

A 1/8? B&K microphone was used as anbin?flow probe for a portiOn ,
of the experimental.work in order to,demonstrate'the'effect on the A
cross-corre]ation-signature of changing the probe nose length. To simulate
a long probe, a'dummybnose piece was g]ued’onto‘the grid cap as shown'fn
Figure 13. For a short probe, a standard B&K nose cone was used, also shown

in Figure 13.

A Plobamatic X-y recorder was used to plot tbe correlation |
functions. Autocorre]ations were taken in order to non-dimensfonalize'
the cross-correlations with the autocorrelatjon values at 1=0. The
autocorrelation:of the in-flow probe was also a convenient check for cavity
resonance or probe vfbration . Probe vibrafion can be detected since any
resonant movement of the probe. would be sensed by the ‘prabe as a regu]ar1ty
in the flow, resu1t1ng in a periodic autocorre]at1on function. Th1s became
a prob]em only -for the largest probe wh11e operating at the highest Mach

number (M=.83) 'so that resu]ts for th1s cond1t1on are not reported
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6.  EXPERIMENTAL RESULTS

As discussed in seetion 4, 'an analytical model has-been"
developed which is expected to pred1ct the effect of probe no1se on
causa11ty cross correlat1ons. For a standard probe with a Tong nose, the
portion of the cross -correlation due to probe tip no1se is predicted to
have a max1mum slope at a time before the 1eg1t1mate Jet pressure : |
correlat1on, ‘given by the distance Ypeak and the convection ve]oc1ty UC
(see Figure 6). The first experiments, therefore, were intended primarily
to confirm the'existance of probe tip.noise, and its dependence on probe'

length for its time of occurrance on a cross-correlation.

If different probe diameters and a'variety of Mach numbers.
are used as 1nputs to the analytical model, certa1n functional |
relationships W111 exist between these variables and the degree of
contamination. A second set of exper1ments was carried out to test the

predicted re]at1onsh1ps
6.1 Bnue] and Kjaer Michophone Experiments

Since'many expehimenters use standard B&K microphones with
attached nose cones as probes for cross- corre]at1ons,‘1t was decided to
dup11cate this set -up using a 1/8" B&K m1crophone A symmetr1ca] airfoil
was glued onto the m1crophone preamp]1f1er (see F1gure 13) in order to

reduce the drag resu1t1ng from the jet row The diaphragm of the

\
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microphone was p]aced.at a position Xo/D=4 and y,/D=%. The far field
micraophone .was situated perpendicular to the jet, so that cos 8 in
equation,(4.6) wi]T_equa] unity. In this position‘only the side torce.
- fluctuations on thedprobe tip shou]d'cohtribute noise'to the tar field -
.microphohe.(drag force fluctuations on the stem WiTT'radiate in the
upstream-downstream direction). »The experimental result is plotted in
Figure 15, and appears much like legitimate jet noise, having |

an a]most‘symmetriCa1 shape at the correct time delay. Also

p]otted in Figure 15 is the ana]yt1ca1 result. This was eva]uated

us1ng the express1on for the jet noise correlat1on as it appears in _
equation (4.3) and adding to it a numerical integration of the probe’
noise correlation term as it appears:in equation (4.6). A best fit was
obta1ned by ass1gn1ng a value .50 to the coup11ng coeff1c1ent C.(explained
in D fo]]ow1ng equat1on (4. 5))- If a constant convection velocity 1s
assumed over the length of the probe, then the time scale on the |
Cross- corre]at1on function can be converted to a length scale on wh1ch

a sketch of the in-flow probe can be superimposed with the pressure taps
correspdndingﬁto £=0. If this is done, ahamo]ies on the correlation |
’funct1on can be prOJected downward to reg1ons on the probe 'sketch from

wh1ch the anoma]ies occurred

Most of the peak in the predicted correlation curve at %=b:

' is due to the'sharpvrise in pressure near the front of the nOsevcone The
resu1t1ng probe noise occurs Jjust before the correct time de]ay but causes

a peak at the correct time delay. The true Jet pressure corre]at1on appears
as a broader and shorter hump, but is a]most complete]y masked by the probe

noise corre]at1on
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The.shape,ofﬁthe”experimental;curve_agrees well with the
analytical resu1t except.for'a Targe bump after 7=0. The superimposed
~probe'sketch c]earlytSuggests that this anoma1y is due to the change in
cross-sectional area'which occurs a]ong the probe - Since only probe’tip
noise has been mode]]ed as a source of contamination, no such bump. occurs

on the ana]yt1ca] curve.

