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PREFACE

Lt

The contents of these Proceedings are papers contributed
to the Symposium. +lost of the papers are presented at the Sym-
posium, while some are included only in the Proceedings. It is
intended that these volumes will provide a broad current view
of university research in basic and applied noise problems re-
lated to transportation that is being carried out under the sup-
port of the various Federal Agencies.

The contents of the volumes aie arranged according to the
subject topic as they appear in the program of presentations at
the Symposium. For convenience, a complete author index is
provided at the end in each of the volumes.

Our appreciation is extended to Ms. Anne Gregory for her
patience and diligence in the prenaration of these volumes.

Gordon Banerian William F. Reiter

North Carolina State University
Raleigh, North Carolina
June, 1974
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SUPPRESSION OF REFRACTION IN JET NOISE

T. Kelsalll

Institute for Aerospace Studies,University
of Toronto,Toronto,Canada.

ABSTRACT

The use of a Jet of very cold gas to eschieve refraction-fre« Jet
no‘se profiles is discussed and preliminary results given. They confirm the
theoretical expectation that cancellation of refraction-elimination of the
refraction 'valley' in the directivity-can te nbtained by opposing temperature
and velocity zradients (e.g., when T = =35°C, V = 0.07k c¢_ at the Jet nczzle).

lthough refraction is suppressed, effects of convection (small at this low
Mach number) remain. This serves as a counter-example tc the notion that

convection and refraction are two inseparable aspects of the same physical
process,

1 . . . - -
Research Fellcw. Institute for Aercspace Studies, U. of 7. Torcnto,Cenads,
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INTRODUCTION

The directivity of the noise from u jet can be simply expldained in
terms of the three processes demonstrated in figure 1 (following reference 1).
The basic directivity of the Jet is quasi-elliptical (figure la) but the sound
profiles are tulged downstream by convection (figure 1b). Outward refraction
due to velocity and temperature gradients causes the heart-shaped pattern
characteristic of jets (figure 1lc). The first two effects can be conveniently
handled analyticelly, but the powerful third effect on the directivity;
narely, refracticn, cannot be so easily treated. This has prompted a new ex-
perimental approach which eliminates the refraction effect in selected circum-
stances.

To achieve refraction cancellaticn, a jet of air is used, cooled
with liquid nitrogen, in which the temperature gradient opposes the velocity
gradient in such a way that the inward refraction caused bty the former
effectively cancels the outward refraction imposed by the latter. The experi-
mental set-up is similar to that of Grandez, except that the air was pre-cooled
by bubbling it through liquid nitrogen befcre it entered the Jet. Narrow band
(1/3 ootave) Jet noise preofiles, and sound level profiles frcm a pure tone point
source were obtained,

Representative resulcs are shown in Fig, 2. All resuits sre the
average cf two measurements, onc on each side of the let axis, plotted irn polar
cocrdinates with 2 scale of 5 di'inch, and normalized :c zerc st = 259 Tne
botteom curve shows the directivity of s normal room temperature Jjet, dominated
by the outward bendirg from velocity gradient refraction, with its characteristic
valley on the axis. The upper curve shows the directivity of a very ncld Jet
(-?OCC). whose pattern is dominated by the irward bending ¢f the temperature
gradient refracticn, which ~iuses an Iincrease in intensity along the ‘et anis.

The middle curve shows nc °© _nounced refractive peak cr velley st the axis and
corresponds to the poin® ..ere the refraction effects due tc velocity ard tempera-
ture gradients cancel - .a other, Figure 3 shows two sets of meesurements for

the non-refractive ce |, doth these from the point source and those from the fJet
noise itself (within a 1/3 octave band) at 10,000 Kz, The error associeted with
these graphs is appreximately + 1 db, The Jet was in all cases cperating =t

2L.6 + L m/sec. (M= ,08), and refracticn cancellation required a tempera-ure

of =35 ¢ 5°C. Room temperature was 28 C. These measurerments were takern a°®
10,000 Hz, but similar work at 4,000 Hz, shows tha: the temperature for 2ancella-
tior. has little frequency dererderce,.

These preliminary restu.ts have indicated that refracticn cancella-
2ioa in a cold Jet {s feasible. This wecrk is ncw being externded toc higher le:
velceities and correspondingly lower terperatures, and it Is hoped that s 3direct
comparison with theory, as vell as a greater unders:anding of <he refracticn
process in a Jet, will be forthcoming.
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. TREMELY COLD JET
POLAR COORDINATES ) (INWARD REFRACTION)

{5 decibels/inch)

_—REFRACTION-FREE COLD JET

o \ROOM TEMPERATURE JET
+ <=70C. (OUTWARD REFRACTION)
0
x -35 CQ
[+]
O +28 00 T

FIG. 2JET NOISE DIRECTIONAL PATTERNS

Refraction has been completely suppressed in the middle case by btalancing
invard temperature-gradient refraction-against outward velocity-gradient
refraction,

POLAR COORDINATES + + ggggi"gg Ugg:&:-from
(5 decibels/inch)

X NARROW BAUD JET NOISE
(1/3 Octave)

/////,' | T=50 C. ~\\\\\

U =25m, /sec, ¢
J

£210,000 Hz.

FIG.3 REFRACTION-FREE COLD JET

Match of directional patterns at small angles for injlected pure-tone
point source and narrov band filtered jJet noise, Buth showv absence of
refractive dip or peak centred on jet axis.
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TURBULENT VELOCITY FIELD STRUCTURE IN A ROUND JET
AND ITS RELATION TO FLUCTUATING PRESSURE FIELDS

by

D. P. Weber and B. G. Jonec

Nuclear Engineering Prcgram and Mechanical Engineering Jepartment
University of Illinois at Urbanz-Champaign, Urbana, Illinois 61801

In the classic works of Lighthilll»>2 on aerodynamic noise and

] turbulence as a noise producing phencmena, it was demonstrated that a fourth
order velocity space-time correlation function plays the role of a
quadrupole source in the classic wave equation. Kraichnan3 has shown,

; by means of the general solution to the poisson equation, that the same

g3 type of term can be considered as the source of static pressure fluctuations
. in an incompressible flow. This term can be written as

Tim(},},t,x) = <y (,t) WG wG,8) v (.80 (1)

' where Uj(x,t) is the ith component of the turbulent velocity at spatial
position x and time t, and the symbols < > indicate an ensemble average.

; In order to develop analytical solutions for either the incompres-
i sible or compressible fluctuating pressure field, we must determine the

! structure of this fourth order tensor, containing 81 terms. The difficulty
] in examining experimentally so many terms with so many independent variables, ‘
* and the lack of an adequate theory of turbulence, has prompted various 1

assumptions to be made in an attempt to reduce this term to a smull number
of components which can possibly be experimentally determined.

e s S RS

The first of these assumptions is that the region over which the
source term in (1) makes a contribution is relatively homogeneous and
stationary. This allows us to write the two-point, two-time correlation
function as being dependent only upon the spatial and temporal differences
in their arguments. In the incompressible case, this leads to a closed
form analytical solution for the pressure covariance with a modified Green's
function for the bi-harmonic operator.3 In the compressible case, the
assumption is not so critical, but leads to considerable simplification in
consideration of the third assumption below.

s

A e e . W

The second assumption deals with the fluctuating velocity field con-
] sidered as a stochastic process. In particular, we are concerned with four
! random variables and the source term is a fourth order moment of the muiti-
variate probability distribution. As difficult as it would be to determine 3
these moments, it is much more difficult to determine the probability density 4
function. Consequently, another hypothesis is introduced in which it is 3
i supposed that, from a rough usé of the Central Limit Theorem, this velocity
=3 has an approximately normal, or Gaussian, probability distribution. This
implies that all moments of the multi-variate distribution function can be
’ written in terms of the second inoments. Thus, we could write

St e il B g skt
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<ui (X,t) uj (X,t) uk(Yns) ug(y;5)> = <ui(x9t) uj (X,t)><uk(y,5) ul()’.SP
* <y (Lt o Ga8)><u (1) uy(7,5)>
© g (,8) U, (7,802 (x,t) 4 (,5)> 2)

Combining the first two assumptions, we have reduced the program to
the determination of a second order tensor function of three spatial variables
and one time variable.

The final assumption deals with the tensor structure itself. Robertson“
has developed the invariant theory for isotrobic tensors in turbulence, in
which a single scalar function of a single spatial variable and a temporal
variable w111 completely define the turbulent veloc1ty covariance structure.
Proudman> has used these forms to determine the noise from decaying iso-
tropic turbulence. From Jones® measurements, it does not appear to be true
that the turbulent structure in a jet fits the isotropic form and new
structures are being investigated. Batchelor’ and Chandrasekhar® have de-
veloped the invariant theory for axisymmetric tensor forms and Goldstein
and Rosenbaum® have used these forms to predict noise patterns in round cold
jets. With these tensor forms, it is only necessary to determine two scalar
functions of two spatial variables and a temporal variable. It should be
pointed out that the connection of this last assumption with the first as-
sumption is that turbulent tensor invariant theory implies an assumption on
homogeneity, in order that quantities of interest may remain invariant under
reflection through points or planes.

An experimental examination of the turbulent velocity field structure
in a 2.5 inch sub-sonic cold jet was performed. Primary emphasis was given
to the description of the structure within the driven shear layer to five
diameters downstream. Both single point and two-point corvelation measure-
ments were made with a special emphasis on the modeling of thc two-point
covariance function with axisymmetric tensor forms. A higher order stochastic
analysis of the velocity field was performed using an extended version of
the single variate gram-charlier expansion of the probability density function.
Finally, a qualitative examination of the stochastic structure of the velocity
field was performed using the Wiener-Hermite Expansion Theory for turbulence
in an extended version to include the effect of mean velocity gradients.

The investigation was performed to provide fundamental information about
the structure of the turbulent velocity field to be used in the prediction
of aerodynamic noise in the Lighthill Formulation with an axisymmetric,
joint-normal velocity covariance structure. The information provided, how-
ever, will serve an additional purpose. Ribner!" has proposed a dilatation
model of aerodynamic noise whose exploitation has not been made due to the
difficulty in the experimental measurement of fluctuating pressure fields.

The primary difficulty is the contamination of the sensor response with trans-
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verse velocity effects. Spencer and Jones!! designed a bleed type pressure
transducer and with a modification introduced by Planchon!?, it is believed
that the spurious velocity effects have been significantly reduced. In
order to verify this, an analysis of the pressure covariance in incompres-
sible flow following Kraichnan3 may be made. Similar to the compressible
flow case, the velocity field covariance structure permits an analytic pre-
diction of the true pressure field permitting a comparison with the measure-
ments. If such a verification can be made, the dilatation model, being a
scalar formulation, would be much simpler to implement at least for low
mach number flows.

Measurements of both the mean velocity and Reynolds stress components
were made and it was found that the mean velocity field exhibited a similarity
development in the driven shear layer to five diameters downstream. That is,
plots of mean velocity versus a similarity coordinate given by (r-R)/x were
seen to collapse, where r is the radial position of the probe, x is the axial
position, and R is the jet radius. Since turbulence production is related
to the mean velocity gradient, we might imagine that the turbulent inten-
sities would also develop similarity profiles. This was not found to be
true to the extent exhibited by the mean velocity profiles, implying that
the diffusion and viscous effects must be considered as well as proauction
in the turbulent momentum transport. For application purposes, however,
it was found that if the RMS velocity fluctuations were normalized with
their maximum value across the shear layer, they collapsed very well when
plotted ajzainst the similarity coordinate, (r-R)/x. Since this maximum
value tends to lie at the point of maximum mean velocity gradient, the RMS
velocity fluctuations can be easily modeled with a single axial measure-
ment of variation with downstream position, and a single radial traverse
giving the similarity development. These types of measurements were made
for all three velocity components, with similar results. :

The off diagonal elements of the Reynolds stress tensor, the shear
stresses, were also measured. From these experimental results, several
structure parameters, including the ratio of transverse to axial RMS
velocities, a normalized shear stress, and the angle defining the direction
of principal turbulent stress, were formed. In Figures 1 and 2, we have
plotted these parameters, which show remarkable constancy in both the
transverse and axial directions.

In addit:~n to the single-point measurements, space-time correlations,
both auto and cross, were made. The correlation is described by

> > >
<ui(x,t) gj(x+r,t+t)>

(3)

R, . (X,T,t,1) =
A <U12(;,t)><uj2(;+;,t+r)>

A typical plot of the correlation is given in Figure 3, where axial velccity
components with axial spatial separations are given. Such correlations

for both axial and transverse velocity components with axial and transverse
separations without time delay were made, in addition to several space-time
correlations. From the envelope of these latter curves, the integral time
scale of the turbulence in the connected frame was determined. Several

|
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interesting facts were found including the linear trend of this time scale

with the inverse of the mean velocity gradient. Most interesting, though,

was the observed difference in this time scale for the two distinct velocity
components. Since it is the variation of this time scale which accounts for
the true source of noise from turbulence, use of this information will play

a significant role in our noise gredictions, as contrasted with the assumptions
used by Goldstein and Rosenbaum.

As mentioned earlier, the modeling of the velocity covariaince structure
would be considerably simplified if an assumption of local homogeneity could
be employed. This was found to be moderately true and the velocity covariance
was represented in the following manner:

@, () v, G = 2@ w2V R .39 (4)
1 ] 1 ] 1)
> peE > +> >
where Z = 5%1 and r = x-y (5)

The inhomogeneity was factored out with the local RMS velocity fluctuations
and the tensor structure function,gij, was found to be a slo: ly varying
function of the absolute position,z.

From the differences in the RMS velocity values, as well as the existence
of significani hear stress components, it was felt that an isotropic de-
scription of the correlation function, R;i, was inappropriate. The next
more complicated form is the axisymmetric, which has invariance with respect
to rotation about a line, rather than a point as in isotropic forms. When
the mean velocity field has a uniform gradient, this axis of symmetry will
be found to lie in the plane containing this gradient and the mean velocity
and will not necessarily coincide with the axis of symmetry for the mean
velocity profiles.g»13 The axis that defines the rotational symmetry can be
determined from single point x-probe measurements'" and it coincides with
the axes which define the principal stresses, which were defined by the
angle B in Figure 1.

The impc~tance of these considerations lies in the fact that the scalar
functions which determine the covariance structure are functions of the
separation distanc:s along the axis of symmetry and transverse to it. Thus,
if measurements are made in this rotated coordinate system, the modeling
becomes consicerably simplified. Figure 4 contains a s.hematic diagram of
the fixed jet coordinate system and the rotated axisymmetric coordinate
system. Both “he velocities and the separation vectors must be rotated to
this coordinatz system, but in this lies the beauty of the x-probe. The
simple transformations for velocity components are:

u sinB + v cosB

-u cosB + v sin8 (6)

£ <2 €2
"
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Since an x-probe output can be summed and differenced to give appropriate
linear combinations of u and v, once B is determined, the axisymmetric
components can be generated. Even more important for this analysis,
however, is the experimental fact that B remained constant, implying a non-
rotating axisymmetric structure.

The invariance of the forms was checked by comparing RMS levels
and certain spﬁt1a correlations as shown, for example, in Figure 5. The
curve labeled R¥¥(£5)corrected 15 Simply RWW(O 52,6)/ﬁwm(0 0,¢).

The defining scalar functions for axisymmetric forms are related
to measurable correlations by the equations?®

Ny NN 3 1
o Rw(g.,0) = - —
uu 1 °y < 2,
1
¥ 2 2 2 | Q&,0)
Y s 23R fay g 2 vy w2 3 1’
K B.8,,8) = - — s R EoE 163 * & Y,
%tz <u,y I p9ts 3
where G = Eg + Eg and El is the separation distance along the axis of
symmetry.

Several models for Q; and Q, were examined and it was found that four ]
parameters, the spatial 1ntegral scales along and transverse to fthe axis ]
of symmetry for both axisymmetric velocity components, adequately model the
entire velocity covariance structure. A matrix equation was alsc developed
wkich relates commonly measured scales in the fixed jet coordinate system
to these four defining parameters.!" Since a simple inversion of equation
(6) will give jet coordinate system velocities in terms of axisymmetric
velocities, a general representation of these forms for integration purposes
in the aerodynamic noise problem can be made.

Although we have adequately modeled the vclocity covariance structure,
we sho'ila recall that in calculating pressure fields from a velocity fielcd
structure, the source term is actually a fourth order woment of the multi-
variate distribution function. If the velocity field is broken into a
mean component and a fluctuating commonent, the source term can be written
in terms of the so-called turbulent-mean shear term and the turbulent-turbulent
term. The first of these involves a second order covariance, the modeling
of which we have just considered. The latter involves the fourth order
moment which, under the joint normal hypothesis, can be reduced to products
of second order covariances and modeled as before.

If the joint normal hypothesis is not true, the complexity of the
fourth order moment precludes any hope of experimental measurement. Its
utilization becomes an analytical necessity and a quantitative measure of

11
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its inadequacy becomes desirable. In an extension of our higher order
moment tv~voral velocity covariances,l> we have examined the convected
fraiwe higher order moments.

We recall that if a set of random variables is normally distributed,
relatively few parameters are necessary to completely define the multi-variate
probability density function. These include the means, the mean squares
and the correlations defined by

<xXy> = ff(x,y) xy dxdy (9)

vhere x and y are two random variables and f is their joint distribution
function. When the random variables are stochastic processes such as 2
turbulent velocity field, these defining parameters become functions of

the space-time differences in measurements. For our velocity field measure-
ments, with zero means, the correlation that would define the density
function for normally distributed random variables is:

u(X,t) u(x+r,t+1)>
5 (10)

g -

Rl (r,1) =

where 02 = <u2(;,t)> = <u2(;+;,t+r)> (11)

where we have restricted ourselves to the u-component of the fluctuating
velocity field and consider only homogeneous, stationary fields. If the
normal distribution holds, all higher order moments, defined by

-+ -+ >
<um(x,t) un(x+r,t+r)>

m,n > _
RV (T, 1) = s (12)
g
can be written in terms of Rl’l. A particular example considered here is
2
R =1 Z[Rl’l] (13)

Frenkiel and Klebanoff!® have shown such relations to be quite woll
satisfied in grid generated isotcopic turbulence. Our measurements, howc 'er,
were conducted in a two stream mixing layer where the effect of the mean
velocity gradient was significant. An example of the results is shown in
Figures 6 and 7. In Figure 6 we have plotted the space-time correlation &
function and determined the converted frame covariance which was then used
in equation (13) to predict a higher order moving frame correlation, the
curve labeled Gaussian in Figure 7. The consistent discrepancy shows the

’ 12 )
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limitations of the joint normal hypothesis by the turbulent-turbulent term,
it is clear that some account must be given to this error introduced by the
joint ncrmal hypothesis.

An examination of the 2quations of motion using the Wiener-Hermite ex-
pansion technique has clearly indicated the source of the difficulty for the
joint normal hypothesis.I“ The turbulent source function, consisting of
the interaction of the mean velocity field with the turbulent shear stress,
has clearly provided a mechanism for the direct creation cf non-Gaussian
turbulent energy. An examination of the flatness factor meastcements in
shear flow has also demonstrated the ii:applicability of assuming a near to
normal turbulent field, a requirement for validity of the joint normal
nypothesis.

CONTINUING AND FUTURE RESEARCH

Having determined the relevant structural parameters to describe
the homogeneous correlation structure with axisymmetric forms and adequately
modeled the gross inhomogeneity through the mean square velocity fluctuations,
we are now in a position to predict the incompressibi= and compressible
flow pressure fluctuations. For the far field sound prediction, we will be
using the four parameter model to perform the ''Slice of Jet" integration17
to compare with observed directionality patterns. Using the observed axial
variation of the appropriate scales and the similarity development of the
intensity profiles, we will then be able to predict total sound power
output by integrating the source over the jet. Scaling arguments for these
parameters will be developed so that comparison with large facility far field
sound patterns can be made. Far field sound levels were not made on the 2.5
inch facility. Goldstein and Rosembaum® have indicated that the turbulent-
turbulent term may dominate the calculations and observed deviation from
normality will be incorporated quantitatively in these latter calculaticns

In pursuit of the pressure model and verification, an analytical
effort is being made to reduce the incompressible, homogeneous mean square
pressure field to a simple relation using the two axisymmetric defining
scalars, similar in formulation to that of Batchelor!® for isotropic forms.
Using the jet measurements for evaluation of these functions, calculations
will be made and comparison made with the measurements of Planchon.!?

Future work will include a study of the effects on the field defining
parameter by perturbations in temperature and in velocity of the jet exit.
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A STUDY OF THE LOCAL PRESSURE FIELD IN TURBULENT

SHEAR FLOW AND ITS RELATION TO AERODYNAMIC NOISE GENERATION - H i
A STUDY OF THE MIXING REGION OF A ROUND JET . :
BY

H. P. Planchon, Jr. and B. G. Jones

Nuglear Engineering Program and Mechanical Engineering Depa<cment
University of Illinois at Urbana-Champaign, Urbana, I1):nois 61801

INTRODUCTION

Ten years ago Ribner (1964) explained turbulent noise generation as a i
consequence of fluid inertial dilatations. His theory explicitly expressed |
the far field pressure in terms of the in-flow pressure space-time correla-
tions. Until recently, direct applications of this theory were hampered by
lack of adequate inflow pressure instrumentation. Plancho. and Jones (1973)
described a miniature transducer capable of measuring pressure correlations
in a turbulent jet. Further, they outlined the thec:y and methods of a :
research program to measure the inflow pressure functions and directly relate
them, with Ribner's theory, to far field sound distributions. |

o

Planchon's thesis dissertation (1974) reported extensive measurements
of pressure in the mixing region of a round jet. Su Jortive velocity -
field measurements and analysis to link in-flow velocity and pressure were
also presented. The purpose of this paper is to summarize the portions of
! that investigation which are most important in describing aerodynamic noise
generation. | A

EXPERIMENT DESCRIPTION

The turbulent region studied was provided by a 2-1/2 in. diameter,
isothermal, incompressible, round jet. Extensive velocity field measure-
ments demonstrated that the jet mixing lzyer was 'experimentally classic',
that is, the results approached self similarity and compared closely with
the jets described by Davies et. al. (1963), Lawrence (1965), and others. p
As shown in Fig. 1, the coordinates used are (x,y,z) in which z is an arc
length. Directions along these coordinates are referred to as the axial,
transverse and lateral directions, respectively. Pressure intensity was 1
mapped throughout the mixing layer with single point measurements. Two !
point correlation measurements were made at several axial positions along

the mixing centerline, i;%— = 0.0, and at several transverse posiFions at

X/D a4, o |

PRESSURE INTENSITY RESULTS

The measured distributions of pressure intensity are shown in Fig. 2 |
and Fig. 3. These distributions are similar in shape; however, the peak
values are observed to increase in the developing mixing region and to de-
cay in the transition region. The peak intensity variation was explained
by Planchon (1974) with a modified form of Kraichnan's (1956) theory and
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extensive velocity field measurements. The results showed that the turbulent
mean shear pressure was given by

p'i'M - 2@ [li(_ggl)_ (x_xo) i][i] /J(s)zgs [ l"v ] (1)

L 2 u. =
E'DUj J *%o
3(U/u.)
where p' is the root mean square pressure, —37—— (x-x_) is a dimensionless

mean velocity gradient, v'/U, is a dimensionless root mdan square velocity
normai to the mean flow, andJJ(s) is Kraichnan's turbulent scale ani-
sotropy function which is essentially constant. The s is the ratio of trans-
verse velocity integral length scales in the flow and mean velocity gradient
directions. Fig. 4 shows the variations in Eq. 1 compared to measured pres-
sure intensities on the mixing centerline. The increase of p' in the driven
mixing region (x/D<4) is a result of increasing v'. In the transition region
(4<x/D<10), the decrease is due primarily to the decrease of the gradient and
scale factors. The predicted value of intensity was 17% higher than measured
at x/D=4. This is probably due to a theorctical assumption of slowly varying
mean velocity gradient and turbulent intensity.

SPACE TIME CORRELATION RESULTS
Pressure two point correlations describe the spatial extent, shape, and
time evolution of coherent pressure volumes. They form the foundation for a

model which can be utilized in Ribne.‘s (1964) theory.

The general pressure space time correlation is defined as

) = g(X,r,z) p(x+Ax, T+Ar, z+Az,T) 2)
]1/2

R__(x,r,z,Ax,Ar,Az, T
PP

ipz(x,r,z) pz(x+Ax, T+Ar, z+AZ)

For conciseness, position arguments (x,r,z) and spatial and temporal separation
arguments (Ax,Ar,Az,1) for zero separations are suppressed. The space cor-
relations for zero time delay are denoted as R__(Ax), R_ (4y), and R__(Az).

The convected frame, following Wills (1964{, i8Pthat fraRe for whichPPhe time
scale is largest and its autocorrelation R’ , is identified as the envelope

of the measured family R (Ax,t). The assBBiated convection velocity, Up, is
determined as the limitiR§ quotient of the envelope's (Ax,t) coordinates.

The space correlations for lateral and radial separations are shown in
Fig. 5 and Fig. 6, respectively. The measurements were made with a fixed
sensor at the mixing center and the second sensor at varying separations.
Both correlations are exponential at small to moderate separations, viz:

p
Rpp (Az) exp(-z/Lz) (3)

1P
Rpp (az) exp(-z/ur) (4)
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where LP and LP are the spatial lengths associated with the decay of correla-
tion in“the laferal and transverse directions, respectively. The size of the
exponential region increases with axial position and corresponds to the trans- '
verse velocity scale length and the region of appreciable mean velocity gradient. !

At larger separations, the azimuthal and radial correlations vary according i
to an inverse power law, viz: 3

Rpp (8z) = 1/(az)™ (5) 3
Rop (47) = 1/ (ar)" (6)

] Fgr the larger radial separations the movable sensor is outside the highly
1 §ue§red turbulent flow. It is therefore clear that the power law is character- |
istic of correlation between centerline pressure and the coupled near field. ~

o

The axial space correlations shown in Fig. 7 are characterized as a damped
periodic function

2
Ryp (4%) = exp(-8x/1D) cos (XETé§§;T) )

Two length scales are evident in the results and, with the aid of Eq. 7, are
identified as a wavelength of periodicity, A = A (x-x_), and a damping length, ?
1. The wavelength increases linearly with axiaf pos?tion so the wavelength
sCale constant, X ,is 0.3 throughout the mixing layer. Although not shown, ~
. !¢ - . 1
the one dimensional spectra of both pressure and transverse fluctuating velocity, $ Q
measurad with 4 single pressure or velocity sensor, exhibit this same periodicity 4
and scaling. The damping of the axial correlation described by LP varies only
with separation and is not a function of position. X

A representative space-time correlation is shown in Fig. 8. This family i
of curves is traditionally described by its envelope's convection velocity ]
and integral time scale. As shown in Fig. 9 and Fig. 10, the convection :
velocity is nearly constant throughout the mixing layer. This constancy
was verified for a range of jet velocities and is consistent with the idea
that pressure is correlated over large transverse volumes.