If a B&K m1crophone mod1f1ed as in Figure 13 s 1nserted
into the flow (aga1n at %/D=4,. y/D=%), then the 1ong probe tip shou]d
ensure that the probe noise from the tip w111 be well separated in t1me
from the true Jet pressure corre]at1on Both the exper1menta1 and the
analytical resu]ts are plotted in Figure 16. The coup11ng coefficient C
was 1eft unchanged from the prev1ous exper1ment | As predicted, the probe |
noise portion of the correlation does appear to occur at nearTy the

expected t1me de]ay Ypeak/U

The predicted jet noise correlation appears as a broad.hump
tn the analytical curve, and js now clearly visible. There does not appear -
to be any experiﬁénta]ly observed counterpart to the predicted jet noise
correlation. The bump on. the exper1menta1 curve which occurs d1rect1y after
=0 1s Tikely due to the sharp d1scont1nu1ty on the probe surface where the
| gr1d cap ends -This same noise source was probab]y also act1ve in the -
previous exper1ment (due to separat1on from the nose cone cap) a]though
its presence may have been masked by the very 1arge tip no1se peak which

occurred at T= O



A cohpérison of Figures 15 énd 16 clearly demonstrates the
dependence of causality correlations on tip distance, and-Confirhs_the
existanée'of brobe noise as a significant contaminant of the correlation |
funct1on Since the use 6f B&K nose cones for pressure cdrreiations in
mode] Jets is qu1te common, our f1nd1ngs suggest the possibility that
- many researchers have been measuring mostly probe noise and very little

legitimate correlation from the turbulent sources.
. 6.2 Normalizing Procedure

It is perhapé necessary at fhis boint to explain the
normé]izing procéaure used in presenting the data. The most'common'
procedure in no;malizing cross-correlations is to divide the timeFaveragéd
product by the rms values of the two fluctuating variables being correlated, as
in equation (1.1): é;ﬁi/(ugagy;§’> . Such a procedure -however, does
not clearly ShOW the effect of probe size or Mach number on the crossgv
correlation. Fufthekmore, it does not proVide a means of extrapolating
to other experimental combinations of probe Size, jet diameter, Mach
number or far fie]d distance. .In~tHe present case, the preésure p received
in the far field due to a single turbulent source is estimated from

equation (2.6):

pPeat. 2t .LE .

4—1‘63'7& 5

For one noise source the integra] is on]y over one correlation volume, but .
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for the entire jet (which is what our far field microphone measures) the

: integra] must include the entire Jet vo]ume‘ The far field pressure from

| the entire Jet can be considered to vary therefore as fo]]ows

(0 . \ o
P * xc‘ atu_ F C\}) V= entijre jet volume

If the following dimensional approximations are made; '

Vb3 . ‘
V. D = jet diameter .
8 N d
Gt L L = turbulent length scale
LD
_ (n _
] .

then —xcz( ) D The pressure p(o) (= (‘0)) measured by the

" probe will be some fraction of the available dynamic head, p(o) Q" pJV§ .

If the express1ons for p(o) and p are subst1tuted into the classically

norma11zed cross-correlation funct1on, the fo]10w1ng resu]ts

(pﬂ ‘—-Z;;

PP = <:"§‘Z'>
J— ‘ (o) <f\} 7.) MJ |

(6.1)

This last form reflects the normalizing procedure used to present all of

the data, and enables easy sca]ing from one experimental set-up to another.