The variation of the convected frame time scale is shown in Fig. 11 and
Fig. 12. Except for small separations RL (t) was exponential, thus its integral
time scale in the convested frame, Tp, whe inferred from an exponential fit.
Fig. 11 shows neither T} nor transverse velocity convected frame time scale,

TV, vary linearly with daxial position. This contrasts with our measurements f
a¥ well as those of others which show the axial velocity component convected 5
frame time scale, T,, increases linearly with axial positior. Another impor- :
tant feature shown }n Fig. 11 is_that the pressure time scaie is almost twice 1
as large as the velocity scale T{.

CORRELATION SEPARABILITY

For direct use as a source function in Ribner's (1964) theory a model
of the three dimensional space-time correlation was constructed. A simple i
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separability model,

(1) (2) (3)
R (Ax,Ar,Az,7) = R Ax) R Ar) R Az) F(Ax- 7
Ll pp (8% Ry 7 (81) Ro7(82) F(8x-U 1) (7)
. was found to accurately express most of the important features of the data.

Spatial separability as shown in Fig. 13 is almost exact. The cpen circles
are from measurements with simultaneous radial and axial separations along

a line 30 degrees from the flow direction. The solid points result from
combining two independent axial and radial correlations. The sensors in both

cases were offset in the lateral direction by e (= small Az) to avoid probe
interference. z

Considering both space and time separability, Planchon (1974) has she.m
the separability model is a generalization of Taylor's frozen pattern hypothe.is.
That is, the space-time correlations are converted single point autocorrelations
with a decaying amplitude fixed by the convected frame autocorrelation.
Fig. 14 shows, when time separability is included, that the model does no.
account for a dispersive effect that broadens and skews the space-time cor-
relation. However, as is shown, it does properly predict the space-time
peak amplitudes. Further, Fig. 15 shows that the model correctly constructs
the 3-dimensional convected frame autocorrelation from independent measure-
ments in the three orthogonal directions.

CONCLJUSICNS

The radial variation of the measured pressure intens.ties were found to
be similar in shape, but to vary in amplitude with down streum position. This
axial variation is consistent with theory and velocity field measurements.

The pressure correlacion measurements indicate large, slowly varying, cor-
related regions of pressure that are uniformly convected down stream. Thesc
correlations are shown to be spatially separable. However, space-time separa-
bility was determined not to be cxact but a useful model.
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AN EXPERIMENTAL INVESTIGATION OF THE TURBULENT CHARACTERISTICS Ol
CO~ANNULAR JET FLOWS AND THEIR ROLE IN AERODYNAMIC NOISE GENERATION

by
R. J. Hammersley and B. G. Jones

Nuclear Engineering Program and Mechanical Engineering Department
Iniversity of Illinois at Urbana-Champaign,Urbana, Illinois 61801

INTRODUCTION

Current models for predicting aerodynamic noise generation by jet flows
require knowledge of the detailed turbulence characteristics of the jet flow
field. Tvpical characteristics included in models are turbulent intensities,
scales and convection velocity. These quantities have been documented in
sufficient detail for simple jet flows, but not for co-annular (by-pass) jets
flows, which are currently being used in high by-pass ratio, low noise jet
engine designs.

In this experimental study the turbulent characteristics of both the
velocity and static pressure fields of a co-annular nozzle configuration
are measured. These data are obtained through the use of standard constant
temperature anemometry techniques using multisensor hot wire probes and our
bleed type pressure transducer sensor. The experimental results supply the
information required for use in existing noise source models and for develop-
ment of new and modification of existing models. Of primary importance :s
the development of an appropriate model for the two-point pressure correla-
tion structurc in the driven shear layers of the coannular jet flow. This
model will be used in the Ribner dilatarional formulation of tihe noise source
to predict the far field noise. The predictions will be compared directly
with far field noise data taken from the same experimental facilityv.

In this paper we describe the experimental facility and equipment,
present preliminary results of the turbulent flow field structure and out-
line the continuing research work.

EXPERIMENTAL FACILITY AND EQUIPHENT
Alr Supply System

A large co-annular nozzle flow facility at the NASA-Lewis Research
Center was used for the experimental study; see Olsen and Friedman (1271)
for flow system details. The facility is located outdoors and a large ient
canopy was placed over the measurement arca to help eliminate atmospheric
and wind influences. Compressed air from a 140 psia source was supplied
at near ambient temperatures (<4°F difference). Two separate, but similar,
flow paths were used to supply air to the two nozzles. Each flow path con-
sisted of the following elements (proceeding downstream from the air supply):
pneumatically operated flow control valve, valve noise quieting section,
inlet piping, and the test nozzle. For each flow path the valve noise
quieting section consisted of a perforated plate and an acosustically lined
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baffled muffler. The inner or core nozzle inlet piping was a straight run
9f 8 inch diameter pipe with two sets of screening. The outer or by-pass
rozzle inlet piping was a 16 inch diameter pipe which split into two 12 inch
diameter lines which terminated in a plenum. The plenum had two sets of
screening which were just upstream of the outer nozzle inlet. Figure 1
illustrates the air supply system.

Nozzles

A 3.0 inch diameter nozzle was used in all cases for the inner nozzle.
Two outer nozzles were used and had diameters of 5.35 inches and 8.7 inches
which correspond to area ratios of 2.2 and 7.4, respectiveiy. The nozzle
nrofiles were determined from a potential flow solution of a uniform in-
compressible flow between two co-axial, parallel surfaces of different cross-
sectional areas as was done by Spencer (1970). The inner nozzle was designed
so that both its outer and inner surfaces had the proper profile whereas
only the inner surface of the outer nozzles was so constructed. The atten-
tion given to the nozzle profiles assured that at the exit plane of the co-
annular nozzles the mean velocity profiles were flat, the turbulence in-
tensities in each were low and the two streams were parallel. Figure 2
demonstrates the success of these nozzle configuration designs. Further,
a symmetry check at several axial positions indicates proper alignment of
the nozzles and that the flow from each is parallel and parallel to the
geometric axis of the nozzles centerlines.

Sensors and Instrumentation

The mean velocity profiles were measured with anemometry equipment
and pitot tube rakes. The rakes (one for each nozzle configuration)
were made of five impact tubes (0.062 inch diameter tubes) spaced to cor-
respond to the nozzle lips. The rakes were connected to 0-5 psi pressure
transducers which were monitored and recorded via a data collection system.

The hot wire probes were also built at NASA-Lewis. Several single
sensor probes and two end-flow x-probes were also made. The wire sensors
were all made of 0.00019 inch diameter tungsten wire. The total wire lengths
were 0.0625 inches and the active length was 0.050 inches. Hence, the
length to diameter ratio was 300 which is high enough to assure that no probe
support interference should occur and end losses can be ignored. Constant
temperature DISA anemometry was used and the bridge output was recorded
directly. The velocity signals were linearized via a small analog com-
puter and rr-recorded.

The fluctuating static pressure was measured by a miniature pressure
transducer. The details of operation and an error analysis of the pressure
transducer have been presented by Planchon (1974).

PRELIMINARY EXPERIMENTAL RESULTS
The measurement program consisted of single and two point measurements

of the velocity and fluctuating pressure fields. 1In all cases a cold, subsonic
jet was studied with an inner core velocity of 450 fps. A range of velocity
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ratiss (defined as velocity of by-pass flow divided by velocity of inner
core flow) from zero to one was investigated. Only round coplanar and no
extended or plug noz.ies were used in this work.

Mean Velocity Measurements

The mean velocity measurements of the single probe hot wire and rakes
were combined foi each nozzle configuration into a spread diagram. These
diagrams (see Figure 3) show the extent of the potential cores and hence
the length of the mixing regions formed. The various regions are defined
by constant "phi'" lines of 0.05 and 0.95. The parameter phi is defined as

g - Ulocal—Ub
U -U
ab

where: U_ is the velocity of the high velocity side of the driven mixing
region and U_ is the velocity of the low velocity side of the driven mixing
region. The same core velocity and velocity ratio were used in both cases
and only the area ratio is different. The larger area ratio configuration
has the largest outer potential core--5 core diameters compared to 2.5 core
diameters for the smaller area ratio configuration. This effect is believed
to have significant implications in terms of the far-field sound since it

is observed that the far-field sound decreases as the area ratio increases;
all other parameters remaining constant. The measurements also show thut the
inner potential core is longer than for a simple jet. Further, the inner
potential core was found to be 7 core diameters for both area ratios.
Champagne and Wygnanski (1971) also observed the longer inner potential

core for velocity ratios less than one and suggest this cffect is primarily
from the decreased shear between the inner jet and its surroundings.

For both area ratios, the outer potential core was shorter than the
inner potential core. Hence, the flow field is quite complex since it proceeds
through the following situations starting from the exit plane and proceeding
downstream:

a) Two driven shear layers (both inner and outer potential cores
still exist)

b) A driven shear layer and transition region superimposed on each
other (inner potential core only)

c¢) A transition region only (in which both potential cores have
completely dissipated)

This complexity must be considered when one estimates the sound sources
in the co-annular jet and how to combinc them to get the total source in the
jet.

Single Point Velocity and Pressure Measurements
The radial variations of the rms fluctuations in the axial (u') and

radial (v') velocity components and pressure (p') were measured for a series
of axial positions for each nozzle configuration. The respective profiles
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for the 5.35 inch outer nozzle case are shown in Figures 4, 5, and 6. All
three figures show the above mentioned evciution of the flow as one moves
downstrcam. When the profiles are presented in similarity coordinates
([r-R}/x where: r=radial position, R=jet radius and x=axial position),

they become self-similar from one core diameter to the end of the outer
potential core. At this point, the transitional effects of the outer mixing
laver appear but self-similarity is roughly approached again by the end

of the inner potential core. These trends are also indicated in the non-
dimensionalized spectra for the axial velocity component.

The single point pressure spectra for the 5.35 inch diameter nozzle
configuration are shown in Figures 7 and 8. Figure 7 is for the outer, zero
velocity ratio, mixing region while figure 8 is the inner, velocity ratio
of 0.4, mixing region. The spectra are non-dimensionalized on the common
basis of Taylor's frozen pattern hypothesis. This technique should collapse
structurally similar spectral distributious as long as the velocity and
scale used are proportional to the local convection speed and scale size.
The spectra presented were all measured on the center line of mixing in
the respeccive shear layers. The spectra were measured by an analog 1/3-
octave band pass filtering network. The resulting spectral distribution was
normalized and each band-passed frequency region was divided by its re-
spective filter width. Thus, the final spectral distribution is on a per
unit frequency basis. The local mean velocity (U10 al) and mixing laver
widths (b) were used to non-dimensionalize the specgral curves. The figures
show good collapse of the data. This suggests that for both the zero and
non-zero velocity ratio mixing regions the pressure field has a nearly
frozen pattern with structural similarity, constant convection velocity
and linearly growing scales. Planchon (1974) has found similar results
for both the pressure and velocity fields of a simple round jet.

The axial distribution of velocity and pressure is of interest in
describing the sound source in the shear layer. The effect of velocity
ratio on this axial variation was studied near tl.e center of the inner
mixing laver. The results are presented in figure 9. The pressure in-
tensity is ron-dimensionalized by the inner core exit plane head and axial
position is plotted in terms of core diameters. The figure illustrates
the effect of the reduc2d shear between the inner jet and its surrounding
flow field as the velocity ratio is increased. At distances greuter than
x/D_ of 7, both potential cores have completely dissipated and the axial
disfributions for all the velocity ratios appear to approach the sane
value. This seems to imply that the jet flow is rapidly developing into
a self-preserving flow--identical to a simple axisymmetrical free jet.

CONTINUING WORK

The current research effort shall continue into the analysis of the
two point measurements to ascertain the effect of velocity ratio on scales
and convection velocities. A narrow band frequency model for the two point
pressure cross correlation functicn will be developed and emploved ir the
Ribner dilatation formulation of the jet noise problem. The predicted trends
in the far-field noise will be compared to measured far-field sound power
levels.
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OR NOISE PRODUCED BY SUBSONIC JETS
by
John Laufer, Richard E. Kaplan and Wing T. Chu

University of Southern California
Department of Aerospace Engineering
Los Angeles, California 90007

At the 1973 Interagency Symposium the development of a directional
microphone system was described and some preliminary results were presented
(Ref. 1). In view of the very promising aspect of this method for the
location of noise sources along a jet exhaust, additional effort has been
spent to improve tihe technique and to obtain more accurate results. This
involves developing more effective statistical methods to improve the spatial
resolution of the directional microphone system and second, to use some
specially designed filter amplifiers to counteract the frequency discrimina-
tion of the reflector type directional microphone system. These filters

improve the accuracy of the measurement in the low frequency regime of the
system, '

Since most of the features of the experiment have been previously dis-
cussed (Ref. 1, 2, 3), we shall dispense with their repetition at this time,
and concentrate only on the differences in experimental and analytical tech-
niques as well as a presentation of our latest results.

Analytical Techniques

As explained in Ref. 1, the gain of the refiector microphone system

initially increases with frequency like fz. Since the high frequency portion

of jet noise only decreases as f'z, the total measured signal will be heavily
weighted by the relatively unimportant high frequency portion of the noise

spectrum. To counteract this frequency discrimination of the reflector micro-
phone system, a speciaily designed filter amplifier has been used in obtaining

our final results. Figure | shows the configuration of this special amplifier
and its frequency response.

If we model the jet by a line distribution of compact acoustic sources of

strength W per unit length, each having a spectrum and a directionality, the
measured response, Vm , of a directional microphone located in the far field

(X , r) and aiming at the point x (Figure 2) is given by
00

W(x, f) = G(f)

e A AL R K (1)

o

where H is the ''window function' of the directional microphone system and
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" =TC Dsin® N\, D being the diameter of the reflector, and A\ is the
acoustic wave length. G 1is the gain of the microphone system and is a
function of frequency f. There are at least three possible ways to solve
Equation | to recover W depending on the assumptions used. The first is
the integral transform technique which was originally used in Ref. 2. The
second is the matrix inversion technique used in Ref. 1. The third one is the
relaxation technique which involves an iterative procedure. A systematic
study of these three methods has been carried out and reported in Ref. 3.

It has been found that the last technique is superior as demonstrated by
Figures 3 and 4. Figure 3 is a reproduction of Figure 8 of Ref. | and

Figure 4 shows distribution obtained by the relaxation technique. It is seen
that the spatial resolution (the spread of each curve) has been considerably
improved although the qualitative results are essentially the same. The same
data replotted as contours of constant intensity are shown in Figure 5a,
while 5b gives a similar plot for a two inch jet showing that the conventional
scaling laws are essentially satisfied. This technique is currently being
used to analyze data recorded for other exhaust velocities and with reflector
located at positions other than the 90° case.

The good spectral scaling for both overall noise and the present direc-
tional microphone results in terms of the Strouhal number (fD/U) strongly
suggest that the large scale turbulent motion may play a very important role
in the noise production of turbuvlent jets. Studies of these large scale
structures have been started undcr an additional contract from NASA Lewis
Research Center. In addition, simple experiments involving far field acoustic
measurements are being carried out to substantiate our current thinking on
the generation mechanism of jet noise.

The results cited above were analyzed by numerical Fcurier Transform
methods, using a 500 hz ""ideal'' bandwidth on the Hanned spectra. The high
cost of digital spectral analysis caused us to use an analog, narrow band
filter for the initial Fourier Analysis of the data. The bandwidth character-
istic of the analog filter is shown in Figure 6 as an amplitude a(f).

Whereas the previously cited results used an experimentally measured
window function, derived from a "'point'' acoustic source, an analytic window
function was computed by convolving the filter characteristic shown in Figure
6 with the theoretical diffraction distribution expected in an axisymmetric
coordinate system (ZJI( N )/ 0] )2,

~ 00

5 (29, (o )/ )2 a(f)df (2)
W)= =2 =
j a(f)df
00

and | now is expressed in terms of frequency f and the sound speed C

!1 = j. Df sin 8/C

) i
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This integration was performed for all center frequencies and all aiming
locations for each virtual source (yielding the @ as shown in Figure 2).

It was noted that at very low frequencies, the gain of the reflector is
so small that the microphone responds appreciably to sound that has not been
reflected, Hence, the kernal H(y ) in (1) was replaced by

2
D( x )R .
(W) + = (3)
a(f)R'
where the second term accounts for the direct response with a shielding term

D(x) which included the directional characteristics of the focal point micro-
phone converted into our coordinate system.

The source distribution W(x,f) is recovered by an iterative technique
wherein wl(x,f) is chosen as the measured wm(x,f) distribution and
D(x) =1,

The wm (x,f) generated by (1) is compared to the measured Nm(x,f) and
]

the error is used to generate the next Nz(x.f). After proceeding through

four iterations, the error is used to generate a new D(x) distribution

Dg(x) = D(x) - .5 = ERROR/W_(x,f) (4)

Beyond this alternate iteration, zrrors are corrected for in either the
wj(x,f) distribution or the Dj(x) distributions until

00

| P2
| W

W, (L, )] S
J

(

)

-00

00

3 1wm(‘.‘,,f)}2 @ o=
-00

Experimental Results

In Figure 7 a sample of the raw experimental data representative of an
oblique observation angle for a sonic jet is presented at a representative
frequency, Observe in Figure 7 the ''raggedness'' of the amplitude distribution
as a function of aiming position along the jet axis. The variation of inten-
sity from a nominal smooth curve is the spatial noise of the measurement, and
is indicative of minos variations of jet exit condition in time, transiated to
an apparent spatial noise since the reflector was stepped in x.

When this spatial noise was ''smoothed'' (Figure §&), the observed distri-
butions in frequency (spectra at fixed x) were subject to increasing scatter,
so that an initial smoothing in both space and frequency was desirable to
yield data which could be enhanced.
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This process is necessary since the enhancement essentially restores
high spatial frequencies lost by the diffraction of the reflector, which
serves as a spatial low pass filter.

The enhanced results (Figure 9) often suggest spurious structures asso-
ciated with the limits of the measured data (i.e., far upstream and downstream).
These spurious responses result from the truncation of the incident data in x
whereas the measurements should have been taken for a larger range of included
viewing angles. Generally, these structures are sufficiently far removed from
the primary peaks that they may be easily separated from the main structure
except at the lowest frequencies investigated.

Conclusions

As with previous results, the existence of Strouhal scaling and the
source location is in accord with known features of jet noise structure,
While care must be taken to minimize the spatial noise, and much of the fine
structure measured needs further clarification to determine its physical signi-
ficance, the technique is now sufficiently advanced to warrant its use for
both supersonic and muffled jet configurations,

This wark w2c <upported by a research grant from the Department of
Transportation D0T-05-00002., The authors acknowledge the assistance of
Robert H. Schlinker who performed the data reduction and numerical calculations.
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SUPERSGNIC JET NOISE INVESTIGATIONS
by

John Laufer, W. T. Chu, R, H. Schlinker,
and R, E. Kaptlan

University of Southern California
Department of Aerospace Engineering
Los Angeles, California 90007

ABSTRACT

The acoustic source strength distributions along a jet axis at Mach
numbers 1.5, 2.0, 2.5 are presented. Certain measurements were made in
narrow frequency bands using a directional microphone system aligned at both
90~ and approximately 40° to the jet axis, Equal intensity contours illus-
trate the Strouhal rumber of maximum intensity and the spatial extent of the
acoustic sources at each viewing angle.

Recent measurements of the jet far field and near field pressure signals
exhibit wave shapes characteristic of Mach wave radiation. Various statis-
tical information regarding these signatures as well as conjectures about
their generation are given.

~arrow band directivity measurements obtained with an omnidirectional
microphone are included.

I, INTRODUCTION

Before the next generation of supersonic jet noise suppressor devices
can be designed the location and nature of the important noise sources must be
understood Previous approaches to this problem include: {1) Theoretical
prediction based on various models of generation mechanisms and dimensional
arguments (Ref. 1, 2, 3, 4, 5, 6, 7);, (2) Intensity surveys along the jet
boundary (Ref. 8, 9); {(3) Optical visualizations of the flow and acoustic near
fiels (wef. 10, 11, 12, 13, 14, 15); (L) Extrapolaticn from the far field

intensity contours (Ref., 16, 9); (5) Wall isolation techniques (Ref. 17, 1E,
19); and (6) Imagin) techniques (Ref. 20).

Results are now available on the location of ths sources from measure-
ments made at the University of Southern California using an imagirg type
directional microphone system. The unit,consisting of spherical reflector
with a microphone at the focal point, rotates to scan along the jet axis.
The details of the system are discussed in Ref. 21,

The measured far field response Hm(x,f) for the directional microphone

located at X, r and aimed at point x, is related to the assumed inccherent
source strength distribution W(x,f,8) by the time averaged integral
equation:
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W (x,f) = S _6(f) {"( ) + 2x) R w(Z .f.0)d (1)
m ) s LN +G(f) nlz s J

(For a discussion of the variables involved and the relaxation technique used
tc recover the source distribution W(x,f) see ''On Noise Produced by Subsonic
Jets' by Laufer, Kaplan, and Chu, also presented at this symposium.) If the
frequency dependent gain is not considered, the peak Strovhal number is
shifted to higher frequencies (Ref. 20).

The recovered narrow band W(x,f,B) distributions have been combined to
provide constant acoustic source strength contours plotted against x/D and
fD/Uj. These show the spatial extent and the peak Strouhal number of the

source distribution,

Measurements made with an omnidirectional microphone in the near field
and at oblique far field positions show a randomly occurring skewed pressure
signal, Detailed cross-correlation and conditional! sampling measurements of
the signals are presented. Conjectures on their generation are made. Ffinally,
narrow band spectra obtained with an omnidirectional microphone are given.

11. FACILITY AND PROCEDURE

Three converging diverging nozzles were designed for shock free flow at
Mach numbers M = 1.5, 2.0, 2.5. A standard NASA program based on three
dimensional methods of characteristics was used. The exit diameters are one
inch and boundary layer corrections were mace. A similar set of two inch
exit diameter nozzles was also fabricated but has not yet been used. Fabri-
cation of the nozzles was done on a numerically controlled lathe to insure
contour accuracy of .000! inch,

The nozzles are coupled to the existing settling chamber by a contraction
section, Mismatch tolerances on the radii at the joining point between the
nozzle and contraction section were held tc .002 inch, This is less than the
estimated boundary layer displacement thickness originating upstream. ¥ith
M= .2 at the joining point the high :ccelerations downstream tend to
suppress any boundary layer disturbances which develop. The first derivative
of the contour was required to be continuous at all joining points. Gener-
ally, care was taken to keep the upstream turbulence level low.

Shadowgraphs were taken at increments of | psi near the design stag-
nation pressure to determine the optimum shock free operating pressure. The
deflection angles of the weak intersectirg compression waves emanating from
the nozzle lip were minimal ar absolute pressures corresponding to M =
1.47, 1.97, 2.47. Consequently, these were selected as the operating Mach
nusbers. In all cases the bounding shea - lyers of the flow were straight
and no shock cells were visible.

During the blowdown operation settling chamber pressures are maintained
within T .51 of the operating pressure. The stegnation temperatures were
slightly lower than ambient because of the work done by the expansion of the
gas from the reservoir. Studies will be made for heat d jets at a future
date.
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All acoustic measurements are made in an anechoic chamber with 1/8"
8 & K condenser microphones. Free field corrections are applied to all
microphones. The frequency response characteristics of the remaining elec-
tronic equipment is calibrated and corrected following standard procedures.
A 100 Hz bandwidth is used for all narrow band spectra,

111, EXPERIMENTAL RLCSULTS AND DISCUSSION

1. Source Strength Distributions

Measurements have been made and the data analyzed for the Mach numbers
and angles shown in Figure 1. Space limitations allow us to present only a
few typical results in this paper. Figure 2 shows a measured source strength
distribution for a representative center frequency. As mentioned in Ref. 22,
the window function acts to smooth the source distribution. Conversely, noise
present in the measured distribution induces large oscillations. Thus, it is
necessary to pre-smooth wm(x,f) prior to enhancement. The result (using the

method of Ref. 22) is shown in Figure 2 along with the corresponding enhanced
distribution W(x,f) obtained by relaxation. Notice that the spatial extent
of the recovered distribution is narrower indicating that the resolution of
the system can be enhanced by numerical analysis of the data.

To test if the originslly measured source strength wm(x,f) could be

recovered, the integral equation was evaluated using the enhanced distribution
W{x,f). The resulting W (x,f) distribution obtained in this way agrees
|

with wm(x.f) as shown in Figure 2.

Figure 3 shows a constant intensity contour plot obtained by combining
33 measured (and smoothed) narrow band source distributions for the case M =
2.0, 8 = 37.5°. The corresponding contour plot for the source strength after
enhancement is also shown.

Figure 4 shows a set of constant &ptensity and source strength contour
plots for the case M= 2.0, 8 = 37.5 .

Additional results obtained during the course of the supersonic jet
noise investigation not shcwn here include: (I|) Total power per unit leng'h
as a function of x/D; (2) Location of maximum intensity as n function of St
number. and (3) Comparison of the power spectral density |1(k,f) obtained by
the directional microphone and a single omnidirectional microphone,

2. Near Field Far Field Pressure Signals

The M = 2.5, QSO directional microphone pressure signais exhibited
rather characteristic shapes as shown in Figure 5. Since the reflector
accentuates the high trequency content of any signal an omnidirectional micro-
phone is needed to check the exact waveform. As Figure 6 shows, randomly
occurring high amplitude positive peaks followed by less intense negative ones
were again obs¢rvea. By comparison, the 90° omnidirectional microphone showed
nc such skewnes>s (Figure 7). Similar results were obtained for the M = 2,0,
37.5° directional and omnidirectional microphone measurements. In both the
M= 2.5, 45° and M = 2.0, 37.5° case the skewed signals were confined to a
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region 0< %-( 15. No skewness was observed for the M = 1.5 jet.

it was conjectured that these skewed pressure signals are produced by
the so-cailed Mach wave radiation of the jet. The existence of such Mach
waves in the jet near field was observed on the previously mentioned shadow-
graphs anc is well-documented (Ref. 10, 11, 12, 13, 14). It should be noted
that the oblique angle positions used for the M = 2.0, 2,5 directional and
omnidirectional measurements were selected to coincide with the propagation
angle of the shadowgraph Mach waves. (The M= 1.5 oblique angle was chosen
from the peak intensity on polar plots). These preliminary results suggested
that since the Mach waves might be reaching the far field, a more detailed
study was in order.

First, the probability disiributions were analyzed. Figure 8 shows a

typical probabitit, Jensity B(p) for M= 2.5, 8 = 45%, 900, The skewness
is evident. Table | lists the skewness values S for the cases shown in

Figure 1. Here, 00
i p3 B(p) dp
S = g 3

e
where '3 represents the r.m.s. pressure level.