The fo]]ow1ng dimensionless formula Should a]so be useful:

34
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6.3 Parametric Investigations

It is possible to get rough approximations of the effect of
probe diameter and Mach number on the funct1on't"'99( o)’ if
220
(035 2)%m

- dimensional estimates of pvand.p(O)_ are made. If the sound received in
the far field from a single coherent region is dominated by the probe
noise, then equation (2.8) predicts that

- Sc»sal:gLEn]

Z. = e——

Pzt 4T 2%c, 2t

far field S 1 s .
(__Prob: nei ve) or p(x t) Xc c ot Pn A

where A equals the correlation area over the probe surface. -Again

making dimensional approximations:

AL
t L

(2]

L~ D (at a particular Xo/Ds ¥, /D)
Pn 1s the surface pressure on the probe- and will be some fract1on

of the ava1]ab1e dynamic head n pJvi

A~ o2

(0)' 2

P v gV

‘Substituting into equation (6.1);

(6 2) PPLO) ~ xc D@‘/J - : (i):_!__
Q 5T )M; ‘5; _'@’\"‘) My —EZ DIt

L

We expect therefore, the normalized cross-correlation coefficient
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_ . 2, |
of the probe noise to vary as g- %-; The portion of the correlation
. J _

due to pure jet noise however, would not be expected to vary at all,
unless the deghee of coherence in the jet is itself a function of Mach

number,

As shown in Fjghre‘l3, three static pressure‘s]eeves were built
for the Kulite transducer, all about the same 1ength (Yt = 1.91 cm) but
with different d/D ratios (i.e., .118, .159'and .236), .The three’different
probes were used for cross-correlations with the fat fie]d'mierophone at
four'different jet Maeh numbers (i.e., .35, .51,‘;68 ande.83); In each
case, the breéSUre taps‘were placed in the jet at X,/D=4, ¥,/D=% as.
before. The experimental results fqrveach Mach number are plotted
3 uppermost in higures 17 to 20, with phedfcted curves pletted below in
each case. The predieted curves were generated exactly aé 1h the previous
section, using the closed fOrm so]ution'for the jet noise given in |
equat1on (4. 3) and adding to it a numer1ca11y integrated result of the

probe noise as given in equation (4 6)

The.bredicted increase in contaminationtwith diameter appears
~somewhat strohger than that observed expehimehta]]y. In Figure 21, the
log of the-makimum vaTues of the normaliied cross~-correlation function
(G (1)) 1§:p10tted at a constant Mach number egainst the log of all -

max _ o
thEee d/D ratios It 1s evident that the predicted variation follows a

| (S) law (th1s was expected, given by equat1on (6.2)) while expekimental]y

1.45
we observe a ~§ 1aw. This d1screpancy is poss1b1y because the ‘_

" expression for p(o)lf in the ana]yt1ca1 model 1mp11c1t1y assumes

quasiesteady conditions regardless of probe size. Since the transverse
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Tength sca]e of the turbulent velocity field* is about .3-.4 cm, the
ratio of. eddy size. to probe diameter approaches unity for the largest
probes Thus a'quasi-steady'side force mode] (as in Appendix A) wi]]
1ncreas1ng]y overest1mate the actua] forces produced as the: probe size

1ncreases, ‘relative to the eddy s1ze ' _ ' \

-For all of the pred1cted curves, the coup11ng coefficient C
was assigned a value = .36. This gives a good f1t to the exper1menta1
result with the sma]]est d/D ratio at the lowest Mach number, but
increasingly underest1mates the exper1menta1 resu]ts at higher Mach numbers.
A plot ofvlog Cmmax(r) versus log [Mach number] at a constant d/D rat1o
'(Figure 22) shows that the ana]yt1ca1 results follow a M -1.12 ]aw wh1]e
the experimenta] curves show no clear variation with Mach number. Th1s
cou]d:be because the coup]ing coefficient'was assumed to be a constaht,
whereas 1t may vary with Mach number if the tip forces and measured
pressures are better corre]ated at h1gher ve]oc1t1es It is also a
poss1b111ty that the turbulent length sca]es or intensities are chahging,
since any increase in these quantities with increasing Mach numberbuou1d_

tend to overestimate the probe nojse correlation at higher Mach numbers.