(2)

To check if some of the acoustic signals are propaged in a preferred
direction corresponding to the Mach wave propagation angle near field--far
field cross correlations were made for the M= 2.0 jet. Figure 9 shows two
microphones aligned with a source point at x/D = 7.5. The measured cross
correlation coefficient for the source at x/D = 7.5 radiating in the pre-
ferred direction @ = 39.4° (close to the shadowgraph Mach wave propagation
angle of 37.5°) was C = .54, Here C is defined as

P.(t) P, (t)
c._.._]____Z__ (3)

(P, 2(e) P,2(t))?

(See Figure 10 for the cross correlation curve.) The propagation speed was
determined as 1129 ft/sec--equivalent to the ambient speed of sound in the
room,

Inspired by the large cross correlation coefficient conditional
sampling was initiated to determine the details of the pressure signals.
Using the line array (Figure 9), a trigger signal was obtained from the first
microphone (ml) from the conditions (a) F(t) Z .75 P(t)max and (b) slope

positive, The trigger signal was delayed until the acoustic signal travelling
at the experimentally determined propagation speed reached m,. Figure 11

shows the educted pressure signal obtained at m,.
A similar cross correlation and conditional sampling study was made in

tne near field (Figure 12). Both m and m, are now located in the

vicinity of the previously studied acoustic source point at x/D = 7.5. To
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avoid possible interference with the jet boundary, the microphones were
located on a 7° conical slope starting at 1.2 diameters, The cross corre-
lation result is shown in Figure 13 with C = .62 Uj' The travelling speed

corresponds to 992 ft/sec. The educted waveform obtained at m, is shown in
Figure 14,

IV, DIRECTIVITY PATTERNS

Directional distributions were measured for narrow band spectra at each
of the angles listed in Figure 1. Figure 15 shows the measured directivities
for the 90° incidence, while Figure 16 is the corresponding result for
oblique incidence.

V.  CONCLUSIONS

Until a more complete parametric study of the supersonic results is
completed, it is impossible to distinguish the separate influences of the
Mach wave radiation and temperature distribution in the acoustic source dis-
tribution. Supersonic jets exhibit peak acoustic source intensities farther

from the jet exit pl- and for a significantly larger spatial extent when
measured in exit dia .*. The results need to be further interpreted as to
the best reference v ty (and Mach number) to characterize the far field
acoustics.

The measurements of the Mach wave radiation are anomalous in that the
component of their near field convection speed parallel to the jet axis occurs
at subsonic velocities. Hence, the radial velocities associated with the
generation of this field must be of the same order as the axial velocities of
proto-shock waves are to be generated. Until the complete history of these
waves can be traced out, it is difficult to determine how much of the far
field acoustic energy is directly associated by this radiation source.

This work was supported by a research grant from the Department of
Transportation D0T-05-00002.
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SCME OBSERVATIONS ON SOURCE DETECTION METHODS

WITH APPLICATION TO JET NOISE

by
Thomas E. Siddon

Associate Professor
Department of Mechanical Engineering
The University ot British Columbia

ABSTRACT

A principal objective «f this paper is to contrast several of the
current "popular” methods of noise source detection, piving special emphasis
to the author's experiences with causality correlation techniques. Some
legitimate deficiencies of these methods, and a number of mis-construed
criticisms, will be discussed. At the conclusion we briefly describe our
plans for future investigations of basic noise suppression principles,
using appropriate source detection methods.

I. INTROBUCTION

Research into the physical mechanisms cf aerodyramic noise has, for
nore tnan two decades, focussed heavily on cthe fundamental bebhavior of
isolated turbulent gas jets. Paradoxically, even after some tventy ysars
of effort we do not understand the noise generating features of high
velocity jets sufficiently well enough to effect a substantial change in the
process. Recently our discussions have centered on three principal issues:

First, we have been concerned that Lighthill's original theoretical
nodel for aerodynamic noise, posed in terms of equivalent stationary acoustic
sources imbedded in a gquiescent compressible medium is not adequate to predict
the propagatior properties associated with high velocity and/or high temp-
erature jJets. This has lead to a class of externded non-linear solutiomns to
the wave equation such as those proposed by Lilley - and DoakZ-, and to
alternative means of linearly separating the effects of convection and
refr:ction froe the basic radiation process, as described by Ribner3: and
Mani®..

Second, we have beern encouraged to consider the possibility thet the
piocess of turbulence evolution (not just {ts “decay”) plays an important
role in the generation of aerod;na-ic noise. From the work of Crow and
Cha-pa;aes-. xschalkeﬁ'. Laufer’ -, and Karamchet!8. we have seen how the
amplification of coherent disturbances in the early shear layer may cont-
ribute to the generation of sound either directly, or perhaps indirectly
through an aimost catastrophic collapse of organized vorticity which appears
to occur near the end of the potential core (in analogy te the “breaking™ of
vaves or. the seashore). Whether o7 not the organized structure itseif is of
major consequence to the nofse of typical full-scale jets, at high Reynolds
number and with "dirty” core flows, is yet to be demcnstrated. Ncverthelcess
we are being forced to reconsider our concept of what these “eddies” really
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look like, which have for so many years been described rather loosely as
"roughly ellipsoidal volumes of coherent motion".

Third, there have been growing efforts, both on this continent and
overseas to develop practical experimental methods for noise source local-
ization and quantification, These methods have generally taken a physical,
rather than a theoretical point of view; that all of the noise being generat-
ed by the turbulent jet is coming from somewhere and it should thersfore be
possible to measure)l by suitable means, the fractions of time average acoustic
power (or intensity) which are "apparently'" emitting from each unit volume of
the turbulent region. A detailed account of progress along these lines is to
be found in the Proceedings to two recent Specialists' Conferences on Aero-
dynamic Noise*,

Unfortunately, as in theoretical work the experimentalist must learn
to walk, before he tries to run; our experiments must often be based on
simplified approximate versions of the aerodynamic noise theory, expressed
in terms of quantities which are readily measureable. If we are lucky these
simplistic linear models, employing quasi-incompressible, inviscid and/or
isentropic approximations, will lead to bett=r results than we might have
izlt possible. Such has been the historical experience in regard to
theoretical modeling in fluid mechanics (e.g., thin airfoil theory).

It is a thesis of this paper that the aforementioned areas of activity
contribute to a triune of effort which is essential to our continued assault
on the physical origins of jet noise. If the three schools can "cross-
correlate'" in a cooperative spirit, each will offer important benefits to

the other two.

2. CRITERIA FOR SOURCE LOCATION METHODS

With the increased complexity of modern aircraft powerplants the
traditional experimental wethod of "stand back and listen'" is inadequate.
We must develope means of locating and measuring the individual contributions
which emanate naturally from each unit of volume or surface area associated
with the source region., Ctherwise, where several uncorrelated phenomena
make roughly equal contributions to the total noise, we have no reliable means
of determining whether we have suppressed or aggravated a given source
centribution, in response to a local configuration change. Thus an ideal
source detection method should possess the following characteristics:

i) Ability to measure the "apparent' acoustic emission, expressed as
coritribution to total acoustic power from unit volume (dW/dV) or
contribution to radiated intensity per unit volume ( dp</dV) ir a
given direction.

ii) Distributions of local source strength should stand the test of
integral closure; that is, the distributions should integrate out

-

* AGARC Ncise Mechanisms Conference, Lrussels, Belgium/ Septemb.: 19-21, 1973,

AlAA Aero-Acoustics Conference, Seattle, Washington/ October 15-17, 1973.
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to the correct total W or p2 for the entire source region.

1ii) The measurement of local source strength should be effected with
a high degree of spatial resolution. For example in studying the
emission from a multi element suppressor nozzle where the stream-
wise extent of the source strength is not large compared with the
cross sectional dimension, a method which can only estimate the stream-
wise source distribution will be of very limited vaiue. For such
a case, we will wish to obtain information about the relative emission
from "shielding" and "shielded" flows, and the intervening regions
of coalescence, as a function of entrainment velocity and nozzle
spacing. Clearly we need a method which is suited to resolving
source distributions over surfaces perpendicular to the mean mot.o
not just along its axis.

iv) The device or devices employed for source strength detection should
not substantially disturb the source region, nor generate any
additional noise.

v) It should be possible to modify the distributions of "apparent"”
emission strength to determine the "true'" emission strength. The
distinction here is subtle, resulting from the combined effects of
sousce convection and refraction. Although the degree of this
potential difficulty is so far unknown, it may not be a negligible
effect for high velocity and/or high temperature flows.

The forwgoing criteria have been implicit in most experimental attempts
to decompose the source region into its constituent 'parts". However at the
present point in time, none of the known methods of source strength diagnosis
satisfy the criteria adequately.

3. POPULAR METHODS OF SOURCE ANALYSIS

0f the various techniques of source location which have been tried,
several are still under active consideration. These are outlined below:

3.1 Two-Point In-Flow Cross-Correlations

In theory, two point in-flow cross-correlations, with time delay 1
and with probe separations § in all porsible directiong can be employed to
predict, indirectly, the elementary source strength dp</dV 9.. Detectors
can be either in-flow probes (hot wire or pressure probes) or non intrusive
sensors which monitor velocity, pressure, density, and/o. temperature
fluctuations remotely. Currently such experiments are being attempted using
laser velocimeters (General Electric and Lockheed Companies), a crossed beam
densitometer (Damkevala, et allO.) and focussed infra-red detectors (Belleval
and Perullill.); in each case to monitor the source fluctuations at two
points simultaneously. Each of these "remote" detection schemes suffers
from growing pains relative to uncertainty about the quantitative nature of
its response. For example, the crossed beam infra-red absorption technique
of Damkevala, et al, measures coherence between two elongated (beam-wise)
regions of volume, which is only an approximation of the desired two-point
space time correlatioa. The infra-red emission detectors of Belleval and
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Perulli give a signal which contain both temperature and density information,
but in an uncertain mixture.

In practise, the two-point in-flow correlation methods enggil an
enormous number of measurements to yield each local value of dp</dV (e.g.,
see Chu9 or Damkevala et all0). A further difficultl results from the
necessity of determining a fourth order derivative o /31" of the moving frame
space-time correlation function, a complication which introduces considerable
uncertainty into the end result. To this author's knowledge, integral
closure has not been documented for the two-point in-flow method.

3.2 Physical Shielding of Source

Several experiments have been attempted where a rigid physical shield
is used to block off portions of the source region from the far-field list-
ening point. Perhaps the most publicized of these have been the hole-in-the-
wall experiments first reported by Potter and Jonesl? and more recently by
MacGregor and Simcoxl3. The technique features experimental simplicity,
but is only capable of yielding a stream-wise estimate of the "slice-wise"
source strength (d;zldy or dW/dy, depending on whether the measuring
environment is anechoic, or reverberant). Information on transverse plane
source distributions is lost. Furthermore there are still serious, unresolved
questions about acoustic and aerodynamic interference between the edge of the
hole and the developing jet; and on the importance of acoustic tlanking
through the hole at frequencies where ) is not small compared with the hole
diameter.

3.3 Directicnal Detectors

These currently popular schemes, employing various forms of spherical
and ellipsoidal collectors or equivalent summinf microphone arrays, have
been successully demonstrated by Chu and Laufer é’ Groscheld and others.
Such space filters are potentially quite powerful, and to date have been able
tu resolve the stream-wise source distribution (d;z/dy) in a scnic jet and to
successfully achieve integral closure for that quantity. However, two notes
of caution are in order:

First, these devices are essentially pressure summers; they will only
achieve meaningful estimates of d;ildy if the beamwidth .U is small and if
the collecting dish or array is several wavelengths and source dimensions
removed from the source. If the collector is too close to the source so as
to sum the pressure being radiated in many different angles, the output will
be related to the emission from a finite focal volume, but this output will
represent neither the characteristic power, nor the acoustic intensity from
;gat volume. The reason is related to the fact that the sum of the squares
p°j for many different ray paths does not egual the square of the sum (Ipi)
Furthermore there are some types of directional sources, for example a
streamwise oriented dipole, which will give a summed output of zero, ¢ven
though we know that a net acoustic power is being emitted.

Secondly, when the beamwidth of such devices is narrow, the depth of
resolution is very large. The cross-sectional resolving dimension (often
called a window function) is sublect to a diffraction limit, on the order of
one or more wavelengths. Thus ¢ 1ce the characteristic wavelengths emitted
by sonic and subso: ¢ jets generally exceed one jet diameter, the streamwise
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resolution is rather smeared out, and radial resolution is not achievable.

3.4 Near Field Monitoring

Several mzthods of near field mopjtoring have been tried in the past. i
These usually employ measurements of p2 in various octave bands as approx- <
imations to the true acoustic intensity flux pu. Thus contours of apparent |
intensity flux are obtained for different frequency components of the near ;
field pressure. Since a genuine acoustic wattmeter has not been used,such
results are open to considerable debate.

Another class of near field experiments utilizes a rigid imaging plane,
as described by Maestrellol 16 or Rackl and Siddonl7. By forming two-point
pressure correlations on the rigid planel6 or causality correlations with the
far field soundl? a footprint of apparent acoustic flux is produced, to be
associated with the image jet behind the plane. Integral closure has been
demonstrated for the total noise from the image jet20. These latter
techniques suggest a compromise which may be quite useful when jets must
be tested in close proximity to rigid ground planes.

S ki b

Needless to say, the near field methods offer little potential for
spatial resolution beyond the simple stream wise distribution of source
strength and frequency.

4, CAUSALITY CORRELATION METHOD G

The technique of '"causality correlation" has been found extremely
convenient for determining acoustic source distributions in noise generating
flows and on adjacent surfacesl8-21, The method bears a theoretical similarity
with the classical *wo-point in flow correlation method of Sec. 3.1, but for
one distinct difference. 1Instead of cross-correlating two points within the
flow, only one point is required. The signal from this (cause) is cross
| correlated with the resulting far-field acoustic signal (effect). The_ .
answers come out in the form of source strength estimates d;’/dv or dpl/ds
characteristic of each source detection point. Only one measurement is
required to characterize each source point, as compared with perhaps one
hundred or more by the classical two-point method. Also the data reduction
is much more straightforward, since 1 derivatives of lower order are involved
(only 3/37 or 3%/312%).

4.1 The Basic 'Causal' Relationships

The theoretical basis for the causal approach is now well documented.
A solution integral for tie far field radiated sound p(t) is multiplied on
both sides by the same far field pressure signal p' evaluated at a slightly
different time t' Upon time averaging, we find the autocorrelation function
for the net far field sound pp' (1) depend{ng on integral distributions of
several contributing caueality functions:

SET(T) = '& [%? (Ec;ic + ;;ECOSE)] R E162) + 8[;%-(Luxp)] i) )
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Here, T = t - t'. The causality functions are, in fact, time delay
correlations between local "effective sources" and the net far field sound.
Typical functions appear as sketched below:

+ (K /},_eu ou. p(t)
-——"523’{’/ \\.,]‘E_—..c

7

A N
- _——
T-=

g1}

Note that these functions will have their largest magnitude (or slope,
for certain choices of source variable) at or near the correct retarded time
delay value for acoustic propagation from source to receiver. The acoustic
contributions from each unit of source surface area or volume are determined

explicitly by setting t = t' (T = 0), giving the following "causality" relations:

QEZ A S ( + p pCos 8) (2)
ds 4mxc |37 pu_ P nPC T PgpLos 1=x/c
2 2
and :s - L 5 [.3 (ou p) (3)
4mxe At ? T=x/c

A completely equivalent alternative form of (3) is obtained if one replaces
with the source dilatation pressure p( ), foilowing the approach of
Riﬁner or Meecham and Ford22,2

2 2
dE = "1 [ a ( (0) ) ]
dv 4mxc? s%fc (%)

This alternative formulation, while experimentally more convenient, has
come in for a good deal of undeserved criticism, an aspect to be considered
rore fully on later pages.

Other useful information may be extracted from the "shape" of the
causality functions (1), including the local scales of coherence ang spectra
of the sound contribution from each point of source detection S

The success of the causality methods is directly dependent on the
accuracy and confidence which can be assigned to our measurements of the
various source fluctua i ns. In-flow detection of turbulence generated
fluctuations such as p'°’ or pu is fraught with difficulty. Nevertheless,
it has been possible to produce approximat° facsimiles of the source strsggth
distribution in turbulent jets, on ri&bd airfoils and rotating fan blades
For example, see the results of Rackl depicted in Figure (1).

4.2 To Normalize or Not?

There is frequent confusion as to the significance of correlations
between two points widely separated in space, one of which is purported to
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be a source. This confusion results partly from the widespread practise of
normalizing the coherence, i.e. dividing by the individual root-mean-square
values of the partner variables. Whereas the concept of normalized coherence
may be of considerable value in establishing the direction and strength of
energy flows in multi-path (reverberant) systems, its use can be seriously
mis-leading in analyzing single path (source+receiver) situations.

For example as depicted in Figure 2 it is possible to get one-hundred
percent correlation between two microphones, both of which are located in
the acoustic far field of a small loudspeaker. This will result if the
normalized cross-correlation is evaluated at the correct time delay for wave
propagation from A to B. Of course neither microphone need be close to the
source, so the process of normalization has produced a meaningless result.
However if the gurface motion of the loudspeaker, or the adjacent baffle,
were correlated against microphone B with an appropriate time delay and if
the correlation was evaluated without normalization as shown lowermost on
Figure 2, a correct localization of the source would occur. In accordance
with equations (1) and (2), integratioa of the cross-correlation value
[Fiapp]z = F3/31 Cpugp )] + will yielu the total radiation p2, from the

B
speaker. For radiation dItections ot in the plane of the baPTle a further
contribution would be found by forming the correlations pgpCosf, according
to Equation (2).

Similarily, in the more complex case of a turbulent jet, the correct
distribution of source strength will only result if the raw (unnormalized)
correlation is used. As in Figure 3, we consider a fixed microphone
measuring p and a moving probe which measures p,. As the probe begins to
penetrate the intense, inertia-dominated pressure field of the turbulence,
the maximum correlation 5-33 will rise sharply while the normalized 2
correlation will correspon&ingiy drop. Integration of source distribution
profiles as shown in the lgyer part of the figure should lead to closure,
and recovery of the total p4y, radiated by the entire complex array of
turbulence sources. The uszz of normalized correlation as in the uppermost
curve leads only to the mistaken conclusion that the jet noise sources are
coherent over a substantially larger volume than the correlation lengths for
the turbulence itself. We must remember that normalization may indeed dem-
onstrate the extent of coherence in the pressure field, but it does not reveal
the source of that coherent field.

For a fixed far field point it seems natural to conclude that the largest
causality correlation, at correct time delay, will locate the region of
greatest source strength. If a "source' probe is only near to this region
of strong sources (say outside the turbulence interface, or the the potential
core) the probe signal will be much weaker and the correlation may not "peak"
at the correct time delay. Likewise the apparent source strength will be
small, even though the normalized coherence may seem higher than it was in
the active part of the flow.

4.3 The Numbers Game

Assuming an array of discrete, well scparated, and uncorrelated sources,
it has been an established practise to estimate the nuaber of such uncorrelated
sources from the inverse of the maximum coefficient of causality correlation,
squaredzz. The appropriate relationships are given on Figure 4, for either
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surface or volume distributed sources (or both). However, recalling our
findings of the previous section it should b¢ apparent that a large value

of normalized correlation is neither necessary, nor sufficient to identify

a noise source, nor to draw conclusions about the number of such sources.
Furthermore, the turbulent jet is not a distribution of spatially separated,
uncorrelated sources. Several factor:i can lead to either an exaggeration

of the number estimate (e.g., resulting from spurious, non-correlating noise
on either channel) or a deficient estimate (resulting from band pass filtering
of the signals or a correlatable contaminant in both signals)2l. Such
constraints apparently lead to wide variations in number estimates, as
indicated by the data of Figure 7.

4.4 Negative Source Strength?

Occasionally, especially where periodic scurces are dominant or some
form of spatial symmetry exists, evaluatior of the causality functions (2)
or (3) ieads to an apparent ‘'megative source strength” for certain scurce
point locations. This observatigg was inigjally puzzling since it had been
felt that all contributions to dp“/dV or dp“/dS should be pusitive. In fact
it has now been demonstrated that unequal, anti-phased motions or two
adjacent sources emittirg the same frequency will give an apparent negative
source strength, when the weesker source disturbance is correlated with the
far field soundéa. This is because the stronger of the two sources controls
the phase of the far-fieid radiation; the weaker tends to cancel some of
the far field pressure, being anti-phase with the dominant disturbance.
This effect has been clearly demonstrated with the aid »f a simple dua’
loudspeaker apparatus having provision for driving the two speakers unevenly,
and counterphase.

Our causality experimernts with single round jets have shown no
tendency for negative scurce strength, supporting the notion of a spatially
random scurce distribution. At this point it is useful to stress the special
virtue of the causality approach; the method singles out orly that portion
of the scurce fluctuation field responsible for some net contribution to
the far field sound. Certain types of large scale source fields, for example
arising from a "coherent vortex-like structure', may be internally self
cancellinrg, so that nc significant contribution is made to the far-field
gound,

5. PRESSURE SOURCE MODEL FOR JTT NOISE

The so-called_dilatation model for jet noise, which has been variously
ascribed to Ribner““ and/or Meecham and Ford23, separates the total pressure
fluctuation igtp two parts p = p(o) + p(1), 1n the source iegion the
pseudosound p'®/ (inertial in origin) is said to dominate «ver the acoustic
fraction; the converse is true in the acoustic far field. This separation
enables one to write the solution integral for the far-field acoustic
pressure in terms of a distribution uf equivalent dilatory sources confined
to the noise generating region:

(1) .ol [‘-’p“’).] . d vy
P (E't) - 4"1‘(‘& T ? d Viv) (5)
v

o
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Although this is now a widely accepted equivalent form to Lighthill's
quadrupole model (both being restricted to "relatively" incompressible
turbulence), there are persistent criticisms of its validity. Nonetheless,
the work of Batchelor shows us that Ribner's key assumption:

VZp(o) . L gzgggju‘)
xi9%4

becomes exact in the incompressible limit.

1f che inertial prassure p(°) can be shown to dominate in the source
region, equation (5) leads directly to the convenient causality source
strength relation (4). The dominance of p{0) can be confirmed by a simple
experiment. If one plots the radjal distribution of fluctuating pressure
from the jet centerline outwards to large distance, one gets a picture as
shown in Figure 5. If we assume for the moment that all of the acoustic
power of the jet is radiated by onz equivalent point source, then by
extrapolation of the free-field line into the source region (dashed) we
must conclude that the net acoustic pressure level of that one source will
fall well below the overall jet pressure level, by 20 decibels or more, for
most points within the turbulent region. Indeed if the total jet acoustic
pover is viewed as coming from a large number of uncorrelated sources, their
individual acoustic fields wili be even less significant with respect to the
total jet pressure fluctuations. Thus the inertially induced pseudosound

pressures may be viewed as a causative mechanism for a major portion of the
far field sound.

All theoretical arguments aside, one could argue that the turbulent
pressure fluctuation is a '"natural"” quantity to cross correlate against
the far field sound. Where ‘he unnormalized causality correlation is
largest, it seems logical that we might expect the strongest sources. This
should be a useful technigque, at least to within engineering accuracy, but
wve must pay careful attention to two contaminating influences; First, the
source detection probe may not register the true correct value of ptos,
because of its interferemnce with the turbulent flow. Secondly, the source
Frobe may generate dipole sound due to the force fluctuations imposed by
the interacting flow. These will be at the frequencies of the approaching
turbulence and may radiate an additional correlatable sound to the rar-
field point.

As a consequence of these putenticl contaminants the causality
correlation may contain two or more error “erms:

[ (0) r {o)] (0) 7
PP = iPc P + PP
£f ]neas LPes — [ f£f erroJ

(o)

+

+ [pff P trué] Cross term
error

probe ervor

(6)

probe noise

The error terms must be adequately suppressed.
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6. CONTAMINATION OF PRESSURE PROBE SIGNAL

It was once felt, by some, that reliable measurements of the fluctuating
static pressure field of a turbulent jet would be virtually impossible,
because of an inevitable error arising from interaction between the probe
and the flow. However, recent research by the present author and others
has shown that in certain cases the probe/flow interaction error can be
suppressed considerably, using specially shaped probes which minimize
sensitivity to incidence cnanges in the approaching flow, or probes which
actively compensate for the interactlon error in real time20,25,26,

0f course one must ensure that the probe or measuring device is small
compared with the smallest wavelengths of turbulence (corresponding to highest
frequencies), if meaningful "point" measurements are to result. On the
foregoing assumption, the flow past the crobe can be regarded as locally
quasi-steady; an empirical approximation yields estimates of the pressure
errurs arising from incidence and velocity changes in each of the three
courdinate directions:

(o) (o)

- 2 - 2 - 2
- = ! ! [o) i
meas ~ P true Ap(2ul + u”) + Bc(ZurLr + ur) + C,(ZueLe + ue) +D (7)

The fluctuating velocity components u, up, up are in the streamwise,
radial and tangential directions, respectively; likewise for the steady
components U, Ur and Ua. This equation is reasonably valid in low speed
flows, but corrections may be required where compressibility effects are
strong.

The constants A, B, C, and D of equation 6 can be estimated from steady
flow incidence calibrations. By careful control over the shape of the prohe
it is possible toc reduce these constants to a point where the error maxes
a minimal contribution to the pressure reading. For example, given a
cylindrical static pressure probe aligned with the jet axis, and assuming
the coefficient A has been nade very small, with B and C taking values of
about -1/3, we can write:

p(:) _ p(c:) -

2 2 2
-1/38 (ug +ug - u - ul) (8)

while it is true that errors of the above order may apprcach_the theoretical
"true" pressure fluctuations in isotropic turbulence (ﬁ hru*), the pressure
fluctuations characterizing the shear layers of turbulent jets are now known
to be much larger, and seem :c vary like cul. Thus, as depicted in Figure r,
the rms pressure error is expected to be on the order of 25° of the total
observed pressure, or less, everywhere in the shear layer. Speiialiy

shaped probes, such as the tongue-shaped configuration of Rack}=9, appear

to do even better.