This problem deserves further investigation.
6.4 Other Sources of Contamination
A]though only the contaminatioh due to the side forces ondthe

probe,tip has'been'discussed-in”this work,bthere are in fact, severa] other

possible sources of correlated probe noise. The mechanisms for these, and

- * based on velocity correlation measurements; the pressure sca]es cou]d
" be as much ‘as tw1ce as 1arge based on P]anchon s work'
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the1r expected d1rect1v1ty patterns are 111ustrated approx1mate1y 1n
F1gure 23. The resulting composite cross-correlation function is shown
(hypothetically) near the bottom of the figurel The dominant effects are
due to drag f]uctuat1ons on the support1ng stem and 1oca1 separat1on
p01nts at sharp corners, part1cu1ar1y.near the_elbow of the probe holder.
The drag-induced dipo]e was not.noted un1ess,the far field microphonewasA
p}aced at shallow angles to the jet»centre]ine (i.é,, for g—=90°). A
huge 1ift-induced contaminant was detected from the airfoil stem if the
, far'field microphone was placed vertically above the prohe 1n}thev
direction of the 1ift fluctuations. A considerab]y ]arger source of
c0ntamination than expected occurred from the change in area as the h
pressure s]eeves meet the airfoil stem. Fairing or smoothing at th1s
point wou]d on]y partially eliminate th1s source, although the 1argest
probe, which has a d1ameter close to the th1ckness of the airfoil stem,

showed ]ess contam1nat1on.

Any cylindrical body in pure cross-flow will experience side
forces assocfated with the circumferential pressure distribution, so. that
even at the pressure taps, small fluctuating side forces may pose a -

source of yet another, although probably weak, contam1nat1on

Many of these other contam1nant mechan1sms are also amenab]e to
emp1r1ca1 pred1ct1ons, using a turbulence 1nteract1on model ana]ogous to
the f]uctuat1ng nose force model used here. A model descr1b1ng the :
drag-induced contaminant on the stem for example, w111 be almost 1dent1ca1
except that an appropr1ate weighting function wh1ch c]ose]y approx1mates

“the expected f]uctuat1ng force d1str1but1on due to drag w1]1 be necessary
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7.. CONCLUDING DISCUSSION

The significant finding of th1s work is that probe noise
has a strong 1nfluence on pressure correlations with. the far field. It is
ev1dent that most convent1onal in-flow pressure~probes will not provide useful
correlatlons with the far field, so that probably probe noise, and
1not true turbulence noise, has been dominant in most of the previous
causality exper1ments on jets. True jet noise correlations, if normalized,
should be mainly a function of probe pos1t1on and must not depend on such
probe parameters as d1ameter or geometry Some Mach number dependence
is poss1ble if the number of Jet noise sources increases or decreases
with Mach number In any event no clearly identifiable correlat1on w1th
the far field due to Jet noise has been observed in the exper1ments
reported here,‘ This was unexpected, and leads to the idea that the degree
of coherence 1n the source region may be extremely weak. The results here
“indicate that tne ma X fmum correlation coefficient C {(equation 1.1) must be
f smaller than .615 (based on the smallest value of d/D), suggesting about 5000
separate and uncorrelated regions of turbulence (see section 1.2). Tnls is
‘'somewhat consistant with flndings by Lee & Ribnersusing a hot-wire. Prev1ous
correlation. coeff1c1ents of order .1 (when using pressure probes) lead to

an estimate of about 100 uncorrelated sources.