Of further significance to causality correlation experiments {s the
observation that certain of the error terms on the right hand side of (b)
will not correlate with the radiated sound, if one introduces arguments
based orn symmetry and normality of probability functions. Thus if the fieid
microphone is in the plane of r, the u.. term will not correlate. This scrt
of covasideration deserves further investigaticn.
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7. CONTAMINANT TO FAR FIELD SOUND

As illustrated in Figure 6, Rackl's tongue-shaped pressure probe sub- :
stantially reduced the errors in p(o) caused by quasi-steady incidence
variations and velocity modulations in the plane of the foil (HO-O.B)ZO.
Also the broad multi-crested causality correlation which had been observed
with a conventional cylindrical Probe was replaced by a relatively smooth .
bell-shaped curve (Fig. 1.). The broadening was found to arise from spurious
dipole radiaginn due to unsteady flow interactions with the nose and stem
of the probell (gee Fig. 7). Note that the interactions occur with all
characteristic frequencies of the turbulence Bpectrum, not merely the vortex
shedding frequencies for the probe. Thus they contribute a correlatable
contaminant to the far field pressure which is difficult to separate from
the authentic sound generated by the adjacent turbulence. It was expected
that a foil shaped probe which offered minimium surface area {n the direction
of far-ficld radiatien would reduce the dipole contaminunt_gubstantially.
fiowever, on integrating his source distribution functi dp</dV over the
vntire jet (Fig. 1), Rackl obtained a value for total p- which was about 8
times larger than the direct measured sound level at 45 degrees to the jet
axis. This lead to the conclusion that the causality correlations ploJ)p(:)
were much teo large, probably because of an unsteady “drag" dipole radiation
arising from streamwise buffeting of the probe supporting stem, by the
appreaching turbulent flow,

The noise coming from a lift, side force, or drag-producing surface
imbedded in the flow can be estimated by a compact dipole model, giving: -

-
o8

Pdrag dipole (4-xc)” Lde d 7 4mx ¥ Cp'u 9)

Here M iy rhe jocal Mach ne., o s a characteristic frequency, Cp s the

quasi-steady drag coefficlient, and Sc. is the effective coherence area of the

ferce distribution. A similar equation_for 1§ft or side force noise wil!l .
result {f Op is replaced by CLi/‘- and u? by v-. The noise coming from an

adjacent correlated volune element of the turbulence (V.) {s:

v AL TR de* 4-x ’ U {10}

‘he contamination effect is conveniently described by a probe contamination
ratic PCR. For a drag fluctuation:

4
P Ve , J): y~:
PiR Sipele {91»—1-———'5,.03’] . (9— (113
p“' v.uIC.A U+
‘hus for a probe of diazeter 3 in a round turbulent jet of diameter D,
equation (11) vields, ot x/D ~4&:

i €T 1 d . 1 «
anl Ly L A p , > 8 = Ve — (]2
‘L&drag ot D M: 11s0 pCRsideforcc 0« D ) M- (3

loc loc

& 1/8 inch diameter probe stem f{n a jet of 1% inch nozzle diameter operating at

Mom.3 will have a PCRyrap~8.5, but at Mge=l the PCR will reduce to only about 0.8, .
The dipole nature of the contaminant noise obviously works to advantage at higher

Mach numbers.  For accurate measurement of causality correlations {t s essential

that the probe radiation be much weaker then the inherent self-radfation from an

84
BEST AVAILABLE CCry




ladjacent correlation volume Vc. Since evidence seems to
-uncorrelated structure for thé basic noise generators in subsonic jets,
iit is insufficient to disregard probe interference noise merely on the

fbnsis of little observed change in the far field level, when the probe is
inserted. .

suggest a highly!

8. CONCLUSIONS AND OUTLINE OF FUTURE WORK

Vur ultimate objective is to contribute to the resolution of fundamental
v! nolse suppression mechanisms, and their inherent limitations, for multi-
ment suppressor nozzles., Unlike some experimental methods which measure
v the integrated streamwise source distribution, causality ccrrelation
echrniques are also sulted 2o determining the source strength preofiles in
! tions transverse to the mean =otion., While these z=ethods appear to
e resulls to an adequate degree of engineering approximation, there are
nresclved features which demand further exploration. For exaznple
reduce the drag dipole contamination by going te an air feil-
with much lower Cp. We will further investigate the
igning a truly errcr-free pressure probe, by finding wavs
icientg of equation (7) in the sense that they are sore
number and turbulence spectrum. We plan te maxke wasure-
vity of causality correlations to probe generated noise
ohes of various sizes in a single jet. We are lconing
s cf source convection, and refraction, as they effect
he causality "signature”. Consequences of :ui"ﬂlt
en source and receiver {especially as applies 2o ehieldled
are also urder studv.

© oparallel with the above work we are preparing to expcriaf": with A
faser-shadogrrarh <curce detection scheme, as a substizote for a phy
presuute probe in othe fiow, We expect alsc te emplov a far-field e
=icrophone svslen as an independent check on probe zererazed nofse, and o test
for o integral Jlosure of the measured source distriduricns
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Inese studies ave all essential prereguisttes o cur main task, which is
o experimentally Zistinguish between reiatfve esissforn strength of shlelding”
and Tshielded” for mult
.

ezs, and the intervening regicns of coalescense,
: r nozzles. Im this way we should learn zore abou*
ent  veleocity and nozzle spacing on overail nolse suppression.
"
-

o

a companicn experiment the role of edge rnoi{se gencrated at the norzle lips i
belng assessed by zausality correlation, using the surface pressure 7, a¢ the
Teource” fluctuation. Thus we intend to exazine the posx!bi‘ity that lip
senerated noise imposes a leower limit on the nolse reduction capahility of
nighly segmented norzles.,

eted work described herein has been funded largely %+ the
taticrnal Ressarch {ouncil of Canada, under Grant No. A-7106 and the Defense
ssearch 3oard of Canada, under Grant No. 9611-03. Major porticns »f the
sngoing weory, concerning the validation of source location technigues and

[ sjlcatien te suppresser nozzle studies are conducted under sub-

T C?!?ﬂ’~ﬁ<-3ﬂ03i. The assistance of the United States DOT s
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MEASUREMENT OF THE AXIAL VARIATION OF THE SOURCE STRENGTH
INTENSITY IN AN AXISYMMETRIC SUBSONIC JET
by
Gerhard Reethof and John M. Seiner

Noise Control Laboratory
The Pennsylvania State University
University Park, Pennsylvania

Abstract

This research deals with the experimental evaluation of the jet source
strength intensity per unit length of jet. The direct correlation technique
of Lee and Ribner(lg was employed to produce the desired evaluation. The
radiated acoustic intensity is expressed in terms of an integral over the
source region of a far field pressure-source field velocity coherence
function. Substantial improvement in the implementation of this technique
was achieved by use of a polarity-coincidence detector and two phase matched
bandpass 4-pole Butterworth filters. The results are given in terms of
shear and self-noise components for six reduced filter center frequencies
O.Lgfo* = fOD/UjS}.Z For the emission angle of y = 30°, peak acoustic

emission for the 2 in. diameter nozzle was fcund to occur at fo* = 0.36 at

an exit Mach number of 0.33. The results indicate that neak acoustic
emission can be associated with the transition region of the jet flow. The
radial distribution of the shear noise component suggest:s that advection of
turbulent v' kinetic energy from the fully turbulent rcgion of the shear
layer produce: maximum coherence along the axis of sv.metry. It is propose
that tne centerline value of the shear noise component serves as an adeqrate
estimate for acoustic emission per unit slice of shear layer.

Introduction

The objective of this work has been the experimental evaluation of the
source strength intensity per unit axial length of subsonic jet. A direct
correlation technique, which simultaneously relates the flow and acoustic
far field time domains, has been employed for this purpose. Within the
general framework of our effort in tlie jet noise field, this information was
needed to assist in estimating the effectiveness of converting turbulent
kinetic energy to magnetic field fluctuationms.

Since the time this investigation was undertaken, a number of fine
research works relating to estimating the sound power distribution in sub-
sonic jets have gppeared in t?i literature. ?ee for example the works of
Lee and Ribner(l , Maestrello ). and Rackl(3), Except for the work of Lee
and Ribner, the methods used by Maestrello and Rackl to estimate the sound
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power distribution differs considerably from the method adopted in this
investigation. The technique employed by Maestrello consists essentially of
measuring the acoustic energy density flux along the boundary of a jet, and
{ then solving the Newmann problem for the far field acoustic intensity using
' the measured distribution of the pressure gradient. The method used by
Rackl consists of correlating the far field acoustic pressure with the
surface pressure of a rigid plate located along the jet boundary. Source
location is then obtainad using the ray acoustics reflection principle. The
results of Maestrello and Rackl concerning the souni power distribution per
unit jet length are essentially in agreement with the results of this
investigation.

P—

The experimental technique used in the present investlgatior differs
from that used by Lee and Ribner in two important respects. First, the
required correlation computations are made using a polarity-coincidence
: detector, rather than an ordinary correlator. Wolff, Thomas, and Williams(a)
; have shown that such a detector is superior to an ordinary correlator when
subjected to non-Gaussian inputs., For fixed input distributions, the
. probability of detection with this device is a nondecreasing function of the
4 signal to noise ratio. This is a particularly important feature, for in
: subsonic jet flow measurements the direct correlation technique rarely admits
covariance amplitudes exceeding a value of 0.1. Such small covariance
amplitudes require filtering the input signals to again improve on the
dynamic range of the measured covariance.

TR AT TR AT

] The selection of the filter bandwidth enters as an important parameter,
f since the bandwidth serves to determine the required averaging time for
i measurement within a certain desired accuracy. For example, if the random
functions are normally distributed and covariance stationary, then detection
of a covariance amplitude of 0.0l requires an averaging time of

T = 21 (/2Bp2e?)~! = (nv2/B) x 10°
seconds to achieve a relative accuracy of ten percent. Here B, p, and €
respectively represent the filter bandwidth, covariance amplitude, and
relative error.

——

In the present investigation two phase matched bandpass 4-pole
Butterworth filters are used with octave wide bsndwidth settings. Since the
normalized bandwidth of such a filter is 0.707, the required averaging time
: is tempered by a factor of order 10 over that of a narrow band filter with a
normalized bandwidth of 0.06, In addition to this feature, it is easily
shown that when the normalized bandwidth exceeds 0.3 the first zero crossing
1 of the envelope becomes comparable to that of the high frequency carrier, and
- a well defined (sin x)/x distribution is obtained for the covariance function.

Lee and Ribner confined their measurements to the first seven jet
diameters, and performed measurements around the periphery of the jet in the
central turbulent zone at one nozzle radius. At this nozzle radius the co-
herence amplitude is typically 0.01. The results of this investigation show
that the coherence amplitude iuncreases exponentially as the jet centerline is
I approached radially from the central turbulent zone, Along the jet centerline
' and in the potential core turbulence production is negligible, and one cen
f additionally assume that the saund production in these regions of the flow is
also small. Since maximum coherence is obtained along the axis of symmetry,

Ty TR
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axisymmetric advection of turbulent kinetic energy from the fully turbulent
regions of the flow, where turbulence production is maximum, appears as a
probable source for this observation. In this sense the measurements, which
are presented at this time, are only of a preliminary nature. Nevertheless,
the current measurements do indicate that the measured value of the coherence
at a single point do not necessarily reproduce the source strength intensity
for that point alome.

Along the centerline of the flow the coherence amplitude is typically 27
times larger than those values measured at r/r, = 1.0. Thus for a fixed
averaging time, the relative error obtained along the centerline is 2m)?
times smaller than that obtained at r/ry, = 1. Therefore, an effort to
qualify the meaning to be attached to the centerline values of coherence is
important from the standpoint of improved relative accuracy in measurement of
the source strength intensity.

The Direct Correlation Method

The mathematical development used to implement the direct correlation
:echnique can be found either in Seiner and Reethof (5) or Lee and Ribner(1),
lasically the approach functions well under the limiting assumptions of high
leynolds', low Mach number isothermal free jet flows. In this way the
effects of thermal conductivity and viscosity are considered negligible. The
raliated acoustic pressure can then be expressed in Proudman form, after
contraction of the resulting stress tensor Ty4. Assuming to the first order
that the gas flow dynamics are 1nc??gressib1e, the radiated acoustic intensity
can be expressed using Lighthill's integral equation as,

I(x) = (p,a,)"" <[P (x,t)]1%>

= (mpa )7 ] 3*/3t® [Ry 1@ x5 | @
1 T=r/a
v o
shee Rps'ru_ = <P_(x,t) 3% T°rr (x',t + 1)/3(t + )% )

Figure 1 details the coordinate system used to define the variables used in
equations 1 and 2. Ribner (7 Reynolds' decomposed the stress tensor T 0, to
obtain the following components with intrinsic time var’atioms,

T°rr Pov,” = 0 (U +u)?=p [20u +u?’] A3)

He denoted the first term of equation 3 as the shear noise component, and the
second as the self noise component. Due to the self-noise component's
quadratic dependence upon the turbulent velocity component, the self-noise
component is composed of turbulent frequencies that are an octave lower then
those turbulent frequencies which produce the shear-noise component.
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To relieve the problem of estimating the second derivative on the

required cross-correlation RP T and at the same time improve on the signal
s rr
to noise ratio in the detection of RP T , the derivative property oif a
8 rr

real linear filter system can be utilized. Seiner and Reethof(s) have
calculated the following filter relation for a pair of phase matched bandpass
4-pole Butterworth filters,

450

2
3% Rp ¢ (xx";T)/ATP = - 2 I WRy ¢ (xx'iT,0 )duy (4)
8 rr S IT
2

where wo represents the filter radian center frequency and A = 37B/4. The

normalized bandwidth B has a value of vZ/2 for octave bandwidth selectioms.
Nondimensionalizing equation 1 by the Lighthill parameter for acoustic

intensity L = DOUJBDZ/aoskz, and substitution of relations 3 and 4 into

equation 1 produces the following useful definitionms,

0
* L]

I1(x)/L ] J (nshear + nself) dwo dx (5)

v'o .
A * % *
where Nohear ™ 2K UR 'l)'s u. [ - (. x ,x'; T, W, )] | (6) .
ST T=r/a
- n 2 - * '*. *
Ngelf S a;ur [ Pp u 2 (x,x' 3 1, w, ) | (7)
B r T= r/ao
*
K = DR - (8)
ZnABpoao M.1 r

In the above relations pxy represents the filtered cross covariance

function and ? denotes the PMS value. It is of importance to note that the
integrand of equation 5 does not depend upon the local value of the coherence,
but rather it represents a percentage of the total contribution tco the radia-
ted acoustic intensity. This is necessary for one encounters regions of the
flow with a high coherence and low fluctuation level. The covariance functions

Ppu Ppy? appearing in relations 6 and 7 are experimentally evaluated. The
sr’'sr

wo' integral is graphically evaluated, and the resulting spatial distribution

of the source strength intensity is presented in terms of its axial variation
per unit length of jet. .
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Experimental Apparatus

A comprehensive description of the experimental apparatus, electronic
instrumentation, and the measuved turbulent flow and acoustic field character-
istics is given by Seiner(8), The flow field is generated by an axisymmetric
contraction cone with a 60:1 area contraction ratio producing an initially
laminar top-hat exit plane velocity profile with a displacement thickness of
¢*/D = 0.0065 and a shape factor of H = 1,8. At a jet exit Mach number of
0.33 the turbulence level is found to be 0.25%.

The jet apparatus was located in an anechoic chamber with a 125 Hz cut~off
foequency. The microphone used vas a B&K 1/2-inch condenser microphone,
and it was positioned 60 nozzle diameters distant at an angle of 30° to the
jet axis. The hot-wires used were 0.003 mm diameter platinum plated
tungsten wire etched to an active length of 0.75 mm, and operated in the
constant temperature mode at a2n over-heat ratio of 0.8. The aspect ratio &/d
of these wires was 380. Since measurements were conducted across the shear
layer, the hot-wires output was linearized to provide coustant resolution
over the mean flow velocity range encountered.

p————

The cross covariance functions were computed using a Saicor 42
correlator operating in the clip mode. The hot-wire and microphone signals
were pre-filtered before correlation by two phase matched bandpass 4-pole
Butterworth filters. To permit use of the incompressible approximation to
Lighthill's applied stress tensor, a jet exit Mach number of 0.33 was
selected for all tests concerned with application of the direct correlation
technique. At this Mach number the jet Reynolds' number for the 2 inch
diameter orifice was 3.7 x 105. Therefore, beyond the first jet diameter, the
nean velocity profiles were found to be self-similar in the mixing layer as is
shown by Figure 1. Beyond the mixing layer good agreement was achieved
between measured and calculated mean velocity profiles as is shown by Figure 2.
From measurements of the centerline value of mean velocity, the jet's
transition cross section occurred between z/D = 7.5 + 8.0. Tollmien's solu-
; tion for the axially symmetric source was used for the calculated profile in
; Figure 2.

Using the mean velocity similarity profile of Figure 1, Prandtl's

E momentum transport theory is applied to calculate the u' - compouent turbulent

. intensity. This result is presented in Figure 3, where it can be observed

; that good agreement wich measured values was achieved. This of coursc

F indicates that the jet spreads linearly in the mixing region, or equivalently,

E a single length scale governs the flow in that region. From space-time cross-
correlation measurements the longitudinal integral length scale is found to

grow linearly with increasing downstream distance according to the relation

L, = 0.095 (z-zc). Here z, refers to the jets virtual origin, and is located

ingide the nozzle at z, = 1,.5D.

The measured sound power slope with jet exit Mach number for the emission
angle of 30° is shown in Figure 5. There it can be observed that in the low
. subsonic range the sound power slope varies with a 6.5 exponent, and in the
§ high subsonic range varies with an 8.1 exponent. At emission angles near
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normal to the jet axis, the sound power slope is nearer the sixth power of
jet exit Mach number across the entire subsonic range. This result is in
general agreement with the measurements conducted by Gerrard(9). Lighthill(lo)
explains this observation as being due to the reduction of turbulence
intensity with increase in jet exit Mach numb.:r. This produces a basic Uj‘
variation for the sound power, but the effects of convection produces a
directivity that steepens this slope to UJ’ at high subsonic Mach numbers for
smal” emission angles to the jet axis.

Measured Sound Power Distribution

In Figure 6 typical hot-wire microphone measured cross covariance
functions are showm for the reduced filter center frequency of fo* equal ‘o
fOD/UJ = 0.20. Peak acoustic power emission occurs at fo* = 0,36, and six
octave center frequencies were sel-~cted around this peak at fo* = 0.1, 0.2,
0.4, 0.8, 1.6, and 3.2. As can be observed from "igure 6, two distinct types
of covarisnce functions are obtained. The upr2 trace is typical of measure-
ments obtained in the potential core wiitre - c: acentration of turbuelnt
kinetic energy density 13 observed center-: :.ound the reduced filter center
frequency fo = 0.40. A strong filter ; :;.ng can be observed from this
trace. In the more fully turbulent regions of the flow the output cross
covariance takes cn the familar sin (Bt/2)/(BT/2) cos wotT functional appear-
ance, since the turbulent spectrum is essentially flat across each octave .
¢ bandwidth.

For a Gaussian grocess with an exponential autocorrelation function,
Lumley and Panofsky( 1) gshow that an autocorrelation function estimate at

lag T has a relative fluctuation level of vI + pZ/p, and an integral scale

of Lt/(1 + p?). They then show that the averaging time required to produce
an estimate with a variance no larger than € is given by

T= ZLTIp‘c2 (9)

For band limited cross covariance functions the filter's center frequency can
be used to approximate the integral time scale in 9, since for an octave

filter the bandwidth B = V2 Wo/2. Thus 9 can also be written as

- 2 1
v2 B p3c? 2f pe?

(10)

Equation 10 was used as a guideline for selecticn of a suitable averag-
ing time, such that for all values of the measured coherence amplitude
p 2 0.01, the relative error would be € < 0.15. For values of p > 0.03 the
relative error was typically less than 0.1.

E Figure 6 shows that a positive spike occurs near the expected time delay .
T = r/ay rather than a negative going spike as prescribed by equation 4. This
occurs since a condenser microphone {s normally inverting (i.e. a positive




"

N gy

i s

pressure exerted on the microphone's diaphragm requires a decrease in

voltage to maintain a constant electrostatic charge). Thus the positive

peaks like those shown in Figure 6 are selected as the value for

[ - PP u It = r/a° appearing in equation 6. Figure 7 shows the resucltirg
sr

spatial distribution from similar measurements within the first ten jet diam

eters. In this ~ase the distribution is for the shear noise coherency

function for the reduced filter center frequency of fo* = 0.40. The measure-

ments were limited to the first ten !2t diameters, for teyond this point

insufficient distance would exist between the source and observervaticn point,

From Figure 7 we note that the shear noise coherency function attain., a
maximum value along the axis of symmetry, having an ampliutde value 2~ times
greater than those which occur at r/D = 0.5 for the same axial locaticr.
Fuchs (12) demonstrates that the power spectral density for the hydrodvnaric
pressure in the potential core can be synthesized by the Fourier transform
of the azimuthal pressure components that result from a synthesis cf a
circumferential space correlation in the mixing layer. He further shkows that
maximum coherence results when the sum of two diametrically opposed pressure
components in the mixing layer are correlated with the pressure compecrent
along the jet centerline. This observation indicates that the dominant
pressure component is the axisymmetric mode, that may have its parallel with
the large scgle coherent rirng-like vortex structure observed by Crow and
Champagne(13 .

The results of Fuchs fit into our context in the sense that contributicrns
from the entire periphery of the mixing layer simultaneously contribute to the
fluctuations along the axis of symmetry. Thus the resulting cross covariance
measurement between the centerline velocity fluctuations and the far field
acoustic pressure is essentially an integrated measure of the entire contri-
bution from around the perirhery of the fully turbulent flow. However, it is
to be expected that the me :ured value at a particular axial location along
the jet centerline may + _i1 be associated with turbulent motion advected to
that point from farthe upstream.

Figure 8 displays the spatial distribution for the shear-noise component
n at £ * = 0.40. As can be observed, except for measurements within the
pskzﬁiial cgre, the maximum acoustic contribution is evidently again funneled
into the centerline value from the rully turbulent zone. Also evident from

Figure 8, is the result that the amplitude ..evel of Nghear at the peak

*
acoustic frequency of fo = 0.36, is relatively constant through the entire

transition region. Figure 9 shows that a definite peak frequency can be
associated with any particular axial location, and that this peak frequency
is constant across the entire shear layer.

The variation of the reduced frequency parameter fot vith axial location
vhere the peak frequency dominateas like that shown in Figure 9, produces the
Strouhal number dependence like that shown in Figure 10. There it is evident
that in the -ix1n§ layer, both the shear and self noise components vary
inversely with f, with increasing downstream distance. In the transition
layer the pesk frequency remains constant, and then falls off like (fo*)~2
downstream of the jet's transition cross section. The behavior of
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fo* in the mixing layer &ad fully developed jet is expected from the
similarity laws of Powell(13), The invariancy of peak frequency in the
transition region is an unexpected result, and deserves furcher attention.

To obtain the broadband source strength intensity distribution in the
jet, the wo® integral of equation 5 must be evaluated. An estimate for this
integral wes obtained by replotting single point spectra, like those shown
in Figure 9, in semi-logarithmic form and evaluating the area under the

* * * *
integral of the w, M x, x' ; w, ) integrand with a polar planimeter.

Figure 11 displays the results of doing this for both the shear and
self noise components. For both components peak acoustic emission occurs
eight jet diameters downstream, but the actual maximum peak emission may ~ceur
farther upstream due to turbulent kinetic energy advection. Apparently fer
the jet emission angle of 30°, the shear noise component dominates the self-
noise component by a factor of 13 dB.

In Figure 12 a comparison of the results for the axial distribution of
the integrated shear~noise component relative to the location of peak
emission is made with the results obtained by Maestrello and Rackl. In
general, the agreement is good, especially when one considers that all three
methods that appear in Figure 12 were remarkably different. In Maestreilc's
measurements a fully turbulent exit plane profile was used, possibly
accounting for the relatively smoother variation in sound power emission from
the peak emission point of 9 jet diameters. Rackl used an initially laminar
exit plane profile, and obtained peak acoustic emission at 10 jet exit
diameters. It should be noted that for all three of the measurement tech-
niques appearing in Figure 12, peak emission probably occurs farther upstream
leading to the conclusion that peak emission can be associated with the
transition region in low subsonic jet flows.

Conclusions

A direct correlation between the signals from a hot-wire probe and a far
field microphone has been used to produce an estimate for the sound power
distribution in a laboratory scale model low subsonic jet. The tests were
conducted at a jet exit Mach number of 0.33, and at an ewission angle of 30°
to the jet axis where the jet has its directional peak. The shear noise
component was found to dominate the self-noise component by a factor in the
order of 13 dB. The shear component peaks along the axis of symmetry, while
the self-noise comgogent veaks close to the center of the shear layer. The
analysis of Fuchs (12 appears relevant for the observed spatial distribution
of the shear noise component. Apparently the integrated axisymmetric contri-
bution from around the periphery of the fully turbulent flow funnel their
contribution to the observed centerline value of coherence amplitude.

The results indicate that peak acoustic emissior occurs eight jet exit
diameters dowmstream of the orifice. From that point the sound power slope

* 15
falls away like (z )~ . Fxamination of the local value for the shear noise
coherence function, indicates from the centerline coherence amplitude that
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advection of turbulent kinetic energy from the fully turbulent region of flow
upstrean of that point would place peak acoustic emission closer to the
nozzle exit. Single point power spectra have shown that a dominant frequency
component exists across the entire shear layer for a particular axial loca-
tion. Definition of a Strouhal number f, = fOD/Uj leads to a (fo*)-?,

fo s (f )" variation with axial downstream for the respective mixing,
transition, and fully developed jet regionms.
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Nomenclature

ag ambient speed of sound
B normalized bandwidth (wog - Wep)/wo

jet exit diameter
fo filter center frequency
fo* reduced filter center frequency foD/Uj
Pg(x,t) radiated sound pressure
r radial coordinate for jet flow field
To jet exit radius
R microphone distance from jet nozzle
ur turbulent component in direction of observation
Uy mean flow component in direction of observation
Uy jet exit flow mean velocity

axial coordinate for jet flow field
s* displacement thickness
€ relative error in correlation measurement
o} cross novariance function
Po ambient denaiﬁy
T time delay
/] angle of acocustic emigsion to jet axis
Wwo radian filter center frequency
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FLOW INSTABILITIES AND SUPERSONIC JET NOISE
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ABSTRACT

The principal aim of the present research is to develop a mathematical
model of supersonic jet noise based on the concept that 'large scale flow dis-
turbances" is the dominant noise generation mechanism. To achieve this goal a
quasi-linear integral method is used to calculate the amplitude of the large
scale disturbances in the flow of a supersonic jet. The result of this calcu-
lation is used to determine the unsteady entrainment velocities and lateral
vibrations of the jet. The noise emitted by these unsteady processes are sub-
seyuently computed by the method of Fourier Transform. On applying the present
method to a 2.2 Mach number cold jet the predicted directivity is found to
compare favorably with experimental measurements. Future plan involves the ex-
tension of the present work to include the prediction of near field jet noise.

I. INTRODUCTION

It has long been noticed, Rayleigh (1896) that sound waves can trigger
flow instabilities in a jet. Relatively recently, a body of evidence becomes
available which seems to indicate that the converse is also true i.e. "flow in-
stabilities" is an important noise generation mechanism especially .in supersonic
jets. This basic idea has been expressed by various authors at times e. g.
Mollo-Christensen (1967), Sedel'nikov (1969) and others even though fruitful
results were not obtained immediately. Our earlier work (Tam, 1971 on this
subject involved the study of high frequency noise generated by shear layer
instabilities of supersonic jets. Although this high frequency noise is not
the most important supersonic jet noise component yet the problem has the ad-
vantage that it can by analysed mathematically in a simple but vigorous way.
The comparison of these mathematical results and experimental measurements,
therefore, offer a reasonable but unambiguous test on the fundamental concept
of noise generation by flow instabilities. Following this line of thought, we
(Tam, 1971) found good agreement between predicted directional pattern of sound
waves generated in this way and shadowgraphic observations. Further work in
this direction has since been carried out by Chan and Westley (1973). By
carefully choosing the optimal experimental parameters not only they were able
to find good agreement between theory and experiment on the relationship among
frequency, wave length and wave directional pattern but also they were able to
confirm the rater remarkable prediction that under certain flow conditions some
of the directional waves actually propagate at velocities less than the ambient
speed of sound in the near field. The very favorable agreement between pre-
dictions and observations cbtained by Chan and Westley seems at th'ls time to
leave little room for doubt that "flow instgbilities" is a mechanism of noise
generation.




CE S B B

In subsonic jet noise theory Crow and Champagne (1971) appeared to be
the first to conceive the idea that perhaps the dominant part of jet wocise is
generated by large scale orderly disturbances rather than random turbulence as
had been generally believed. Their pioneering investigation has subsequently
motivated the work of Hardin (1973) and Morris {1974). Parallel to the sub- G
sonic work of Crow and Champagne but somewhat later re.ults of a number of
earlier experiments strongly suggested to us (Tam, 1972) that the dominant
part of supersonic jet noise could also be generated by large scale flow dis-
turbances, Shadowgraphic observations (Tam, 1972; Lowson and Ollerhead, 1968;
Porter, 1968) clearly identified the existence of large scale helical dis-
turbances in supersonic jets. If one assumes that these disturbances are
hydrodynamic instability waves one can calculate the frequency-wave length re-
lationship very easily by using relatively simple but reasonable mean velocity
profiles., Further, if on:2 accepts the assumption that these waves are the re-
sult of selective amplification of flow disturbances by the periodic sho-k cell
structure downstream of the nozzle exit of a supersonic jet it is then possible
to predict the wave length and frequency of these large scale disturbances from
first principle. On comparing the predicted wave length with shadowgraphic
measurements very reasonable agreements were found. The presence of the large
scale disturbances causes the jet to oscillate which leads to rapid broadening
and decay of the jet due to strong interaction between jet and ambient fluid at
a location where the amplitude of oscillation is sufficicntly large. This vio-
lent interaction between jet and ambient fluids naturally gencrates unsteady
pressure fluctuations and hence noise radiation. If the dominant part of super-
sonic jet noise is generated by this process then cne would expect that the
dominant frequency of the radiated noise must be the same as the frequency of
the large scale disturbances and that most of the noise must be generated in the
proximity where the jet broadens abruptly. On comparing the calculated wave
frequency and -he deminant frequency of the power spectrum of the far field
noise data of Dosanjh and Yu (1968), Porter (1968) and Yu and Dosanjh (1972)
very favorable agreement were obtained. Moreover, the interpretation of noise
source locatlou was found to be consisted with the direct measurement of Porter
(1968) and near field noise measurement of Mull and Erickson (1957) and Yu and
Desanjh (1972). These results although are fragmentary yet are definitely en-
couraging., This 1s especially so when similar ideas about the role of large
sceje aistunvhances in relation to supersonic jet noise generation were ex-
pressed by Bishop, Ffowcs-Williams and Smith (1971) who were motivated by
different types of experimental cbservations.

Most recently, McLaughlin and McColgan (1973) and McLaughlin, Morrison
and Troutt (1974) studied the noise generated by supersonic jets at low Rey-
nolds nunbers. They found that discrete frequency large scale distrubances
were indeed present. Their microphone measurements of near fileld noise yielded
discrete spectral peaks at corresponding frequencies. These peaks dominated the
noise power spectrum. By forcing the jet slightly near the jet exit using a
glow discharge they were even able to perform phase lock measurements of the
near field noise. These experiments are extremely importarnt for they settle
once and for all the question whether large scale instabilities in a supersonic
jet can produce noise. Further they show that these instabilities are dominant
noise sources at least for low Reynolds number jets. What remains to be seen
experimentally at this time is whether the same holds true for a real high
Reynolds jet number!
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II. A SIMPLE MATHEMATICAL MODEL OF SUPERSONIC JET NOISE GENERATED BY LARGE
SCALE DISTURBANCES.

Without the benefit of knowing the results of McLaughlin and his co-
workers, we (Tam, 1973) attempted tn formulate a simple mathematical model of
supersonic jet noise generated by large scale disturbances. Our model is
only an approximate one and becsuse of our inability to understand fully the
mechanics of turbulence and turbulence-wave interaction our conclusion must be
regarded as tentative. We divide our model into two parts. The first part in-
volves the modelling of the noise sources, namely, the large scale disturbances
and the second part involves the modelling of the acoustic field cutside the
jet. ‘That this can be done is based on the recognition that the total acoustic
pover radiated is small which is usually less than one half of one per cent of
the power of the jet. The back reaction of the noise on the mean flow in the
absence of jet screech is, therefore, expected to be negligible.

Physically a supersonic jet is highly unstable. Because of selective
amplification by the periodic shock cell structure downstream of the nozzle
exit a certain large scale unstable wave is often amplified. The amplitude of
this large scale disturbance deperds on the amplitude of turbulent excitation
at the nozzle exit which fluctuates in time. As a result thc large scale wave
motion is not a permanent structure of the jet flow. Rather ir forms and breaks
up, forms again and breaks up again. The whole process goes on continually and
randomly. Although the large scale wave has a preferred frequency yet the pro-
cess of random formation and decomposition causes the noise emitted to be
broadband. Thie tendency of radiating broadband noise is further enhanced by
turbulent mixing at the noise generating regions. To model the above described
process fully is beycnd the scope of our present work. As an approximation we
neglect the processes of random formation and decomposition so that the mean
flow oscillates with a fixed frequency with a definitc initial amplitude at
the nozzle exit. Our simplified mode) (Tam, 1973) therefore, has one single
frequency and naturally is incapable of predicting the noise power spectrum.
However, it is useful in that it offers a simple way of estimating the total
noise power emitted together with its dircctivity.

The amplitude of large scale disturbance is determined by a set of
quasi-linear equations first used by Ko, Kubota and Lees (1970) and Ko (1971).
Some slight modifications are made to account for the potential energy density
of the flow and an empirical eddy viscosity is used to simulate the effect of
fine scale turbulence. The solution of the quasi-linear equations gives the
variation of the amplitude of large scale disturbance and the mean flow para-
meters as functions of the axial distance downstream of the nozzle exit.

The jet broadens out as more and more fluid is entrained into the jet.
The presence of large scale disturbances in the jet flow further enhances the
entrainment process. An estimate of the amount of unsteady entrainment due to
the large scale disturbances is mede by accounting for the broadening out of
the jet (Tam, 1973). A precise calculation is; of course, impossible but a
reasonable estimate can be obtained by integrating the continuity equation.
Unsteady entrainment invariably leads to noise radiation. The unsteady en-
trainment velocity obtaincd at this stage thus provides the noise source strength.
Because of entrainment the radial and tangential momuntum of the jet fluid
associated with the large scale disturbances are not preciselv balanced. In
other words the jet vibrates laterally which is another process by which noise
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is gemerated. In our work (Tam, 1973) a very simple model was used to estimate
the amplitude cf vibration from which, the boundary condition for the acoustic -
field outside the jet was determined.

Outside the jet 1if the effect of refraction is neglected then the pro-
pagation of acoustic disturbance is described adequately by the use of the:
simple acoustic wave equation. This equation together with the boundary con-
dition on the surface of the jet provided by the entrainment and jet vibration
velocities can be solved easily by the method of Fourier Tramnsform. In this
way the directivity and total noise power generated by large scale disturbances
are found. It is to be noted that according to this model the acoustic dis-
turbances outside the jet propagate with the speed of sound. Since the source
of this noise consists of a helical large scale wave the noise produced would
be in the form of mach waves. If the more realistic model that the large scale
disturbances form and decay randomly is used then the radiated noised would be
in the form of patches of mach waves somewhat different from that of our pre-
sent simple model.

Numerical calculations on a 2.2. mach number cold jet have been carried
out (Tam, 1973). On comparing the calculated noise directivity with experimental
neasurements of Dosanjh and Yu (1969) very favorable agreement was found. Of
course, further comparisons with experiments are needed before any definite
conclusion can be drawn. Yet the good agreement in the case of the 2.2 mach
number jet seems to indicate that further study of large scale disturbances as
the dominant source of supersonic jet noise both experimentally and theoreti- o
cally may be worthwhile. 5

| ITI., DISCUSSION

One oi the most difficult problem in jet noise research is to find exactly
how noise is generated physically. By noise here we mean pressure disturbances
which propagate vith local speed of sound (pseudo-sound is not the subject of
tils discussion). In must existing work on turbulence gcnerated sound it is
generally assumed that each small volume of turbulent fluid produces sound.
Ribner (1964) conceived that turbulent fluid elements co’lided with each other

' constantly in a turbulent flow. Because of compressibility the colliding fluids
’ compressed and then rebound emitting an acoustic pressure wave in this process.
1 According to this physical picture one sees that compressiblity is crucial to
3 the production of sound waves. Without compressibility, turbulence will gen-

3 erate pressure fluctuations. However, these pressure fluctuations are not

sound waves which can propagate to great distances. WNow cc¢nsider a water jet

issuing into free air. Clearly noise is generated. But for all intents and

purposes water is incompressible. So sound waves are not actually produced in-

side the jet! They are generated at the air water interface or troadly speaking
| a mixing zone on the surface of the jet. To calculate the noise produced by

| the water jet it would therefore be more natural to estimate first the pressure

; ' or velocity fluctuations at the water air interface and then determine the sound

aud pressure fluctuations outside. In our model (Tam, 1973) this prgcedure is
adspted. ‘or an air jet sound waves are, of course, generated inside the jet

as well. In the case of noise generated by large scale disturbances veclume
sources are, however, believed to be less important. The dominant part of

]
|
i the noise is produced by violent intense interaction between jet
t

e e
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and ambient fluids brought about by the large scale oscillatory motion of
the jet.

IV. FUTURE PLAN

Future work includes possible refiremcit of the present model to account
for the formation and decay processes of the large scale disturbances. Ex-
tension of the present calculation to include prediction of near fiald supersonic
jet noise is comtemplated.
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EXPERIMENTS ON THE INSTABILITY WAVES IN A SUPERSONIC JET
AND THEIR ACOUSTIC RADIATION

by
D. K. McLaughlin, G. L. Morrison, and T. R. Troutt

Oklahoma State University
Stillwater, Oklahoma

An experimental investigation of the instabilities and the acoustic radia-
tion of the low Reynolds number axisymmetric supersonic jet is being performed.
This study was prompted by the recent theoretical interest in the instability
procesc which leads to large scale organized wave motion in the supersonic jet.
Tam has had surprising success in predicting noise radiation properties using
an instability theory.

Hot-wire measurements in the flowfield and microphone measurements in the
acoustic field of supersonic jets (M~ 2) have been made in this study. The
instability process in the perfectly expanded jet consists cf numerous discrete
frequency modes. Measurements of frequency, wavelength and wavespeed of the
'dominant' oscillation agree closely with Tam's predictions.

Microphone measurements have shown that the wavelength, wave orientation,
and frequency of the acoustic radiation generated by the dominant instability
agree with the Mach wave concept. Amplitude measurements indicate that the
major noise generation mechanism is the large scale instabilities,

INTRODUCTION

There are several groups of researchers (i-3) who believe that the turbu-
lence properties in unbounded flows retain some of the characteristic structure
of the initial instability in the process of transition. Presently there are a
few authors (4-6) who have applied this idea to the analysis of supersonic jet
noise, It is the goal of the present research to provide the erperimental foun-
dation that is necessary for a complete development of the instability apprcach
in supersonic jet noise analysis,

Of the supersonic jet noise stability theories, the work of Tam (4,7) is
the most extensive. Tam's model is unique in that an amplified frequency selec-
tion mechanism governed by the wave cell structure of the jet is proposed.
Figure 1 shows a schematic of some of the major features of Tam's model. Since
Tam uses a linearized theory, many of the physical processes in the jet flow
are unaccounted for. In our view there are two reasons which justify applying
the simplified theory to the more complex physical situation. First, there
is some evidence that the dominant noise production mechanism is the large scale
instability of the jet (8) which may be calculated with stability theory. Sec-
ond, if one hypothesizes a more complete calculation scheme with a hierarchy of
anaiyses, each becoming more complicated, the linear stability theory is the
logical starting point for the complete calculation,

Rather than measure the flow disturbances and acoustic properties of the

high Reynolds number, fully turbulent jet for comparison with the instability
theories, we have taken the approach of experimentally working hand in hand with
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the developing theories. In this spirit we have begun a program of measuring -
the fluctuations with a hot-wire anemometer in a low Reynolds number jet vhere

the transition from laminar to turbulent flow is stretched out over several

diameters. We obtain this low Reynolds number sit:ztion by exhausting the jet

into a vacuum chamber whose pressure is maintained at a small fraction of the .
atmospheric pressure. Hot-wire spectra and wavelength and growth of dominant

spectral components are measured in the flowfield of a supersonic axisymmetric

jet. Microphone measurements are made in the acoustic field of the same jet.

Sound pressure levels, spectra and wavefront orientation of a single dominant

spectral component are measured and relsted to the disturbances in the jet,

DESCRIPTION OF THE EXPERIMENT

A schematic of the test facility is shown in Fig. 2. An axisymmetric
supersonic de Laval nozzle is located on the inside wall of the vacuum chamber
vhose pressure, Pcn, is controlled by a variable exit diffuser. The vacuum

chamber is lined with 1.5 cm acoustic tile to reduce the¢ reflected sound waves,
Two nozzles with exit diameters, D, of 6.35 mm and 9.52 mn were used in this
study. The jets are supplied by atmospheric air through a 15 cm diameter
stilling section, The stagnation temperature, To' for all measurements is

atmospheric temperature (530°R). A two degree of freedom probe drive is located
inside the vacuum chamber to support either a pressure, hot-wire, or microphone
probe. .

Spectral analysis data is obtained sith a Hewlett Packard Model 302 A Wave
Analyzer with a bandwidth of 6Hz and a sweep rate of 1000 Hz/min., Wavelengths
of both the flow instability waves and acoustic waves outside the jet are .
obtained by artificially exciting the jet using a glow discharge excitation
technique similar to that uced by Kendall (9). The exciter signal provides the
phase reference from which to make relative phase measurements with either the
hot-wire or the microphone,

EXPERIMENIAL RESULTS

Pitot pressurc and static pressure probe measurements were made on the
centerline of the jets. Local jet Mach numbers were evaluated from these mea-
surements. These measurements showed some degree of wave cell structure when
the jet was perfectly expanded (ratio of nozzle exit pressure, PN » to chamber

vas held between 1.00 and 1.01). The average Mach numbers (on

ressure,
p PCH'

the centerline between the exit and two diameters downstream) were as follows:
M=2,2 for the 6,35 mm jet and M=2,3 for the 9.52 mm jet,

Microphone and Hot-wire Spectra

Figure 3 presents representative micrcphone spuctra measured in the acoustic
field cf the two supersonic jets. The data is presented in terms of the non-

dimensional frequency St = vhere U is the mean centerline jet velocity

and d is the effective jet diameter (the exit diameter of the nozzle D, minus
twice the displacement thickness of the boundary layer at the nozzle exit).

The purpose of presenting data from the two size jets is to demonstrate that
the dominant spectral components, being at similar Strouhal numbers, are phe-
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nomena characteristic of the jet and not the flow facility. Notice, however,

in both spectra, there is a large low frequency content at St=0,02 or less.

This low frequency noise is mostly due to vacuum chamber resonance and is, there-
fore, filtered out of amplitude measurements presented later in this paper.

There are two comparisons which are appropriate to make with the frequency
spectra data, Firsi, tne largest frequency peak in both jets occurs at a non-
dimensional frequency of approximateiy St=0,18 which is very close to the value
predicted by Tam (4) forr the most dominant instability mode. However, there is
a discrepancv here in that our measurements show in many cases three or more
major spectral ~omponents whereas Tam predicts a single frequency dominant mode.
(He disregards a second predicted mode with a much shorter wavelength as being
unimportant, This second mode is none of the major modes measured iu the present
study.) The second important comparison to make with the spectral data of Fig. 3
is with spectra measured by many investigators, for example Dosanjh and Yu (10),
of the noise radiation from high Reymolds number supersonic jets. The modes
depicted in Fig. 3 ar: grouped around a Strouhal number of 0,18 which coin-
cides with the msximua amplitude rXrequency of the rather broad specira measured
in high Reynolds number jets. Tam's thesis is that the major noise generation
mechanism of the high Reynolds number jet is the large scale instability, and
the small scale turbulence is responsible for broadening of the spectrum around
the peak caused by the dominant oscillation. With this latest experimental evi-

; dence demonstrating several duminant modes, the hypothesis of the small scale
] turbulence broadening the spectrum around the instability waves, seems more
r plausible than ever,

F ’ A spectrum of the hot-wire veltage fluctuation signal measured in the
smaller jet is presented in Fig. 4a) for cowmparison with the microphone spectra.
Some of the peak amplitude frequencies occur at the same Strouhal numher as those
in the microphone spectra, however, in general there are more peaks in the hot-
wire data and the relative amplitudes of the spectral components are not the
same. Unfortunately, the picture is further confused when we consider another
hot-wire spectrum, shown in Fig. 4b) which has been recorded with almost iden-
tical mean flow conditions as the data of Fig. 4a). What we are seeing is a
tendency for the instability process to assume different dminant modes of oscil-
lation depending upon very small changes in the mean flow conditions,

After recording over 50 spectra ac various locations in the jet for various
mean flow conditions, we have determined that very few are exactly identical.
However, virtually all of the spectra of the 6.35 mm jet have recurring dominant
modes at St=0,148, 0.176, and 0.185. In numerous cases (but not all) the 9.52 mm
jet has only one dominant mode at St=0.18 provided the probe is upstream of x/D=5,
As explained in Ref. 11, we believe this is due to the wider divergence angle of
the conical contour of the larger nozzle. We have also observed that the exact
characteristics of 8 frequency spectrum depend upon the pressure balance condi-
tion and on the humidity of the air.

Microphone Amplitude Measurements

Microphone measurements were made in the acoustic field of the perfectly
expanded 6.35 mmn jet at a Reynolds number of 12,600, Fig. 5 presents sound pres-
sure level contours determined from this data, The general shape of the contours
is in good agreement with the measurements of Mayes et al (12), Yu and Dosanjh(13)
and Louis et al (14) in high Reynolds number jets in the Mach number range 1.5

c M<c 2,75,
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In addition to the shape of the contours a comparison can be made cf the
magnitudes of the sound pressure levels in the low and high Reynolds number jets
(at the same non-dimensional locations). To make a meaningful comparison 34db

must be added to the present measurements to scale the ambient pressure ( CH =

0.02 atmospheres) up to the exhaust pressure of atmosphere used in the high >
Reynolds number tests. The values of the sound pressure levels adjusted in this
manner are given in parenthesis in Fig. 5. These values approach the levels
measured by other researchers in high Reynolds number jets at similar non-dimen-
sional locations., These comparisons seem to indicate that the dominant noise
producing mechanisms of the low and high Reynolds number jets are equivalent.

Hot-Wire Fluctuation Amplitude Measurements

Typical profiles of hot-wire voltage fluctuations are shown in Fig. 6 for
the 9.52 mn jet at Re=14,700. The shape and development of these profiles is
similar to that found in many wake transition flows (for example Behkrens (15)).
Similar measurements were made in the 6.35 mm jet, along with extensive mean
flow hot-wire measurements. The mean flow measurements were neceded to establish
the hot-wire sensitivity coefficients Am and AT in the modal decomposition of

the hot-wire voltage fluctuations. Following Kovasznay(l16) the hot-wire voltage
fluctuation can be decomposed into mass flux and stagnation temperature fluctua-

tions as follows:

e a _Q;;QJ N ¢ ) .
E m u T T
o

The mass flux fluctuation sensitivity Am was calibrated directly in the

mean flowfield using the technique of Rose (17). In order to properly account
for end loss effects an extension of Rose's approach was used to determine the
total temperature fluctuation sensitivity, AT.

The modal decomposition was performed at a few selected positions in the
flowfield., At these locations it was established that the macs flux fluctuations
were much greater than the stagnation temperature fluctuations, This led us to
the approximation used by several experimenters, such as Behrens (15), that

] ]
g?'z Am j%%l__ . It is estimated that this approximation introduces about 20%

error in the present flow situation. However, the saving in experimental time
is enormous.

In order to obtain the growth rates of some of the dominant spectral compo-
nents, the amplitude of a bandpassed hot-wire signal was recorded at several
downstream locations. A 100 hertz bandpass was used for the spectral compo-
nents at 15.4, 18.2, and 19.4 kilohertz (St=.148, .176, and .185) which corre-
sponds to major peaks in the naturally occurring spectra of the 6,35 mm jet,
These measurements were made only at the radial location in the jet of maximum o
fluctuation of the entire spectrum. This point may not coincide with the point
of maximum fluctuation for a given spectral component. Therefore, the growth
rates determined here must be treated as preliminary.
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The hot-wire fluctuation amplitudes were converted to mass flux fluctua-
tions using local values of Am. These are plotted on semi-log paper in Fig. 7.

This data is consistent with the type of data found in numerous laminar insta-
bility investigations (15,18). The growth of the fluctuations is clearly expo-
nential for several diameters. As the amplitude of the dominant spectral compo-
nent reaches about 5% of the local mean, non-linear effects begin to exert a
controlling influence.

The mass flux fluctuation data plotted in Fig. 7 are for the 6.35 mm jet at
a Reynolds number of 28,900. Similar measurements were made at Re = 9,600 and
Re = 19,300, and the growth rates were all within 307 of each other with no sys-
tematic Reynolds number dependence evidenced.

Comparison of numerical values of growth rates at Re = 28,900 with theoretical
predictions are shown in Table I. Recalling from Fig. 7 that the St = 0,148
mode has the largest amplitude, it is encouraging that Tam's theory(4) does a good
job of predicting its growth rate. More measurements are needed to better
explain the behavior of the other modes.

Growth Rate -kId

St -
Measured Prediction

0.148 0.58 0.64

0.176 0.44 0.76

0.185 0.44 0.82

Table 1. Comparison of measured to predicted growth rates
for the 6,35 mm jet, M = 2,2,

Instability Excitation and Phase Measurements

Phase measurements were made by artificially exciting one of the dominant
modes of the instability and measuring the distribution of phases either within
the jet with the hot-wire or in the acoustic field with the microphone. In both
cases, the phase difference between the excitation signal and the spectral com-
ponent of the sensor signal provides the distribution of relative phases in the
region of measurement,

The excitation is of very low amplitude and is intended only as a triggering
device. In many cases the exciter produced no major influence on the microphone
or hot-wire spectra. However, in the 6.35 mm jet in some instances, the excita-
tion enhanced the mode being excited and reduced the other major modes. Fig. 8
presents the results of phase measurements for the 9.52 mm jet excited at 0.17
in which the hot-wire probe was located on the bottom shear layer of the jet at
the radial location of maximum fluctuation, The probe was then moved to various
downstream locations where phase differences between the exciter signal and the
hot-wire signal were determined visually using a dual-beam oscilloscope. A least
squares linear regression analysis gave an instability wavelength of Ai/L = 3,36
+ 0.15 where the uncertainty limits are the 95% confidence interval for the ran-

dom error of the measurement,
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Besides the random error, there was a small degree of systematic error
from day to day due to changes in humidity and/or the precsure balance condi- .
tion. To help evaluat> the systematic error, the instability wavelength was
determined from measurements on several different days. This systematic error
was on the order of 107 of the measured wavelength.

The 6.35 mm jet was excited at three frequencies : St = 0.15, 0.18, and 0.21.
The best estimate of the instability wavelength measurements made are presented
in Table II. For the indi:ated Strouhal numbers, wavelengths were calculated
from Tam (4) and included in Table II.

E Tam
- f Measured Prediction
i‘ ] D St Ay /d c/u A /d
‘! 6.35 0.148 4,7 0.70 5.71

6.35 0,185 3.9 0.72 4,42
{ 6.35 0.213 3.1 0.66 3.78
9.52 0.170 3.8 0.65 4.91

Table II. Comparisons of measured wavelengths with predictions .

of Tam (4); D = 6.35mm, M = 2,2, U/d = 104,500/sec;
D=9.52mm, M= 2.3, U/d = 67,800/sec.

This comparison shows reasonably good agreement between the measurements g
and Tam's theoretical predictions., It appears that the only major discrepe.cy
; between his predictions and the measurements is in the phenomenon of mode selec-
ﬁ tion, His analysis does not accurately predict the multimodal selectior process.
i However, his single predicted amplified frequency is within the range of the
measured modes,

Wave speeds, C/U, of the dominant spectral components calculated from measured
wavelengths and frequencies are also included in Table II, The wavespeeds of
the spectral components (in the x direction) are equal within the uncertainty
of the measurements, Tam's predictions show a very weak dependence of wavespeed
on the frequency of the spectral component.

Acoustic Phase Measurements

Acoustic wavelength measurements of the St = 0.18 mode were obtained with
the microphone in the same manner as the hot-wire measurements, In this case,
however, wavelengths were measured in both the axial and radial directions as
depicted schematically in Fig. 9. The axial wavelength was determined by moving
the probe along the x axis at a constant radial probe position of r/D = 4, The
radial wavelength measurements were made at an axial location of x/D = 11, tra-
versing the probe in the radial direction. The total range of measurements waz
8< x/Dec 16 and 3 <« /D 7.
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Numerous acoustic phase measurements were made on several days using the
6.35 mm jet. From these measurements the best estimates of the wavelengths in
the axial and radial direction are Ax/d=4.,0% ,4 and Ar/d=6.3+ .8, The wave-
length perpendicular to the acoustic wave fronts (in the zero azimuth plane)
and thz angle which the wavefronts make with the x axis can now be determined.
These are Aa/d=3.45+ .3 and §=57.5"+4° respectively. (See Fig., 9.) A calcula-
tion of the acoustic wave speed from the frequency and measured wavelength gives
a value of 332 meters/sec which agrees with the ambient speed of sound ao=342 m/

sec within the uncertainty of the measurements.

Another confirmation of the reliability of our results is to calculate the
Mach angle associated with the convection velocity of the St=0,18 instabeLty
wave in the jet (C = 392 meters/sec). This calculation yields p = sin =
60.2 = 2° which is within the uncertainty of the measured acoustic wave TT-
angle, These measurements indicate that the noise radiated from the jet dis-
turbances propagates like Mach waves.