Since no definite indication of "true" jet source strength was
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nqted, it has not: been possible. to experjmentally.determine a suitable
d/D ratio where tip-induced prabe noise can be guaranteed to be less

than the legitimate corre]ation: The curves resdlting from the,adalytical
mode]1 indicatenthat only at the smallest d/D ratio (.118) wastmmaX

ever equal to; or less than, the predicted jet noise. This is only an
apprOXimate result since the magnitude of the predicted probe ddise
corre]ations depends'on the choice for the Coup]ing coefficient C. For
best fit, C does not vary substantial]y with diameter (withih the Timits
of the quasi-steady model) but variesjby a factor‘of about 2 over the .

range of Mach numbers tested}

A]though the analytical mdde] has peen tested at‘on]y one
point.in the jet (x,/D=4, y_ /D=%) and for‘Only ode probevgeometry,'tde
method 1s probab]y quite general. - The particular point chosen is |
considered to be a region of domihant'noi§e generatioh-invéubsonic jets,
but the mode]lis flexible enough so that contamination estimates cou]d be
made for other points in the Jet using the appropr1ate measured va]ues of -

the turbu]ence parameters

The shape and parametr1c dependence of the probe noise
corre]at1on is reasonab]y we11 pred1cted by the mode] presented here,
atthough some d1screpanc1es do‘ex1st,v It is surprjs1ng in fact, that the
experimental trends have been reflected sé we]], if we consider-some ef
the imperfections of the model: turbu]ence is not Gaussian, yet a- Gauss1an
model has been used for both the probe noise correlation and the Jet no1se

correlat1on. Furthermore, the estimates for the length scales in the,
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turbu]ence are based on an. exper1menta1 f1t to a space corre]at1on
funct1on wh11e the convected t1me sca]e estimate is based on a similar
fit to the envelope of space-time correlations. 'Neither function is

, actua]]y'exponential, and in both cases an exponentfa]'fit wi]] be
inadequate for high frequencies. For'the tihe scale estimate_the fit

is also typically poor at low frequencies. In most cases, these estfmates
arevbased on hot wire heasurements of the velocity field in very low speed
jets (although the value used for the copvected time'Sca]e_here is based
on pressure measurement?.but at a Very low Maeh number),.but there is
evidence'thaﬁ‘]epgth scales based on'pressure are somewhat Tlarger than
those based on Ve]ocity Measurements in h1gher speed f]ows may a]so
indicate changes in these values. Aside from the crude estimates used

for the turbu]ence parameters, the model must also be content with only

a rough est1mate of the true force d1str1but1on on the probe tip, as well
as an arb1trary selection of the distance from the tip at which the

distribution peaks.

In view of these imperfections;uit is encouraging that the
major features of the correlation functions are followed so well. Further
development will lead hopefully, to a'usefaliresearch tool which will
quant1fy accurate]y the effect of probe no1se in causality corre]at1ons as

a funct1on of probe d1ameter, geometry, Mach number probe pos1t1on, etc
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APPENDIX A - PREDICTION OF THE SHAPE OF P(O) p(T) INCLUDING
THE EFFECT OF SURFACE PROBE NOISE '

The relation describing the correlation function pp(o) (t)

is obtained by multiplying both sides of equation (2.8) by p(o) .

P pion ) { o [0 [88 Jo‘%)

(A-1) 62 c0)
—_“ . d\) Cb) _ Co
,, 4_@3[35} <g>} 5 (ot 2)
i | -t < | "0 .
}_p(o) is the surface pressure measured at 0 (see Figure 5) and is

assumed to be = p(o) because of probe design. p(o)'(o,ti—r/é)'can be
taken inside the integral sign because it is independent of the surface
‘or volume jintegrals. If the processes are statistically stationary, the

left and right hand sides are functions of t=t-t' only:

| ©' . imep 3 P“’"J de (4")

(A-2) FP (% Zf_) 4W¢° ot (= ‘F.c?;“
"3 PG)FQ o (1) °
TCox ’C - z+h- x|

Retarded time differences due to r¢x#x' can be neglected - if one assumes
that the wavelengths will be genera]]y long compared to the corre]at1on

scales, soO that .A-2 can be simplified to g1ve,



(A-3)

'I _ : I = probe noise effect

I, = ]eg1t1mate jet noise effect

Estimates for I1 and 12 must be made in order to evaluate A-3.
The procedure for estimating I1 foi]ows.