CONCLUSIONS

Hot-wire measurements in the low Reynolds number supersonic jet demonstrate
that the initial disturbances, moving at a velocity greater than the ambient
speed of sound, propagate and grow like instability waves. In fact the measured
wave properties of the St=0.18 instability are in close agreement with the pre-
diction of Tam (4).

There are numerous major modes in the instability process of a perfectly
expanded supersonic jet which contradicts the theory of Tam (4), These insta-
bility modes were identified as the dominant noise generators of the low Reynolds
number supersonic jet. Comparison of the present frequency spectra with the
results from high Reynolds number jets suggests that the multimodal instability
phenomenon plays an important role in the development of the turbulence in the
high Reynolds number jets, This we believe is an area of analysis where botn
experimental and theoretical efforts need to be extended.

Microphone measurements have shown that the wavelength, wave orientation,
and frequency of the acoustic radiation generated by the dominant instability
agree with the Mach wave concept. The sound pressure levels measured in the
low Reynolds number jet extrapolate to values approaching the noise levels mea-
sured by other experimenters with high Reynolds number jets. These measurements
provide more evidence to suggest that the dominant noise generation mechanism
in high Reynolds number jets is the large scale instability.
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ACOUSTICAL THEORY OF TURBULENCE .

by
Czeslaw P. Kentzer

School of Aeronautics and Astronautics
Purdue University, Lafayette, Indiana
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1. INTRODUCTION

The internally generated sound in turbulent flows represents one of the
1 most difficult problems of analysis for the following reasons: (1) the
distinction between sound and the so-called "pseudo-sound" in turbulence is
not clear; (2) generation, absorption, and propagation of sound is strongly
coupled to the dynamics of the mean and fluctuating components of turbulent
flows; (3) turbulence itself is a phenomenon not yet well understood.

The objectives of the research reported here are: (1) to provide for a
common theory of sound and turbulence, a theory derived from the Navier-Stokes
equations of fluid mechanics, and based on a mathematical formalism comxon to
acoustics and turbulence, (2) to separate the turbulent velocity field into .
solenoidal and irrotational parts, (3) tc separate turbulent fluctuations
into those which do, and do not, propagate relative to the fluid thus allowing
us to define sound as those fluctuations which propagate relative to the fluid
as a convected sound radiation field.

A convenient mathematical formalism, common to acoustics and fluid
mechanics of turbulence, is the normal mode (characteristic wave) snalysis.
While there have been in the past several attempts to represent turbulence as
a random superposition of characteristics waves, see, e.g., Lumley (1967) and
Landahl (1967), the progress was seriously affected by the fact that no
satisfactory closed system for Lumley's "characteristic eddies" or Landahl's
characteristic waves (eigensolutions of the Orr-Sommerfeld equation) has yet
been found. In contrast, in the work of Chu and Kovasznidy (1958), and
Kentzer (1973), the Fourier modes, as characteristic solutions, play a
prominent role in the decomposition of turbulent fields into vortical, entropy,
and sound modes. The Fourier modes of the locally linearized compressible
Navier-Stokes equations offer the most useful representation because,

(1) - explicit expressions for the Fourier modes are known, ani, (2) - the
Fourier modes form a complete orthogonal set of eigenfunctions suitable for

use as vector basis in the expansion of the nonlinea: fluctuating tu:bulent
field. In the sequel we shall make use of the characteristic waves (Fourier
modes) to form an expansion of the nonlinear solution for the turbulent
fluctuations. We shall then interpret the squares of the absolute values of o
the vave amplitudes as the energy density or the probability density
distribution function. We shall indicate how the use of distribution functions
suffices to describe turbulence statistically, and how to separate the effects
of the acouatic mode from other turbulent fluctuations. In lieu of the method
of solution of the set of integro-differential equations for the distribution

128




e
%

IR ST PO e v T R a—— "——r—v;q
i

e

functions, we shall discuss possible forms of the distribution functions which
may be useful as approximations to be used in modeling of turbulence and of
sound generated by it.

II. CHARACTERISTIC WAVES AS NORMAL MODES

We are concerned here with solutions uss i=1,...,5 of a system of

equations governing viscous, heat conducting, compressible gas, the Navier-
Stokes system of fluid mechanics. As it is customary, we shall separate the
vector field u, into the slowly varying part u, and the turbulent fluctuations

i i
ui, where the overbar indicates the result of averaging, and 31 = (), Substitu-
ting u = Ei + ui into the Navier-Stokes equations and averaging, results in

the so-called Reynolds system for the average or mean turbulent properties.

To determine the fluctuations ui, we subtract the averaged equations from the

full equations and obtain, modulo terms quadratic in perturbations,

Bui
— ' VY e
e T L(Ui) + B(ui,ui) 0 (1)
where
[ 3 ? ) T( D
q-9, c '5; ’ c a_y" ’ c 3z ’ 0 o}
c==q-9-V7 -33-2 -3i - 2 v ¢ Vy=1l = u
x 9 3ox2° " I oxay ' T 3 xez =3
5 3 v 32 » 2. V3 v _3? 2
L(ui) 3y’ 3 3xJy »q.V=v¥ 3392 3 3yiz » c V/y=-1 3y ﬁ v }
3 v 32 v 32 - 2 _va? 3
%2 "3z ' " Ty VTV IR e vlyg v
o1 S oy 2 T2 2.oo XY g2
.0 s C vY-1 3 ¢ Y 1 3y » ¢ Vy=1 3z 1 v Pr v j L T )
f A
c[uox+voy+uoz+o(ux+vy+wz)l
{ oy 2,4 1
cluux+vuy+uuz+vy chx]+vo[V u+ 3(uxx+vxy+uxz)]
! e Vo 2,4+ 1
B(ui.ui) $ c[uvx+vvy+wvz+ Y 1Toy]+vo[V v+ 3(uxy+vyy+wyz)] r
cluw +vw 4ww_+/y<1Tp_J+vpo [ 72w+ l(u )]
Xy 2z 2 3 xz 'yz zz
NV o02poy /oo 242402 2 2 2_2 2
ﬁ;o? T-v/y 1[2(ux+vy+wz)+(vx4uy) gt )4 ) - S v ) 5

Here L and B are a lingar_and bilinear differential operators with respect to
the position variable x, T = mean tewperature, c = mean isothermal speed of

sound = (RT)I/Z. 3 = mean velocity vector, V = vector differential operator,

7 - Laplace's operator, v = u/t = kinematic viscosity, vy = ratio of specific
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heats, Pr = Prandtl number, and where primes have been dropped from the
nondimensionalized fluctuations,

"' v ow' T
ui'[%»?:{‘a? y ] =(,u,v,w, T, 1=1,...,5.
o]

g———

T /y-1

Thus o, u, v, w, T are the nondimensional fluctuations in density, velocity,
and temperature, respectively.

Since an exact solution of Equ. (1) is out of question, retaining only
the linear and quadratic terms in the fluctuations will suffice for the

purpose of discussion. The vector B may be interpreted as B = -[m, Fx’ Fy,

Fz, Q], a negative of a source term vector representing mass-like, force-like,

and heat-like effects of the wave interactions.

A standard method of solution of nonlinear dynamical systems such as
Equ. (1) is the Kryloff-Bogoliuboff procedure of expansion of the solution

ui in terms of eigensolutions of the linear part of Equ. (1). We shall

investigate next the solutions of the linear part

Bui
1 " o vy o
Y: + L(ui) 0 . B(ui,ui) 0 .

which may be assumed in the form

-

@ ¢

. (k) exp [Tt + ix - k - w t)] (2)

u =l 3

=¥ &~

where, in case of a continuous spectrum, the summation over the wavenumber E
is to be rcplaced by integration. The subscript a allows for separate contri-
butions to the wariable us to be made by five different modes of propagation,

o=1,...,5. Equation (2) is a "local" Fourier representation in which the
quantities Cu, @aj, Fa, w, are considered to be slowly varying functions of

space and time. Substitution of the expansion (2) into the linear part of (1)
leads to a matrix equation, |'A1jl| Cu¢aj = 0. The matrix Aij is symmetric

but not Hermitian. The condition for the_existence of nontrivial solutions of
the matrix equation is the vanishing of the determinant of the matrix Aij'

Under the assumption that V.Pr = 1, where V = 2 + uzlul, Hys W, are the first
and second coefficients of dynamic viscosity (bulk viscosity = s'ul + My

=¥ Vv - 4/3) 2 0 if V 2 4/3, thus V = 4/3 corresponds to a Stokesian fluid),
we may factor out the determinant as follows:

det Aij = (A + ka)Z(A + vk2/Pr)[A(X + yvk?/Pr) + a%k?] = 0 (3)
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i where A =T + i(umkm -w), m=1,2,3, a2 = YRf = square of the mean adiabatic

i speed of sound. Equation (3) is formally equivalent to a characteristic

i determinant of the theory of characteristics in the gasdynamic case, v = 0.
In analogy to gasdynamics we shall refer to the waves corresponding to the
vanishing of the first (double) factox as the vorticity waves, the waves
corresponding to tl. =econd (linear) factor will be referred to as entropy
waves, and the quadratic factor givies rise to pressure or acoustic waves.
The five roots of the determinant (3) will be distinguished by subscript a,
a=1,...,5. The roots are:

T U

a=1,2: T = - vkz, w =uk , vorticity modes
a a mm
= . = - 2 wz
a = 3: Pa vk /Pr, w, umkm, entropy mode 4)
a = 4,5: Fa = - yvk2/2Pr, wy, = umkm + ak(l-KZ)llz,acoustic modes

T Y S N RN Y WA PR A e Sy

where K = yvk/2aPr = Knudsen ..mber based on the mean wavelength, 2n/k, or
the ratio of the molecular mean free path to the mean wavelength. With five
sets of Fa and W, uniquely determined from Equ. (4), one may return to the

matrix equation and determine a set of eigenvectors ¢uj' Since the matrix

equation is homogeneous, the components of such a vector may be determined
only up to a common factor. We may, therefore, leave Ca’ a wave amplitude,

arbitrary and choose the eigenvectors ¢aj so that

§ ¢aj ¢:j = |¢aj|2 =] (normalization conditions) (5)

where the asterisk denotes complex conjugate. With each vector ¢uj corres-

ponding to a different root of the determinant (3), the five eigenvectors may
further be chosen so that they are mutually orthogonal, i.e.,

Z ¢ . 6,, =0 ,a#8 (orthogonality conditions) (6)
j aj "B]

Further, because of the choice of the manner of nondimensionalization
of the fluctuations, the matrix Aij is symmetric, and ¢:j serves as a solution

of the adjoint equation. The set of the five ejpenvectors ¢a8 represents a

1 matrix of participation coefficients, giving the B-component of the normalized
amplitude of the fluctuation vector ui = (p,u,v,,T) in the a-mode of

propagation. The complete set of eigenvectors is
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. 1/2 ‘
¢18 [0; k2k3a 'k1k39 0: Olllkg(k§ + k%)]

- - g 2412 21,2 2v11/2
[0, -k k k2k3, k +k2, 0]/[k (kl + kz)]

928 1%3° 1

= =21k K kj; o1 Y I 4K2 1/2
¢38 (1, -21 1) / » <1/ 1]/[Y_] Y ]

1/2

b4 = [-8s -1k e, g*/7-1]/[2va%?]

bsg = [-g*,.-ikmyc, g’y-11/[2ya%k?]

where m = 1,2,3, and g = -ak[K+i(l-K2)1/2], k = |§|.

The vectors ¢a8 satisfy the normalization and orthogonality conditions,

Equs. (5) and (6). In addition, we observe that
*
¢a8(km) = ¢aB(—km) for a =1,2,3,
= 4% ¢ = % (_

whilz from Equ. (4) we have

ra(km) = ru(-km) for a=1,...,5
wa(km) = - ma(-km) for a =1,2,3
wa(km) = - ws(-km), ws(km) = - mlo(-km) .

Thus, to assure reality of solutions ui of Equ. (1) it suffices to impose the
condition that

C (k) = CX(-k ) for a = 1,2,3, and C,(k ) = C;(-km), Cy(k ) = CZ(—km) )

The assoclated state vectors, ¢a (km) exp [Fat + 1(xmkm - wat)] represent

3

wave motions of a-mode of propagation carrying perturbations p,u,v,w,T
consistent with the constraints of the conservation laws of fluid mechanics,
that is, the state vectors are solutions of the linearized equations, and

they satisfy the exact nonlinear equations if their amplitudes are
infinitesimal. Thus one may interpret the wave amplitudes C, as the number of

such infinitesimal waves in the differential neighborhood dxmdkmdt of the
point in question.

As observed by Chu and Kovasznay (1958), the vortical modes correspond
to an incompressible flow. This is reflected by the fact that fluctuations
in density and temperature are ‘absent from the first two modes, o = 1,2,
Observe that the participation coefficients ¢11, ¢15, ¢21, and ¢25 are equal
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to zero. We observe further chat the velocity field induced by the vorticity
modes is orthogonal to the wavenumber vector, or that the velocity represents
a transverse motion in the plane of the wave. The remaining modes, a = 3,4,5
give rise to a velocity field directed along wavenormals. Velocity induced
by the eatropy mode, a = 3, is of order K and hence is negligible except at
the shortest wavelength on the order of the molecular mean free path. Taking
the divergence and curl of the state vector, it is easy to show that the
velocity field induced by the vortical modes, a = 1,2, is solenoidal
(nondivergent), while the fields induced by the entropy, a = 3, and acoustic
modes, a = 4,5, are irrotational (potential fields). Thus we have a simple
procedure for a formal separation of velocity into solenoidal and irrotational
fields - it suffices to separate the vortical modes (a = 1,2) from the
remaining modes (a = 3,4,5).

If H; represents the velocity induced by the a-mode, then, taking a curl

&>
of uu we have

> > > -+ > -> >
curl u =- ikuz, curl u, = ikul, curl uy = curl u, = curl ug = 0.

Now we may introduce the concept of helicity, defined as a scalar product
of velocity with its curl., Thus

-+ > -+ > > > >
u, o curl u = - iku1 T Uy = 0, u, - curl u, = iku2 Ty, = 0

since the vectors Ki and 32 are orthogonal, and the helicity of any single

and separate mode, a = 1,...,5, is identically zero. However, the helicity

of a sum of two waves of different wavenumbers or belonging to different modes
does not vanish in general. Consequently, nonzero helicity may be obtained
simply by a linear superposition of plane waves, a fact of importance in
representing turbulence by plane waves. As shown by Moffatt (1969), the
volume integral of helicity is a constant of motion of inviscid flows, and

it serves as a convenient measure of the degree of linkage or knottedness of
vortex lines in turbulence.

We return now to the problem of determination of mode awplitudes Ca'
Since Ca cannot be determined from the linear homogeneous equation, we allow
C, to depend on space and time, and we substitute expression (2) into Equ. (1)
making use of the fact that ui satisfies the linear part of (1). The result
is

oC
a

) - ] ] - v 1 =
3 ¢aj exp[Put + i(xmkm wut)] + B(ui,ui) B(ui,ui) 0.

2 3

=yt~

We may make use now of the orthogonality of the complex exponentials and of
the vectors ¢aj to arrive at an expression for fa = CaC:=|Cu|
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where the kernel K depends on the vector B. The properties of the derivative
aefulat and of the other possible correlation functions are discussed, e.g.,

by Davidson (1967). Since C, and fa remain rigorously constant in the linear
case (i.e., when the amplitudes C, are negligibly small), and 3efa/3t depends

only on the bilinear terms B, we shall interpret Equ. (8) as giving the time
rate of change of the square of the wave amplitudes solely due to wave inter-
actions (wave encounters, in analogy to molecular encounters in the kinetic
theory of gases). Thus the mechanism of wave interactions is specified
completely by the Navier-Stokes system through the vector B. When higher
order terms are retained, e.g. trilinear terms, then additional interaction
terms appear which are trilinear in fa‘

For the sake of brevity, the expression for aefalat is not given here

in full. It suffices to say that it takes the form of integrals which are
bilinear in fa’ and represents three-wave resonance interactions. It appears

that a sufficient condition for vanishing of the interaction integral (8) is
that fa be of the Rayleigh-Jeans form, that is, that f“ be equal to the

inverse of a most general linear combination of interaction invariants. Two
such invariants are known, namely kl - (k2+k3) = 0 and wl-(w2+w3) = 0, These

are the three-wave resonance conditions representing conservation of momentum
and energy.

IIT. WAVE-PARTICLE DUALITY

Plane wave representation of local disturbances is inconvenient in as
much as a train of plane waves fills the entire space. In other words, when
the wavenumber vector km is specified exactly, then the position of the

disturbance, the vector X is left indeterminate because the vectors X and
km are canonically conjugate. This difficulty is simply a consequence of the

Fourier representation. To circumvent this difficulty we shall assume the
continuity of the distribution of waves so as to allow for differentiation
of the phase function (xmkm - wt) with respect to X and km. Then we may

invoke the theory of group velocity and introduce wave packets (pseudo- or
quasi-particles) whose motion is given by Hamiltonian canonical equations:

dx w dk aw
U = —i w2 F . o=—d=
aj dt 9 3 ! aj dt arj
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where Ua is the group velocity and Faj is the pseudo-force acting on a quasi-

3

particle associated with the a-mode of propagation. Using Equs. (4) we
evaluate the derivatives of the frequency a&nd obtain

-1/2

U, g Kj + caa(kj/k)(l-zxz)(l—l(z) 9)
83& -1/2 3a
Faj = - [km E+ cuk(l-l(z) a_x:] , §=1,2,3 (10)

where Cy ™ 0 for « = 1,2,3, and ¢, = 1, g = -1,

We observe that only the quasi-particles associated with the acoustic
modes, a = 4,5, have non-zero group velocity relative to the fluid. Consequen-
tly, any property of the wave motion, e.g. energy or pressure fluctuation,
will be transported relative to the fluid only by wave motion in the acoustic
mode. Thus the acoustic modes represent radiation sound field propagating
relative to the fluid, while the remaining modes, a = 1,2,3, represent pseudo
sound (fluctuations which remain stationary relative to the fluid and are
convected by the fluid motion). Examination of the participation coefficients
¢aj’ Equ. (7), reveals that the acoustic modes carry perturbations in all the

primitive variables (density, velocity, and temperature, therefore alsc in
pressure). The pseudo~sound also involves fluctuations in all primitive
variables, viz., velocity fluctuations are associated with both the vorticity
and entropy modes, while density and temperature fluctuations are associated
with the entropy mode.

Borrowing the idea from quantum mechanics, we shall set the energy of a
quasi-particle, ¢, as equal to a multiple of hw/2m, say mhw/2m, where
h = Planck's constant, and nondimensionalize ¢ b dividing it by the fundamen-
tal quantum of energy, hw/2n. Thus € = m. Since energy must be proportional
to the amplitude squared and |ca|2 = fu is nondimensional, we could normalize

fu so that fu(w) = ma(m). Then fu may be interpreted as either a nondimen-

sionsl energy density in a normal mode of frequency w per unit range of w

(in units of fundamental quantum of energy) or a nondimensional particle number
density if all "particles" have the same ground level energy. The latter
interpretation was used by Kentzer (1973). However, the former choice seems
less artificial, and we shall set

ICGI2 = fa(xm,km,t) = energy probability density.
The iategral,

= = ' L ]
ea(xm,t) I fa(xm,km,t) dkm e, I f& dkm. J fa dkln 1,
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will be referred to as the energy probability density of the o-mode in the
physical space or, simply, the energy density. The energy spectrum fa must
satisfy obvious requirements, namely

lim lim

(a) km*o w, £,=0 f =0

®) a9 f
m max

k +
max
(c) I wy £, dk < (11)

The maximum magnitude of wavenumber, kmax’ is determined from the
condition that all group velocities are equal at K2 = 1/2 (observe that at

K = 1 group velocities of acoustic modes become infinite). Thus kmax = 2!%%25.
The requirement (b) represents the condition that, at very high frequencies,
the energy in a collective wave motion becomes indistinguishable from (or is

dissipated or converted into) the random thermal motion of the gas molecules.

Since the energy density fu is a function carried by the quasi-particles
in the phase-space, we have upon differentiation

afu afa dx afa dk

5 i
3t "ax:| dt "akj ac -0

in absence of wave interactions along the trajectories of quasi-particles.
Here dxj/dt and dkj/dt are given by Equs. (9) and (10). To account for wave

interactions, we equate the above derivative to the interaction terms given
by Equ. (8), that is,
of of oduw f o f
a a a a o e a

+ - =
ot 9 dk k, 3 at
xy 9ky 0k, Ox,

(12)

This is the integro-differential equation of Maxwell-Boltzmann type for
the energy probability distribution functions fa(xm,km,t). While there is no

hope ever to find a set of functions fa’ «a=1,...,5, as solutions of Equ.

(12) except in exceptionally simple cases, the form of the interaction integral
aefalat, as indicated in Equ. (8), is of importance to the theory of turbulence.

For, in the case of turbulence governed by the Navier-Stokes theory, the
nonlinear interaction terms are derivable in terms of one-point distribution
functions and joint probabilities are expressible as products of probabilities
of single events. Thus multi-point distribution functions, satisfying a
hierarchy of coupled equations of the Bogoliuboff-Born-Green-Kirkwood-Yvon
(BBGKY hierarchy) and introduced by Lundgren (1967), describe evidently a
turbulence model of order higher than that admitted by the Navier-Stokes theory.
This observation partially justifies the use of one-point distribution
functions in modeling of turbulence.
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Equation (12), which forms the basis of a kinetic theory of a random
motion of quasi-particles (turbulent wave packets), describes a theory of
approximate constitutive equations for a turbulent medium. In particular,
the wave interaction terms, aefa/at in Equ. (8), express a special kind of

fading memory which makes triplets of resonating waves, which otherwise have
well determined histories, instantly loose the correlations their encounters
give them. The frequency with which such three-wave resonances occur governs
the rate of fading of the memory or the rate at which turbulent correlations
decrease with time. The theory of constitutive equations based on the dis-
tribution functions fa has two aspects. First, if the form of fa is assumed

known, than, in principle, any average turbulent property may be calculated,

e.g., Reynolds stresses pu'uI or the turbulent energy (uiz). Secondly,

i3]
taking moments of Equ. (12) will generate convective transport equations for
arbitrary average turbulent property consistent with the assumed form of the

distribution function fa' If the form of fu is postulated in terms of the
various moments of fa’ then the space and time development of fa could be

calculated by solving the appropriate convective transport equation for the
needed moments.

IV. AVERAGES AND THE CONVECTIVE TRANSPORT EQUATION

Defining averages of any property ¢, a function of the wavenumber km'
as

—.. -L
Vo= J w(km)fa dkm/ J £, dkm e J W(km)fa dkm 5

multiplying Equ. (12) by w(km) and integrating with respect to km gives

. . ow ow
9 - 9 a ) Y a oY Oy o
5t [ea¥) + 5 leg GO - & [GH +GE 70 - G71 = 4,W)
m m m m m m
where
3efa
WOR f Wk ) 5= dk

This is the turbulent convective transport equation for the arbitrary function
w(km). In particular, if ¢ = 1, we have

de 3 aefa

a —
ot + EE; [eu Uam] = I ot dkm = Ao(l)

where e U_=¢e (u+d ), and where the acoustic diffusion vector
a am a' m am




d =ca FE (1-21<2)(1-1<2)'1/2 £' dk = 4,5
am a k a % p » e )

With e, known as a solution of the transport equation, the distribution
function may be normalized as fa = eaf&, f& dkln = 1., Then one may form -

averages of any function of the turbulent fluctuations of the primitive
variables making use of the expansions (2) and the participation coefficients

¢aj’ Equ. (7), e.g., for the turbulent energy tensor uiui we have

Uiui - & Z g JJ Ca(km)cs(kn) ¢u.i+1(km) ¢B.j+1(k“)

X exp {(Pa+-FB)t + 1[xmkm + xnkn - i(wa+ we)t]} dkm dkn .

In evaluating this integral one must average over the random phases
of the complex amplitudes Ca and CB' Further, one should observe that

nontrivial contributions are possible only if km + kn = 0, and wa(km)+m8(kn)=0.
These conditions will be satisfied by the acoustic modes only if a = 4,
B=50r a=5, B =4,

We observe at this point that evaluation of averages of fluctuations is
possible if one knows (or postulates) the forms of the expressions for

/2

|Ca| = fi . Thus modeling of turbulence and prediction of sound generated

by it reduces to finding suitable approximations to the distribution functions
fu' A given approximation to fu will then generate a consistent model of

turbulence, that is, to a given fa there corresponds a set of expressions for

all desired averages or correlations of the turbulent quantities. With
expressions for the needed averages available, one may then proceed to solve
the averaged conservation equations for the mean turbulent quantities.

V. THERMODYNAMICS OF ACOUSTIC ENERGY SPECTRUM

In lieu of formal solutions of the Maxwell-Boltzmann equation (12), we
propose to investigate distribution functions fa by methods used in the

thermodynamics of black body radiation.

Lord Rayleigh (1900) has shown that the number of normal modes of
vibration in a volume V, having frequencies between w and w + dw, 1s
(w?V/72¢3)dw, where ¢ = velocity of wave propagation. If T denotes the
temperature of oscillators which are in termal equilibrium with radiation,
then the space density of radiant energy, per unit range of frequency, is
given by .
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wZ
ew(w,T) = ;Ezg-kT

where k = Boltzmann constant, and where Rayleigh-Jeans distribution, f=kT/hw
was used. This classical result implies that most of the energy resides at
high frequencies, and energy becomes infinite when w+», the so called
"ultraviolet catastrophe" so named by Paul Ehrenfest. Recently, Millsaps
(1974) proposed to invoke the lst and 2nd Laws of Thermodynamics and condi-
tions (11) of this paper to restate, for the case of hydrodynamic turbulence,
Poincare's (1912) proof of the necessity of the energy spectrum to be governed
by a discrete energy exchange process (the necessity of Planck's quantum
hypothesis). Poincare's proof gives aiso the most general distribution of
energy attainable after sufficient time. Poincare's distribution includes
that of Planck's as a special case. Here we shall propose to use Planck's
distribution law in the form fa = 1/[exp(hw/27kT) - 1] which gives

(hw/27) /[exp(hw/27kT) - 1] as the average energy of an oscillator whose
energy is restricted to integral multiples of hw/2m. This distribution
satisfies conditions (J1) and yields the following expression for the energy
density per unit frequency range

hw3 1
2n3¢3 exp(hw/27kT) - 1

ew(m,T) =

Applying this result to the two acoustic modes, fé(km) = fs(-km), using

only the absolute values of w, and integrating over the frequency we obtain
for the acoustic energy per unit volume

. _h w3 du - (ZRRTQ“ -X -2x 3
e(T) mic3 T exp(hw/27kT) -1 n3c3h [e ™ +e + oo ]xtdx

o o
. 12nh [%§]u x (1.0823) (Stefan-Boltzmann Law)

In order to bring the Stefan-Boltzmann Law into conformity with the
Lighthill's "8th power of Mach number law" in the case of the acoustic
radiation, we should identify the propagation speed ¢ with the adiabatic
speed of sound and kT with the average energy of oscillators in thermal
equilibrium with the acoustic radiation, that is, with the turbulent energy

1 @7 2 -
2 S‘ﬁfl + U¢ where U = mean flow velocity.