S1nce cosf=cosycosB (see Figure 5 ), then _ﬁDCbSX’ciS = F the
net side force on the probe at an instant due to surface pressure imbalances
around the probe. I; can now be written as

(na) I T2 ‘5 (PM aF)dé‘

AT Lo

let f = 65 force per unit 1ength The necessary correlation therefore,

is between the measured pressure and the force per unit length a]ongAthe

()¢

"prqbe, p We make two assumptions concerning the form of this
correlation: |

i). the corre]at1on will decay with d1stance and time

ii) the corre]at1on will be we1ghted by .the force d1str1but1on

over the probe surface. In this case, we approx1mate this distribution

by the foHewmg function __(ﬁ,, y%@d_ |

f= k(vry)e

43
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The coefficients K and k détermine respectivély, the magnitude of the
force and the distance from the tip at which the function peaks. Both
have already been discussed in_section 4; |

—————

‘The expression for p(o) f ié hence given by:

N -( §Tlp—fg‘> - ('ﬁ|+u___°%>l —:t;f?-
F@)f = CRE (T‘rw_ "{)e eL- (e e T

| formlof v - ' l

i Il - 4

force : describes the describes decay
These parameters are distribution convection and with time; T is
constants, already decay with a typical decay

discussed in section 4 : ‘ distance; L is time of turbulence
o a turbulent :
length scale

—

Substituting the expression for.p(o) f fnto Il’ we get'
80 ' > 2
) y g, TR (Y 3+U; oz
(A-5) I = Ce,_ﬂ,é_fz_‘sgﬁ?e A 7 ds
ATT X C ' : _

where z=Yt—y'. Differentiating with respect to t, I; becomes:

%7_ | ~r\T
_ T —yfhd - (r31U.7)
(A-6) L= (wpRee ’5(6 = X

4T 2 Co
(g- 27 )4y

A 2 -
2t , 2T 2Vl

where g = —§-+ > + = . The exponent of the'éxponential in A-6
, T L L '

v U Y
can be put into the form -az2-2bz-c where a = lgs b = —%a- -é%i --ﬁ%s

. - L L L

2 - :
Y 22 2y.U

and ¢ = —t_. +‘(UCT% o tet I, can now be written as two standard

L
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integrals:

—-T fe2 —oa~2bg ~c
(A-7) Il=QﬁﬂRKe i.b%Lyg Y

o) L= ompree T g (T e ape k)
—2Uc (B &£+ I (2&:’?—&)6 z < b ) }
s (o (B e )

Substituting the expressions for a, b and ¢, but defining a new variable

Q= %a'-Ucf-Yt_,'the following can be written:

t/TZ /&& (2,&& UeZ- Yt>

(A-9) -I‘T- ARk € e | Mk‘v(@/l—>

_QY,
{(’ZL FUTH Y UL dT + U Ge

g QL)
U ey v

To estimate IZ’ it has been common to assume a convecting Gaussian

for the jet pressure correlation:

—_—— _— T ~UT) - M, - - Z
T A
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12 becomes-then,

L bl L e
(A-10) ' ‘

P e _f& Lf_ndwdﬁd%

3

f ©? ’M—L:{ilf;> “Hi- 4y - ET
Yy | |

- The Timits will be at infinity for each integration.

- (A-11)

L= “__EL?_ZZG%E——E_ Mé* <J—'7,_’13. '2‘—)_(_40‘ | |

- 4mCt
. 7__ - - 52:"'462—5 ‘Lz—"CL '
- J f = L* jt} T otg‘a%,
. SZT‘L '}’1 z ‘ . ' : .