The attractive possibil::y of deriving the Lighthill's Law as the
equilibrium law of acoustic radiation gives credence to the idea that tur-
bulence is quantized or that it should be looked upon as such. However,
neither the Poincare's proof of necessity nor Ehrenfest's (1911) elegant
normal mode arguments predict the value of the quantum of action, h. 1In
atomic physics h is an experimentally determined universal constant. In the
physics of norma' mode vibrations of continuous media the numerical value
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of h is not known. It is of interest to note, however, that the uunits of
dynamic viscosity u are those of action per unit volume. Likewise, the
product pUL (the numerator of the Reynolds number) has units of action per
unit volume. Thus Reynolis number represents a ratio of magnitudes of
actions characteristic of maroscopic (continuum) and microscopic (molecular)
phenomena. It is expected that acoustic energy density measurements will
permit eventual determination of the "turbulent quantum of action" which
should appear in the acoustic form of the Stefan-Boltzmann Law.

Other forms of distribution functions may be tried provided that the
conditions of finite energy and of proper behavior at the limits, Equs. (11),
are satisfied. Among possible distribution functions presently investigated
are the Wien's (or Gaussian) and Wiener-Hermite distributions (Gram-Charlier
expansions). Using various approximations to the distribution fuactions it
is planned to evaluate mean turbulent properties, integrate numerically the
averaged Reynolds differential equations, together with appropriate con-
vective transport equations, for some simple turbulent flow cases, and to
arrive at sound source terms consistent with the assumed model of turbulence.
Comparison with experimental data, consisting of siiwltaneous measurements of
acoustic intensities and mean turbulent flow properties, would permit
assessing the usefulness of the various approximations to the distribution
functions.

[Research supported by NASA Grant NGR 15-005-174]
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INVESTIGATION OF THE LARGE-SCALE
COHMERENT STRUCTURE IN A JET
AND ITS RELEVANCE TO JET NOISE
by 2
%
Roger E. A. Arndt and W. K. George

The Pemnsylvunia State University
University Park, Pa. 16802

INTRODUCTION

Reason for Study

Significant strides have been made during the last 15 years in the
reduction of aircraft noise. The flyover OASPL at 1000 ft. is wore than
20 dB lower for the new higher powered L1011l aircraft than for the early
turbojet versions of the 707 and DC-8. On the basis of acoustic efficiency
(noise power/thrust power ratio) the advances in technology are even more
impressive amounting to a reduction by a factor of about 1000 (1% vs.
0.0012). Comparison in terms of the noise footprint is also enlightening.
The 110 dB contour extended more than 2000 ft. from a typical engine (J-57)
in 1956 whereas the 110 dB contour for the new CF6-6 engine extends less
than 200 ft.

Basically, there have been twc important theoretical concepts which
have led to these advances: first, an understanding that jet noise varies
strongly with velocity and, second, an understanding of the significance of
pure tones generated by rotor-stator interaction. Lighthill (1952, 1954),
in a pioneering study of jet noise, pointed out that acoustic power from

jets varied like pUadz vhereas thrust power varies like pUsz. This obser-
vation led to the evolution of the high bypass engine which relies on a
high mass rate of flow at low velocity to achieve the required thrust.

Currently, the state of the srt in fan and ccmpressor noise technology
is at the point where jet noise and rotor noise are of equal significance.
Unfortunately, current suppressor technology is ineffective at the lower
jet velocities that are characteristic of current high bypass ratio engines.
It appears at this point that further jet noise suppression wili require an
even more basic understanding of the mechanisa of jet noise.

Over the past 20 years, numerous investigators have attempted to deter-
mine the dominant noise producing structure of a jet by a variety of
measuremsnts of the velocity and pressure fluctuations in the jet. While
contributing much to our understanding of turbulent phenomena in general,
and of jets in particular, these investigations have experienced only
limited success in:

®
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a) Deducing the dominant jet structure.
b) Accounting for the radiated noise.
c) Suggesting techniques for minimizing this noise.

The first step toward a satisfactory understanding of the radiated
noise is clearly an understanding of the jet turbulence structure. At the
1971 Symposium on Aerodynamic Noise at Loughborough University, sponsored
by the Royal Aeronautical Society and the British Acoustical Society
"delegates were divided on the ultimate possility of reducing jet noise,
but it seemed to be generally considered that understanding the underlying
order in the turbulence would probably be the most fruitful path for jet
noise contro) (Fisher and Lowson, 1971)." Receat work (Crow and Champagne,
1971, and Bishop et al 1971) indicated the existence of a large scale
coherent structure in both subsonic and supersonic jets. In a subsonic jet
this structure has a Strouhal frequency, fd/Uo, which corresponds to the

observed peak in the far field radiated noise spectrum.

This paper describes an objective method for deducing the large eddy
structure in a large jet. It is also suggested that any large, coherent
structure in itself is probably a weak source of sound. Sound radiatien
probably occurs through the interaction of finer scale turbulence with the
more coherent large scale structure.

Experimental Evaluation of Lighthill's Theory

The nou-homogeneous wave equation for a flow without non-steady sources
of mass or applied forces was obtained by Lighthill (1952) in the form

2

QEQ 2 o2p 3 Tij
2 *a, 3%, 3%, | 9K, S
ot 1771 1775
where, in the case of a sub-sonic, high Reynolds number, turbulent flow, T1j
may be approximated by
Ti] = puiuj (2)
A retarded time solution was offered by Lighthill in the form
(1.l
o 1 3 ij . XY
(p‘po)(flt) 2 axiaxj J (x_y) IYi* ao ]d! (3)

4ma
o

A more convenient expression for experimental work is the formulation of
Proudman ().952):

2
1 I 3 2
p=p = (S=(ou )] ,dy (4)
(o] 417045 atz X t' J
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4 -
t' | = e— (5)

a

o

wherein u, is the velocity component in the direction of an observer.

Lighthill's theory has formed the basis for much additional theoretical
work. Of particular interest to this study are the past experimental
attempts to relate turbulence measurements to acoustic source strength,
especially the distribution of sound source intensity within a jet. A
direct evaluation ¢f the Lighthill theory was first attempted by Chu (1966).
He made his measurements at a single point in the flow (x1/d=4, x2/d=0.5)

and attempted to predict the total jet nois«: characteristics with theo-
retical estimates of sound source distributions based on the similarity
principles of Ribner (1958) and Powell (1959). Unfo-tunately, the intens}ty
depends on the fourth time derivative of the two-pc.nt correlation of pu .

Chu's attempts to evaluate this from an experimental curve was inherently
inaccurate. A similar attempt bty Jones (1969) was also incomplete and only
limited success was achieved.

Recently, the experimental evaluation of the Lighthill integral has
taken a new direction. Lee and Ribner (1972) and more recently Seiner and
Reethof (1974) report cross correlations of the fluctuating stress with the

far field noise. The method is based on the Proudman form of the Lighthill
integral: *

2 2 —
I._P_._.._l__.[a 2 (6) v

—5 pv_p dy
Podo 4ﬂa°3r 3t2 x ~

Unfortunately the method is sensitive to phase differences in the two types
of instrumentation. Lee and Ribner chose to perform their correlation in
narrow bands. The data they present is questionable because of the very
low value of correlation achieved. Seiner and Reethof (1974) chose to per-
"~ form their correlations in octave bands which eliminated some of the prob-
lems experienced by Lee and Ribner. They also chose to reformulate the
problem in terms of shear noise and self noise which meant working with both
the correlation between far field pressure and velocity squared and the
pressure-velocity covariance. They found that 'shear noise'" was the major
contributor to the total power and that, oddly enough, the radial distribu-
tion of sound source strength peaked at the jet axis, even in the potential
core,

An even more direct approach has been reported by Siddon and Rackl
(1971) and Rackl (1973). This method depends on the cross correlation
between "pseudo sound" and far field pressure using the Ribmer dilation -
model as a basis:
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Their results agree qualitatively with Lee and Ribner but are in fundanental
disagreement with Seiner and Reethof (1974). The errors inherent in pres-
sure measurement were recognized and a unique pressure probe was developed
for the purpose. However, this method is sensitive to current limitations
of both high and low frequency response of pressure probes as well as the
still unresolved, uncertain ties associated with pressure measurement in
turbulent flows.

Evidence of a Coherent Large Scale Structure

Of particular interest is the work of Crow and Champagne (1971). Their
studies combined visual and hot wire investigations of jets with Reynolds
numbers ranging from 2000 to 100,000. By imposing a periodic exitation on
the jet with the aid of pressure transducer located in the settling chamber,
they attempted to force the jet to act as a non-linear amplifier with maxi-
mum amplification occurring in the preferred modal frequency, presumably
the large eddy structure. An initial series of ripples was observed to
develop into a series of vortex "puffs" which could be detected even at the
higher Reynolds numbers. These disturbances rapidly reached 'saturation"
and the final growth rate was a maximum at a Strouhal number, fd/Uo, of 0.3.

Additional confirmation of the existence of such a large coherent
structure has been offered by Lau, Fisher and Fuchs (1972). Fluctuating
pressures and velocities were measured in both the entrainment region and
potential core of a subsonic jet. It was shown that these fluctuations have
a relatively narrow band spectral content when compared to those in the mix-
ing region. Furthermore, a high degree of correlation exists between
fluctuations in the core and entrainment regions. The authers concluded
that experimental results are consistent with a series of equally spaced
toroidal vortices contained in the jet mixing region and convected at a
speed of 0.6 times the jet efflux velocity. Similar conclusions concerning
a coherent vortex ring structure are offered in papers by Fuchs (1972 a, b),
Davies, Ko and Bose (1967), Scharton and White (1972), Wooldridge, Wooten
and Amaro (1972) and Beavers and Wilson (1970). Mollo-Christensen (1967)
observed that pressure fluctuations outside a fully developed turbulent jet
came in rather well defined wave packets as though the jet column was under-
going sporadic oscillations. Similar conclusions have been made for high
speed jets where there are indications that large scale pressure fluctua-

tions may be associated with large unstable waves (Liu 1970, Bishop, Ffowcs -
Williams and Smith 1971, and Tam 1972).

There is considerable evidence that a large scale coherent structure
exists in a jet and, furthermore that it can play a major role in sound
radiation. Cross correlatioa of sound with pressure fluctuations at the
center of the mixing region will not necessarily isolate this structure and

indeed, the cited attempts to directly evaluate the Lighthill integral have
been singularly unsuccessful in this attempt.
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Perturbation of the Large Eddy Structure

The possible favorable influence of perturbing the large eddy structure
has been noted by Arndt, Tran and Barefoot (1972). They found that place-
ment of a screen across the jet flow results in a substantial reduction in
noise. The reduction in noise may be traced to the breaking up of the large
eddy structure in the mixing zone as evidenced by the reduction in integral
velocity scales. Corresponding measurement of the smaller pressure scales
(via two point pressure correlations within the flow) indicate that the
scale of the pressure field is similarly perturbed. (Barefoot 1972),

AN OBJECTIVE APPROACH TO THE
LARGE EDDY STRUCTURE OF TURBULENT SHEAR FLOW

Townsend (1956) proposed that turbulent shear flows were characterized
by the presence of large discermable, ccherent structures which were desig-
nated as "large eddies." The large eddies were thought to contain no more
than 20X of the turbulent energy and to exist in equilibrium with the mean
flow and the smaller turbulent eddies. They have scales on the order of the
scale of the mean flow and are responsible for the intermittency and spread
of the turbulent-irrotational interface. By using simple arguments and
measured correlations, Townsend proposed structures which semi-quantita-
tively accounted for the measurements available. These results were later
modified and extended by Grant (1958) for turbulent wakes and by Bradshaw,
et al. (1964) for the axisymmetric jet on the basis of extended measurements.

One of the major problems in determininpy the large eddy structure was
the lack of an objective definition. The approach initiated by Townsend was
the most objective in that it attempted to guess the structure which best
explained the measured correlations. The other attempts to determine the
large eddy structures by forcing, conditional sampling, and flow visualiza-
tion while providing useful information appears to lack even this objectivity.

In 1965, Lumley proposed an objective definition of the large eddy
structure (and in fact the smaller eddies as well!) based on a rational
orthogonal decomposition of the turbulent velocity field. Lumley and his
colleagues (Payne and Lumley 1967, Bakewell and Lumley 1967) succeeded in
deducing the large eddy structure in the 2-dim. turbulent wake and in the
viscous sublayer on the basis of very limited data. In spite of this suc-
cess and the appeal of an objective approach to the large eddy definition,
the orthogonal decomposition has been largely ignored.

In the remainder of this paper, Lumley's decomposition will be reviewed,
an experimental program to apply Lumley's decomposition to the axisymmetric
mixing layer of a jet will be outlined, and finally, a sketch will be given
of how the radiated noise can be deduced from the characteristic eddies and
their interaction.

The Orthogonal Decomposition

Lumley (1967) proposes the following approach to the large eddy identi-
fication. Suppose that we think that a :andidate eddy, ¢,(x, t) is occurring
in an identifiable manner in a given eiicemble of random v%lEcity fields,
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ui(x, t). One way to test this hypothesis is to project ¢i on u, and deter-

mine che extent to which they are parallel. Since we are interested only
in parallelism, we remove the amplitude dependence by considering the follow-
ing:

J¢1*<')“1<')d<‘>
[ ]¢j*(-)¢ ()1t

3

where (°*) indicates the dependence on a point in whatever space is relevant,
€.8., (xl, Xy Xg5 t), and ® denotes the complex conjugate. The integral

is taken over all space.

Lumley suggests that the best choice for ¢i(') is that which maximizes

the quantity [alz where the overbar denotes the ensemble average. By the
methods of the calculus of variations, it can be shown that the best ¢i is
given by the solution to the following equation:

j RijCo 2D, (-DACT = lal? ¢, (9)
where
Ryg (ot ') = uy (DuyC+h) (10)

Finite extent velocity field. If the velocity field is of finite extent and
is of finite total energy, the following hold:

A. There are not one, but a discrete set of solutions of (2) which can
be written as

g () ooty (@), @)y L
j Rij(" )¢j (+dC ) = A", " (), n =1, 2,... (11)
B. We can choose the ¢i(n) so that they are orthonormal
®)rovg (Dravacey =
j 0,2 ()9, Y (a() =8 (12)
(n)

C. The velocity field u; can be‘expanded in the ¢i

uy () = Ia 0, () (13)
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where
n

a = f u () ¢, ()ace) (14) *

and the series converges in mean square.

D. The coefficients of (13) are uncorrelated

o n¥m

48m A(n) n=nm (15)

E. The two point Reynolds stress tensor can be decomposed into a
double series in the ¢1(“)

N TR PR L) L
RyyCar) = 2 A M)W (e (16)

n=1

and the series is uniformly and absolutely convergent.

F. The A(n) are real and non-negative and their sum is finite
and equal to the total energy in the flow.

The expansion of (13) is optimal in the sense that as little as possible
is left to the remainder of each partial sum. .

Lumley (1970) has shown that the number of terms necessary to .
adequately represent the energy variation of u;(:) is

N < L/L (17)

where L is a measure of the lateral extent of the velocity field and L

is an estimate of the extent over which the process is correlated with
itself. In a jet mixing layer N ~ 4, so only the first four eigenfunctions
are necessary to obtain most of the turbulent energy.

It has been suggested by Lumley that the lowest order eigenfunction

¢1(1)(§,t) be identified as the large eddy. The results of Payne and
Lumley (1967) and Bakewell and Lumley (1967) indicate that the large eddy
derived from this approach is in excelient agreement with that predicted

3 by Townsend on intuitive grounds although considerably more detail is

Az present. Moreover, the decomposition can be applied to the averaged

1 velocity equations to obtain dynamical equations for the large eddy (Lumley
1967, 1971, Payne 1968).

Homogeneous Fields. From equation (17) it is clear that as the extent of .
the field L becomes large compared to the correlation distance L, more and
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more terms are necessary tc represent the velocity field. For homogeneous
= fields the number of terms becomes infinite and the eigenvalues are not

discrete but continuous. The appropriate decomposition for a homogeneous

field is the familiar Fourier decomposition. If u; is homogeneous in x and
. stationary in time we can write

i(k,x + wt) .
ui(g,t) = I e ui(g,m)dgdm (18)

«=CO

where ﬁi(g,w) is the Fourier decomposition of ui(§,t) and the ﬁi are
uncorrelated at different wave numbers and frequencies.

] 60 (k') = 0y (kw8 ume’) (19)

where ?4;(k,w) is the velocity spectrum tensor. (The ﬁi are random functions
and (18) is written in the sense of generalized functions [c.f. Lumley 1970].
This representation is equivalent to the Fourier-Stieltjes decomposition
dZ;(k,w) used by Batchelor (1953) and others.,;

i From (18) it is clear that in a homogeneous flow the large eddy
structure will not be readily identifiable from the fluctuating Fourier
components unless ﬁi(g,w) peaks strongly at a particular wave number
frequency combination (k°,w°). We will come back to this problem later
under partially homogeneous flows.

Periodic Velocity Fields. If the velocity field possesses periodicities

i ui(')e) = ui('Q 0 + 2m) (20)

it can be expanded into a Fourier series or other appropriate harmonic
funczions. This has been recognized by Michalke (1972) who expanded the
pressure field of an axisymmetric jet in a Fourier series.

For the turbulent velocity field we have

g0 = & £ W M (21)

n==0o

! where the fi(n)(-) are uncorrelated; that is,

- £, ™o, M - (22)
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The two point Reynolds stress tensor can be similarly expanded

L (n) in(6-6"')
u 0u I = 5 BV (e, Ne (23)

n==o

Fuchs (1972) has applied Michalke's decomposition to measurements of
the turbulent pressure field in the jet mixing layer. Because the pressure
field is strongly correlated around the jet the Fourier series representation
was a natural method. The turbulent velocity correlations, however, fall
off rapidly in the azimuthal direction (Bradshaw, et al. 1964). Therefore,
it is not immediately obvious that the representation of equation (21) is
preferable to that of equation (18) when applied to the azimuthal variable
of the velocity field.

Partially Homogeneous and Stationary Fields. This special case is most often
encountered in practice and is particularly relevant to the turbulent jet.
Laboratory jet flows are stationary in time, homogeneous (and periodic) in
the azimuthal direction, strongly inhomogeneous and of limited extent in the
radial direction, and by comparison with the radial direction nearly homo-
geneous in the axial direction. The last statement is even more valid if

the turbulence properties are normalized by the local turbulence scales.

We consider here a velocity field which is homogeneous in x and z, stationary
in time, and of bcunded extent in y.

We first decompose the velocity field in the homogeneous directions
and time according to

1(kx + ksz + mt)

u1(§st) = J e Gi(kl,k3,w; y)dkldk3dm (24)

-0

where the ﬁi are uncorrelated for different frequencies and wave numbers.

Gi(k1’k3’w; Y) Ei(kl"k3"w'; Y')

. ' - - ' - ' )
Qij(kl,k3,w, y,¥') 6 (w-w ’kl kl .k3 k3 ) (25)

where °1j is the Fourier transform of the two point Reynolds stress tensor.

We now seek an "eddy" ¢;(kj,ky,w; y) which maximally projects on the
field ﬁi(kl,k3,w; y). The result is the following:

v
I Qij(kllk3!w; YsY') ¢j(n)(kl’k3!u; Y')dy.
-V (26)

(n) (n) .
= A (kl’k3.w)¢i (kllk3’w) Y)




V denotes the finite extent of the flow in the y-direction and is large
enough to contain the range of variation of ¢jj - in this case the mixing
layer.

As before we identify ¢(1)(kl,k3,w; y) with the large eddy. The
velocity field of this eddy is given by

o Do = J .

-00

i(klx + k3z + wt)

(1)
al(kl,k3,w)¢ (kl’kj’ )w)dkldk3dw

(27)

where the aj is the random coefficient. Obviously the effect of the homo-
geneities has been to smear out the structure of the large eddy by the
introduction of a fluctuating structure in both frequency and wave number.
The large eddy ui(l)(g,t) can be visualized as a group of dispersive waves
propagating in the homogeneous directions whose amplitude vary in the
inhomogenevus and bounded directions. This interpretation is similar to
the waveguide model of Landahl (1967) and is seen to be a special case of
the orthogonal decomposition.

Lumley (1967) has observed that if ¢i(l) has its energy concentrated
about a single spectral value, say (kl°,k3°,w), then that component can be
chosen to be representative of the large eddy; that is ¢i(1)(k1°,k3°,w°,y).

In effect, this type of assumption has been made in those experiments which
attempt to force a single component of the turbulence and seek the maximal
growth rate identifying it as the large eddy, e.g., Crow and Champagne {(1971),
Hussain and Reynolds (1971). Other heuristis models for the jet turbulence
structure have also implicitly assumed that the large eddy is concentrated
about a particular wave number-frequency combination; for example, the roller
eddies of Davies (1972) and the vortex pairs of Laufer (1973).

The observations reported by Crow & Champagne (1971) of a puff-like
structure in the periodically forced jet is a simple statement that they
were able to concentrate the large eddy energy to a narrow band to the
point where it was recognizable. The observations reported by Laufer (1973)
of a vortex-like structure in the plane mixing layer which resembled the
last stages of a Kelvin-Helmholtz instability must be interpreted in light
of the low Reynolds number. It is reasonable to expect the spectral
content of the large eddy to broaden as the Reynolds number is increased
because of the increased nonlinear interactions. This broadening with
Reynolds number will proportionately reduce discernability of the large eddy.

A final comment is in order regarding the reputed axisymmetric struc-
ture in jets and the two-dimensional structure in the plane mixing layer. It
was first observed by Townsend that for an eddy to extract energy from the
mean flow its plane of circulation must be tilted against the mean flow. The
s.ructures proposed to date (Bradshaw et al., 1964 excepted) are defective in
this regard. The structure deduced by Payne and Lumley (1967) by applying
the orthogonal decomposition to Grant's (1958) measurements in a two-
dimensional wake is shown in Figure (1). It is interesting to note that the
eddy pairs are at nearly 90° to that which would have been expected from the
symmetry alone (aligned parallel to the cylinder). Clearly some caution must
be exercised in attacking significance to geometrically appealing models.
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An alternate approach to partially homogeneous flows. For partially homo-
geneous flows, Lumley (1967, 1970) has suggested further decomposing each

of the "eddies" obtained above into characteristic eddies occurring at
uncorrelated locations in time and at uncorrelated locations in the homo-
geneous directions. This approach is similar to the shot effect representa-
tion of Rice (1948). We write for the large eddy (or any eddy)

ui(l) - JII gi(l)(x_g’ Y, z-g, t-T)dO(E:CsT) (28)

where
Ve
{0, ()% CM
B (E, T, a0 (8, . 1) = * (29)
( dédzdt, (°) = (*")

and where the g (1) is the characteristic eddy (or group) and is determinis-
tic. It is easy to show that

ui(l)(°)uj(1)(-') = J gi(l)(x,y,z,t)gj(l)(x+5,y',z+c,t+T)d€dCdT

where (*') = (x+ &, y', 2+ Z, t +1). (30)

Defining Gi(l)(kl, k3, W, y) to be the Fourier transform of gi(l)(x, t)

we can show that
R R ST LI A ST LS O (30)

= (2m) G (l)(kI’ k3’ w, y)G (1)*(k1,k3,w,y')

3

Thus the large eddy can be identified as the inverse transform of

A‘1’<kl, kg ©)

6, M (ky, ks w9 = 6, V), Ky, 0, 9) (31)

J (ZH)

or [

L) (32)
1) ik 1% +kz+wt A (kl,ks,w)
8y (x

(1)
;7 (kg ,kq,0,y)dk, dkydw

3

2YsZ,t) = [
(2w)

Clearly if the peak of A(l) is distinct at some value (k,°, k3°, w’), the

value selected at the peak 1s representative and the eddy (or group) is
easily discernable.
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EXPERIMENTAL DETERMINATION OF THE LARGE EDDIES

In the previous section we have shown that the random velocity field
of a jet mixing layer can be broken into a series of characteristic eddies,
the lowest order one being the large eddy. These eddies can be obtained

directly from the measured velocity covariance tensor ui(x,t)uj(x',t).

The procedure for calculating the characteristic eddies is summarized
below:

1. Measure the velocity covariance tensor

Rij(x-x" Y.Y'. Z‘Z', t_t')

2. Transform to get the velocity spectrum tensor

by (eomwiy,y*)

3. Calculate the eigenfunctions ¢i(n)(k,m,m) and eigenvalues
A(n)(k,m,w).

4. Using this information in equations, calculate the charac-
teristic eddies.

The techniques for carrying out the computations described above are
straightforward and have been described in detail by Lumley (1970). The most
difficult problem is of course to obtain sufficient information on the
velocity covariance tensor Rij' or its transform ¢ij'

We can reduce the number of measurements required by recalling that the
nine components of Rij are related to each other by the mass conservation

equations as follows:

Txir Rij(f’f') = (0= Tar Rij(§’§') (31)
i 3

Fourier transforming in the homogeneous variables x and z and in the sta-
tionary variable t we have

i=1,3 (32)

Hence we have six equations in nine unknowns. If we use two x-wire
probes and measure uy and u; at each location, it is straightforward to ob-

tain ¢11, ¢33, ¢13, and ¢31. The missing terms may be readily obtained by
integration from five of the six mass conservation equations.
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The properties of the covariance function can also be used to reduce
the number of measurements. Since the velocity covariance depends on
progressively larger eddies as the spacial separation between the probes
is increased, there appears to be little merit in making equally spaced
measurements. Furthermore, since the covariance falls off in a nearly
exponential fashion (Tennekes and Lumley 1971), it is clear that the
optimum spacing is logarithmic. This has been previously used by Bakewell
and Lumley (1967) in the viscous sublayer.

For a 12 inch jet at 30 m/s, the smallest spacing used will be 5 mm
(corresponding to the peak in the dissipation spectrum). In spite of the
loss of small scale structure, this will cause no problem because we are
interested only in the large scales. There appears, at this point at least,
no reason to measure correlations at separations greater than five integral
scales. In the streamwise or x-direction, 5L - 0.3 m., and in the azimuthal,
z-, and cross-stream or y-directions 5L - 0.15 m. The separations to be
measured are then given by the following:

x-direction (mm.)

o, 5, 1o, 20, 40, 80, 160, 320

y, 2z-directions (mm.)

o, 5, 10, 20, 40, 80, 160

This corresponds to a measurement grid of 8 x 7 x 7 on 392 probe separations
for each choice of origin, y', in the inhomogeneous direction.