@IJ_“" L BL . } 'Uji:ﬁf;._éy’ { 7_‘:%; J:l M2
zmc,,’—a: S% idj | ‘L . % - Tdhé 4

Similarly, the integration in the directions Y1 and Yo will lead to

N - 5}3/ 2
(r-12) --P@)LLL Jr > (e- ™)
: +Co ¢ )
o '.____.° _zx . '
= F“LL L;,Aﬁf{ '/T(l_.'a‘c)}
2R TE S | T

The correlation p(o)f (1) is thé‘sum of Il and Ié (as givén:in A- 3)5

- T z/,mcL/ UeT=¥e)
P@P(‘d __é_@_fsc Yl eg ~Hle N (Q/L_\

. 4-TF‘X—CO 2

-
{( TL—_\r -*—Llcz-l-\\/-r)uc.Lﬁ + UC-QC “U Jﬁ'(& >§
BT (T ]

—1
Dr L2 }
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APPENDIX B - STATIC PRESSURE MEASUREMENT IN A TURBULENT FLOW®

If a.standard probe is measurihg static pressure in a turbulent
field, then the pressure errdr caused by unsteady cross-COmpOnents of
ve10c1ty can be approximated by the pressure d1str1but1on on a long cy11nder
in ideal cross-flow. The pressure at the surfaqe of”the probe, subtracted
by the pressure which would have occurred in the absence of the.probe
will be given by: 3 | |
Fa(e»t)' Em,_(t) = -'—;_S’V: (|—4s¢~7—e3 + PV, dceos

: where V), is the component of ve10c1ty normal to the cylinder.’ _" |

If the pressure probe averages the c1rcumferent1a1 pressure

~ perfectly, then for 1dea1 flow the second term wil] be zero and the first

- term will be -szIZ(t). Areal probe with a f1n1te number of pressure

taps w111 not take an exact average over the c1rcumference of the cy11nder,
so that the term due to accelerat1on will contr1bute to the error. If more
than three taps are used the inaccuracy in averaging over the circumference
w111 be small, so that the error due to the acce]erat1on term w111 be

much less than the error due to the velocity term For real flows, the
error due to the ve]oc1ty term can be g1ven by P ( ) -P ( t) = BpV 2(t)
‘where B must’ be evaluated from quas1-steady f]ow ca]1brat1ons (B = <% for
potent1a1 flow). S1ddon found values of B between - 31 and - 46 and

P]anchon‘reports -;54.



If the pressure.and velocity terms are written in terms of
mean and fluctuating quantities, then the unsteady pressure error can

be written as:
Pm(t)- Pelt) = B § (w2~ T )

, where v =y +w2 Squaring and time averaging,

(o - @5 (@ (- )

.4 22
| The ratio v, /(vnA)

(P~ psF = (8" (V)

If the true jetvpfessure = .Oprﬁz,'then thé fractional error in the rms

= 2 for a jet shear layer, therefore

pressure can be written as:

(BB - 89(FF)

os VP 0% $V*
Considering the worst case, B = -4, Vn2 = -15Uj, the fractional error will be
GOW‘ Pe) = -, ( |'5) =.172% i.e., the expected error will not
oSfVl , ‘

exceed 22.5%.
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Figure 1 - The Effect of Probe Nose Length on
-~ the Cross~Correlation Signature
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Figure 2 - A Probe Imbedded in a Turbulent Flow
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MOMENTUM FLUCTUATIONS IN
THE DIRECTION OF THE OBSERVER
CAN BE CONSIDERED. AS A SOURCE MECHANISM

Figure 3 - The Proudman Source Mechanism

‘Figure 4 - A Hypothetical Causality Correlation
Function for Pure Jet Noise



TURBULENT EDDY

Figure 5 - Geometry Used For the Prediction of pp(o) (t)
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Figure 6 -  Hypothetical Correlation Function:

For a Standard Probe
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Figure 9 - Mean Velocity Profile at the Jet
Exit Plane at M = .99



Figure 10 - Experimental Set-up Showing Traversing
Mechanism
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Figure 11 - Signal Paths
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Figure 13 - Details of A1l In- Flow Probes
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