To complete the specification of the velocity covariance, this grid
must be remeasured for different choices of the origin in the inhomogeneous
direction. By choosing the same logarithmically spaced values for y as
above, we see that the origin must be moved 13 times. The net result is a
total of 13 x 392 = 5096 probe spacings. Since four channels of velocity
signals are being recorded, the total number of correlations to be measured
is 20,384 - a formidable task, but necessary if the large eddy structure is
to be found unambiguously. An automatic stepping technique can be used for
probe movement.

It will be recalled that the velocity covariance spectrum tensor &;
(k,m,w; y,y') is sought. Therefore it remains to Fourier transform the
measured covariances in the x and z directions. This will be accomplished
by first curve fitting the measured covariances with a wmodified Gram-
Charlier expansion and then Fourier transforming analytically to obtain
the spectrum. Such a procedure was used with success by Payne and Lumley
(1967) .

Once 01j(k,m,m; y,y') is obtained for i,j = 1.3 by the procedures
described above, it is straightforward to integrate the mass conservation
equations to obtain the five missing terms i,j = 3.
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CALCULATION OF RADIATED NOISE
FROM THE ORTHOGONAL DECOMPOSITION OF THE VELOCITY FIELD

The pressure correlation for the far field can be written using the
retarded time approximation to the solution of Lighthill's equation as

4

p(x,t)p(x,ttt) =« il. ” Tij(z,t - i:x)ru(y',tﬂ - E:‘v—-)dydy' (33)
- A (3 ) o 7

where we have for brevity left out the dependence on source distance and the
directionality factor. The integrand can be abbreviated as

v m utnnVnu '
Tikal uiujuk ug (34)

where the prime denotes ev.luation at y' and t + T.

Following Batchelor {1953), Kraichman (1956), Lilley (1958) and others,
we assume that the 4th order moments are jointly normal and write

v = T
uiujuk “2' uiuj u ui' + uiuk' ujul' + uiui' ujuk (35)

(This will not be a valid approximation for the eddies corresponding to the
scales of motion much smaller than those containing the turbulent energy.)
The first term uiuj “kiui' is not interesting since it is independent of T

and will not contrubute to the noise. The remaining two terms are functions
of T and can contribute.

For simplicity in understanding we will restrict this discussion to com-
pletely inhomogeneous and bounded flows. The stationarity in time will, of

course, introduce a fluctuating Fourier component in frequenc. We define
@ik(w) as the cross spectral density

=
®1k(w) F.T{uiuk']
Transforming (33) with respect to 1 we obtain the noise spectrum

,‘ A~ % A * (]
Spp(g, W) T w [I['ik ¢ji + '1u* yjk]dzdz (36)

where * denotes a convolution in frequency.

We have seen that ¢1k can be decomposed into the characteristic eddies
as follows

] ‘:’ * O
Py = L W™ e ey (37)
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Using the fact that the A(n)(u) are real and symmetric, substitution of (37)
into (36) yields o

[ <] 30 ‘m
Ior | l(n)(wl)k(‘)(u-wl) duy (38) ]
=] n-l_w

S p (X0 = u’

- Ioi(n)(!)¢;(')(g)dg : I¢k*(n)(g')$£(‘)(g')dg'

+ simflar term

The diagonal terme of (38) n=m clearly represent the noise generated by
a particular eddy. If we take N terms to approximate the total flow emergy
there are N terms of what will call type 1 sources. The off-diagonal term of
(38) nfm represents the noise generated by the interaction of eddies of
various sizes. Again if we take N terms in the decomposition there are N -N
eddy interaction terms which we will call type 2 sources. The strength of
these is dependent on the integrated "Reynolds stress' associated with the
interacting addies and the convolved integrated spectra of these eddies.

It is appropriate to recall at this point that Kraichman (1956), Lilley
(1958) and others have treated the problem of noise generated by a homogeneous
turbulence acted upon by a uniform mean shear. The result was a turbulence- .
interactioa source and a turbulence-shear interaction source. From the ab.ve
it is clear that in a bounded, inhomogeneous turbulent flow we have the same
type of turbulent-shear interaction source terms as the eddies of various
sizes interact with one another. This is not surprising since a large eddy
appears as & qQuasi-uniform strain field to a saaller eddy imbedded in {t.
Clearly the analysis above could be extended to include the effects of a
mean shear interacting with each eddy.

i1t has been speculated for several years by the present authors and
independently by H. Tennekes (P.S.U. Acoustic Seminar, 1974) that the large
eddies themselves cannot be primary sources of noise because of their long
evolution times - at least at low Mach number. Rather, the short life times
and high vorticities and strain rates of the dissipative scales make them
ideal radiztions if they were coherent over large enough distances. The type
2 mechanisms derived above provide a means by which the large eddies can
interact with the smaller scales and perhaps provide the necessary coherence
lengths.

These arguments are consistent with these of Townsend (1955) and Tennekes
and Lumley (1972) regarding the energetics of the large eddies which are
believed to obtain energy directly from the mean flow and then cascade it by
means of vortex stretching to th: smalle~ scales. It has been speculated
that the larger eddies line up or orient he smaller eddies so that their
principal axes of strain rate coircide. The small eddies then destroy the
larger ones. It is this lining up and destructive process that will con-
tribute ro the type 2 interaction terms above.
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The conclusions above chould be regarded as tentative and confirmation
awaits experimental evidence and further study. The important point to this
discussion is che possibility that there may be a direct link between the
coherence of the large eddy structure and the potentially noisy smaller
scales.

Summary and Conclusions

A review of current suppressor technology indicates that further advances
in jet noise reduction hinges on a more fundamental understanding of the noise
generation mechanism. There has been considerable conjecture about the.
existence of a coherent structure in jet turbulence. Should such a structure
exist, the opportunities for further jet noise reduction may be considerably
enhanced.

It is suggested that Lumley's objective approach to large eddy defini-
tion may prove to be a fruitful way to deduce the jet structure in sufficient
detail to allow calculation of the noise field. An experimental method for
direct evaluation of these eddies has been proposed.

Several general observations on the mechanism of jet noise can be made
by direct substitution of the characteristic eddy formulation into Lighthill's
equation. PRasically two types of noise terms are found which parallel the
concept of shear noise and self noise suggested by Kraichman, Lilley, Ribner
and others. Type 1 consists of the self interaction of the various eddies.
Type 2 consists of interaction between eddies of various scales. Because
of the preponderance of type 2 interactions and because of the possibility
of obtaining both large coherence lengths and short lifetimes it is specu-
lated that these may be the dominant source of jet noise. Thus, the exist~
ence of coherent structure in itself is not a priori evidence of a strong
emitler of sound but rather such large structure may act as the catalyst for

sound radiation from smaller scale, more vortical motions which feed off of
the larger eddie:.
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POTENTIAL OF COAXIAL MULTINOZZLE rONFIGURATIONS
FOR REDUCTION OF NOISE FROM HIGH VELOCITY JETS.

by

D.S. Dosanjh, M.R. Bassiouni, P.K. Bhutiani and K.K. Ahuja
Department of Mechanical and Aerospace Engineering
Syracuse University, Syracuse, New York

Summary

Characteristics of radiated noise from coaxial multinozzle exhaust con-
figurations (without any externally inserted mechanical devices in the exhaust
flow) where high speed coaxial multiple jet flows interact just downstream of
the nozzle exits, have been investigated and found to be potentially promising
for supersonic jet noise suppression.

From acoustic 1/3 Octave Sound Pressure Level spectra and optical (shad-
ow and schlieren) data for coaxial multinozzle configurations operated at a
wide range of pressure ratios, it is concluded that as a result of interaction
among coaxial multinozzle (two or three) high speed cold jet f.ows, the acous-
tic radiation from any of the individual single supersonic jets is substantial-
ly modified virtually eliminating the usual intense discrete frequency com-
ponents cf radiated noise. In addition, significant broadband reduction es-
pecially «t higher frequency range »f the radiated noise spectra is observed.
Interacting coaxial multinozzle high velocity jet flows show substantial re-
ductions in PWL (from 9 - 16 dB depending on the method of comparison). The
correspondence between the observed noise reductions and shock and jet flow
modifications evident in optical data is 'inderscored.

Based on the comparison of radiated noise from multinozzle coaxial jets
and that from a single 'equivalent' highk speed jet issuing from a convergent
nozzle with the mass flow rate, thrust and exit area the same as for the com-
bined multinozzle jets, the effectiveness and potential of multinozzle high
velocity coaxial jets for supersonic jet noise suppression with minimal thrust
loss is examined.

INTRODUCTION

To develop a successful jet noise abatement approach, one must first lo-
cate as well as understand the nature, the distribution, the strength and radi-
ation mechanisms of the dominant jet noise sources. Guided by this understand-
ing, practical techniques to reduce the effectiveness of the dominant noise-
generating sources need to be devised. It is commonly vecognized, has often
been stated, and is widely accepted by those interested and actively working in
this research field that in high speed (supersonic) turbulent cold and/or
heated free jet flows, the dominant noise sources and noise generating mechan-
isms are associated with (a) Supersonic and subsonic turbulent mixingz, (b)
Interaction between shock and flow fluctuations such as - shock-turbulence
(vorticity); shock-temperature (entropy) fluctuations and shock-pressure fluc-
tuations, (c) Shock unsteadiness and oscillations, (d) Shock induced acoustic
resonance, (e) Mach wave radiations associated with flow eddies convected
supersonically relative to the ambient medium. Therefore, any successful
technique for supersonic jet noise suppression should modify, weaken, eliminate
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and/or shield some or all of these noise generating sources without resulting
in an unacceptable thrust loss.

Various schemes and techniques for high speed jet noise suppression (as
applied to turbo-fan or turbojet engines) have been investigated with varying
degrees of success by an expanding number of research groups. These attempts
may be enumerated in broad categories as (a) mechanical devices such as rods,
wedges, screens, buckets and spades mounted or inserted in the exhaust flow at
or close to the nozzle (engine) exit, (b) nozzles of different shapes and
configurations to promote mixing; multi-tube nozzle exhaust systems; or multi-
nozzle coaxial jet flows, (c) ejector-shrouds used in conjunction with ap-
proaches (a) and (b). Some of the experimental observations on use of the
multinozzle (two and three) coaxial interacting high velocity cold jet flows
are presented in this paper. The background material, important existing pub-
lications aind contributions by others, germane to the experiments reported
here are cnumerated in references 1 and 2.

As opposel to the subsonic jet noise prediction, at present there is no
single unified theory that predicts the noise radiation from supersonic tur-
bulent jets with shock structure. The noise prediction gets even more complex
and remote if mechanical devices are mounted or inserted in such supersonic
turbulent jet flows. Hence, of necessity, several practical schemes of compari-
son of the acoustic performance have been attempted by various authors to
assess the effectiveness of different noise suppression systems. The coaxial
multinozzle jet flows offer a considerable flexibility in controlling the exit
areas, mass flows, thrust, the operating pressure ratios, and mean flow Mach
number or velocity for each of the individual jets. Thus the radiated noise
performance of such multinozzle jets varies widely and for minimum noise op-
erations, the operating pressure ratios of the individual nozzles are different
(Ref. 1,2). Therefore the comparative evaluation of the observed noise re-
ductions from multinozzle coarial jets with that from say a single jet becomes
more complicated than is normally the case with the usual comparative assess-
ment of the acoustic performance of model jets or turbojet engine exhaust
systems cperated first with and then without some noise suppressing mechanical
device such as the multi-tube nozzle exhaust or the spades mounted (or in-
serted) in the exhaus flow.

The mean flow Mach number which is a function of the nozzle operating
pressure ratio and the nozzle exit area predominantly influence the character
and intensity of the acoustic radiation from a superscnic jet flow. However,
the parameters that govern the mechanical performance of any jet system are
the thrust and the mass flow. Hence in making a comparison of say a multi-
nozzle jet flow system with that of a single jet, jet flow Mach number, nozzle
exit area, mas. flow rate and thrust of the two systems need to be matched.
This suggests two basic schemes for comparing the acoustic performance of the
coaxial multinozzle jets with that of a single jet. In the first scheme the
total thrust, total mass flow and total exit area of the coaxial multinozzle
gsystem operated at the minimum noise condition were matched with that of a
single underexpanded jet issuing from a convergent nozzle. However to match
these parameters when the two-nozzle jets are operated at minimm noise con-
dition the needed operating pressure for the single 'equivalent' jet was found
to be lower than that of the outer jet of the conaxial system. The noise re-
ductions achieved by using the coaxial two-nozzle jets and their comparison with
the acoustic performance of an 'equivalent' single jet are reported here.
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In the planned second scheme for comparison, the jet flow Mach number
(i.e. operating pressure ratio of the outer jet), the total thrust and mass
flow rate will be matched with those of the single 'equivalent' nozzle. For ’
minimum noise operation of the multinozzle coaxial jets, the exit area/s of the
single nozzle and the multinozzle systems will not be the same. In matching
the flow Mach number of the two systems, the single 'equivalent' nozzle can
either be a convergent nozzle operated in the underexpanded mode or a con-
vergent-divergent nozzle which may be operated in the fully expanded mode.
These experiments are currently being cu..ducted.

Multinozzle Configurations, Experimental Procedure and Experimental
Data.
F

The coaxial three-nozzle assembly, the two-nozzle assembly and the
single 'equivalent' nozzle used in these investigations are shown in Fig. 1
where the important specifications and dimensions of each of the nozzles are
given.

—

Each of the three jets are supplied through three separate plenum cham-
F bers, such that the stagnation pressure for each jet flow is independently
adjustable and maintained constant. Therefore, the coaxial three-nozzle ass~
embly can be used flexibly with either any one of the three nozzles operated
independently as a single jet, or any two or all three nozzles operated si-
: multaneously. Since the innermost (nozzle 1), the intermediate (nozzle 2) and
the outermost (nozzle 3) jet flows are directed in the same direction, each of
the three nozzles is thrust producing. The stagnation pressure for the inner- .
most jet is measured in the plenum chamber. The stagnation pressures in N
nozzles 2 and 3 are measured by four pitot tubes mounted 900 apart along the
circumference and inserted in the buffer reservoirs (supply chambers) of each
nozzle. The air temperature in the reservoirs was almost ambient.

B & K acoustic instrumentation comprised: 1/8" condenser microphone
(for the 'equivalent' nozzle investigations 1/4" microphone) with grid, cathode
follower, microphone amplifier, 1/3 octave band filter set with frequency range
20 Hz to 200 KHz and a level recorder. The microphone was czlitrated before
each run with a piston phone which produces 124 dB re 0.0002 ubar at 250 Hz, and
the ambient temperatures, and pressures were recorded. The far-field acoustic
measurements were made in a horizontal plane containing the axis of the jet flow
] at eight stations from azimuth angle 15° to 120° in 15° increments located on
an arc of 6 ft. radius from the nozzle exit in the anechoic chambar of size
approximately 10' x 12' x 9'. The microphone axis was oriented along the polar
radius of the arc (zero degree incidence) along which the noise measurements
were made. 1/3 octave sound pressure level spectral data were recorded for the
single round jet alone (nozzle 1), the single annular jet alone (nozzle 2), two
coaxial interacting jets (nozzles 1 and 2) and three coaxial interacting jets
from three-nozzle configuration (nozzles 1, 2 and 3).

To select the operating pressure ratios at which the individual jets of

f the three~nozzle configuration were to be operated, initially the outermost jet 5
(nozzle 3) was not used; the operating pressure of the intermediate (nozzle 2)
£, = (P _+ P )/P_, where P is the reservoir gage pressure of nozzle 2 and .

|

§ P_, thé“ambient pressure, was fixed at 3.04 and the pressure ratio £, of

l tﬁe innermost jet (nozzle 1) was varied. Similar 1/3 octave SPL data for the

& 'equivalent' convergent nozzle were also gathered. Corrections for microphone *
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pressure response with frequency (from calibration curve provided by manufactur-
er with each microphone cartridge) and microphone free-field (from B & K hand-
book) were applied to all acoustic spectral data. Overall sound pressure and
acoustic power levels were computed from the corrected 1/3 octave sound pres-
sure level data.

Experimental Results:
1. Sound Pressure Level Spectra

For the innermcst jet alone (nozzle 1) operated at pressure ratio { =
3.0 and the intermediate jet alone (nozzle 2) operated at & _= 3.04, !
1/3 octave sound pressure level vs. frequency are plotted for farious azimuthal
iocations from 15° to 120° in Figs. 2a and 2b respectively . GCenerally for
the single convergent nozzle operated in the underexpanded mode, over the fre-
quency range 0.5 to 10 KHz the 1/3 octave SPL decreased with increasing azimuth
angle. Therefore the radiated far-field noise at lower frequeuncies is pro-
gressively less intense at higher azimuth angles. Over the same low frequency
range (0.5 to 10 KHz) and azimuth angles of 60° to 120°, 1/3 octave SPL at
each azimuth angle increased by about 6 ds/octave.

For nozzles 1 and 2 operated alone the broad band SPL peaks occurred at
30° azimuth angle and in each case there are additional peaks at higher fre-
quencies, around 90° for single jet from nozzle 1 (Fig. 2a) and at 30° to 90°
from the annular nozzle 2 (Fig. 2b). For physical appearance of the underex-
panded jet flow with cellular shock structure from nozzle 1 and nozzle 2, see
8schlieren records in Figs. 6a and 6b respectively. The inward tapering of the
shock structure for the annular jet alone (with the inmermost nozzle not oper-
ating, is worth noting. When the innermost (nozzle 1) and intermediate (nozzle
2) jets are operated simultaneously at pressure ratios £, = 3.04 and £ =
2.02 corresponding to the minimum noise mode of operation for two coaxial jets,
the sharp peaks in 1/3 octave SPL vs. frequency plot (Fig. 2c) of the single
supersonic jets are eliminated. The general peak atlll occurred at 30° but
is shifted to a lower frequency around 5 kHz. However, similar to the single
nozzle operation, over the frequency range 0.5 to 5 KHz the 1/3 octave SPL
decreased with increasing azimuth angle and thus the lower frequency noise
content predominates at smaller azimuth angles. For three-nozzle configura-
tion of interacting coaxial jets operated at { = ¢ = 2,02 and §_ = 3.04,
the 1/3 octave SPL peak still occurred at 30° but isjshifted to evenl lower
frequency at about 3 KHz. At azimuthal angles 60° to 120°, the 1/3 octave
SPL increased by about 6 dB/octave. Similar to the single and two-nozzle op-
eration, the spectral content of radiated noise from three interacting coaxial
jets is stronger in low frequency components at smaller azimuth angles. 1In all
four modes of operation the broad bank peak occurred at 30°. These peaks cor-
respord to the same Strouhal number = 0.16 if the Strouhal number for the
single jet is defined as f D/a° where D 1s diameter of the single jet, a
ambient sonic speed and f P js the broadband peak frequency and the Strouhal
number for the two or three coaxial jet flows is defined as f D, /a. where
D,, 1s the equivalent diameter of a single round nozzle calcu atgd ?rom the
togal exit area of the coaxial multinozzle configuration. This Strouhal number
= .16 agrees well with values obtained by Lush (Ref. 3) and Ahuja and Bushell
(Ref. 4) for subsonic jets.

From the 1/3 octave SPL spectral data for all the modes of operation of
the multinozzle jets reproduced in Fig. 2, the direction of maximum SPL in
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(d)

All three nozzles operated Ez = 3,04: El - €3 - 2.02
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1/3 octave band vs. center frequency can be plotted (Ref. 5). It is observed
that the higher the frequency band, the greater the azimuth angle for the peak
noise; and that these angles increase in steps with frequency. However the
peak noise data at diiferent frequency bands do not exhibit any noteworthy
difference in azimuth angles for the two and three coaxial jets when both con-
figurations are operated under the respective ainimum noise conditions. From
comparison of earlier data on maximum SPL in 1/3 octave band vs. center fre-
quency by Yu and Dosanjh (Ref.6) for a contoured nozzle (exit Mach number =
1.5)used at design (shock free jet) pressure ratio £ = 3.57 and off-design
(with shocks) pressure ratio £ = 4.74, witb that of the inner nozzle

alone operated at pressure ratio £. = 3,04 and intermediate annular nozzle
operated alone at . = 5.04, it is observed that the shock-free jet exhibits
the peak noise vs. 173 octave band center frequency very similar to the twc or
three coaxial jets operated for minimum noise when, due to flow interactions
and modifications, there is hardly any strong cellular shock structure in the
combined jet flows (for illustration see shadowgraphs of Figs. 5b, 5c and 6e
and schlieren recording of Fig. 6¢). On the other hand the single
underexpanded supersonic circular or annular jets with shock structure (see
shadowgraph of Fig. 5a and schlieren records of Figs. 6a and 6b) exhibit
strong peaks at 6 = 90° at higher frequency bands. Similar peaks are observed
at 6 = 90° to 120° for the contoured nozzle operated at off-design pressure
ratios (Ref. 6) where shocks are present. From this comparison it is evident
that the presence of shocks in turbulent free supersonic jet flows generates
high frequency acoustic radiation which is more prevalent at higher azimuth
angles, mostly around 90°.

2. Spectrum Level

Spectrum level at each 1/3 octave band center frequency were calculated
for single, two and three interacting supersonic jets from 1/3 octave SPL
spectral data corrected for microphone free field and pressure response using

Af -
Lp(fc) =L - 10 log10 ZT; dB re: 2x10 'ubar

p band

vhere L (f ) = the spectrum level dB (re: 2x10""“ubar) at center frequency f ;

L bandP= € 1/3 octave band SPL (measured); Af 1is the bandwidth for 1/3
oftave band center frequency and Af, = 1 Hz. Spectrum level at each 1/3 oc-
tave center frequency are plotted in Fig. 3, where the operating pressure ratio
for each mode of operation of the three-nozzle configuration are also given.
Since the SPL peaks for single jets were observed at azimuth angles around

6 = 30° and 90° (Figs. 2a and 2b) and which were noticeably modified for two

and three jet operation for minimum noise conditions (Figs. 2c and 2d), typical
spectrum level data for one set of operating conditions are plotted only for
azimuthal locations at ¢ = 30° and 90°.

At azimuth angle 8 = 30° (Fig. 3), generally the slope of the spectrum
level for low frequency range for minimum noise for the two and three nozzle
configurations as well as the single supersonic circular or annular jets is
equil to + 6 dB/octave. The spectrum levels for two and three interacting co-
axial jets at respective minimum noise modes essentially have the same broad
band peak at f = 3150 Hz. This shows that peak broad band noise of single
annular supersonic jet observed at 5 KHz and for circular jet at about 8 KHz
shifted to 3150 Hz for two or three coaxial interacting jets operated at their
respective minimum noise conditions.
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The spectrum level drop-off for azimuth angle o = 30° was found to
be sbout 6 dB/octave at 1/3 octave center frequencies up to about 20 KHz for
the two and three nozzles operated in the minimum noise mode. The faster drop-
off at higher 1/3 octave band center frequencies is most likely Jue tc atmos-
pheric absorption of sound at the relative lmidity in che ambient medium in
the anechoic chamber. Such absorption corrections at higher frequencies
(Ref. 7) are currently being looked finto. However the comparative magnitudes .
of the noise reductions obtained by using multinozzle schemes are not affected
by these corrections.

At azimuth angle 90°, the single supersonic jets exhibit strong dis-
crete components at high frequencies in the spectrum level which for two and
three interacting coaxial jet flows disappear. For frequency range of f <
S KHz, the two and three coaxial jets used at ainimum noise conditions follow
nearly + 3 dB/octave change in sp+ trum level. The nature of spectrum level
variation with frequency at azimuc’ angles 6 = 30° and 90° support the conclus-
jon that the coaxial interacting jets from multinozzle configurations operated
at about ainimum noise conditions result in substantial reduction of broadband
noise at higher frequencies as well as in the elixination of high frequency
discrete (screech) components observed in -s~diated noise field of single super-
sonic circular (nozzle 1) and annular (nozzle 2) jets. The fundamental fre-
quency of the discrete components can be roughly estimated by using Powell re-
lation (Ref. 8).

3. Interpretation of Noise Raductions on the Basis of Thrust.

The three-nozzle configuration (Fig. 1) was cperated either with nozzle
1 (innermost jet) operated alone or nozzles ! and 2 operated simultanecusly as
two interacting jets in minimum noise mode or all three nozzles operated simul-
taneously, vhere the operating pressure ratios for nozzles ! and 2 are kept
fixed at values which yield minimum noise for two-jets and zlie operating pres-
sure of the outermost jet (nczzle 3) is varfed again to achieve minimur noise.
The operating conditions for single, and combined two or three jets are listed
in Fig. 4. The acoustic power levels for each mode of cperation were calculat-
ed from the SPL spectral datz corrected for microphone free field and pressure
response. The total thrust/A, (based on one-dimensicial flow assumption) pro-
duced by coaxial jets was calcuicted at different operating conditioms, vhere
A¢ 1is the total exii arwa of coaxial muitinozzles f.e. Ay = Ag + A, If two
nozzles are operated and A, AtZ A, *A,, if three nozzles are operated.
If a single jet is used, then A, 1is the exit areca of the singie nozzle. 1I:
was assumed that the total thrust of the multinozzle contfiguration T = Ait;
wvhere { =1, 2, and 3, is the sum of thrusts from es-h nozzle operating aione.

The variation of acoustic power level vs. thrust (both normalized with
respect o the exit area’/s) for the tw-nozzle and three-nozzle configuraticns
is reproduced in Fig. 4. The acoustic power levels of individual singlc ‘ets
from nozzles | amd 2 , the calculated tota! P& of the tw {ndaividual jets
operated {nd~rpendently, i + 2 , and the PWL of the twe i{nteractisg <oaxial
jets used simultanecusly are plottsd in Fig. 4a. 1: (s evident that for the
same thrust/aresa, the use of the tw {nzeracting coaxial lets resuits in about
12 4B noise reduction vhen compared to the calculated 2otal acoustic power level
for the twe individual jets operated independentliy, each at the same pressure
ratfo at which minimum ncise for the two interacfing coaxlal lets was observed.
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Starting with the two coaxial nozzles 1 and 2, each operated at the
fixed pressure ratio at which minimum noise was recorded, the third nozzle is
operated at various pressure ratios £. , again resulting ir minimum radiated
noise for three coaxial jets at ome vaiue of £y o

For the same thrust/area, acoustic power level reduction of about 16 dB .
may be claimed from the three interacting coaxial jets when compared with the
calculated total azoustic power level from the three individual jets each op-
erated independently at the pressure ratio at which it was used for achieving
minimum noise from three interacting jets. However if for the same thrust/
area, the comparison was to be based on the acoustic power level from the
innermost jet alone (nozzle 1) and that from the three interacting jets, an
acoustic power level reduction of about 8 to 9 4B will result.

The comparison of the acoustic power levels of the two- and three-nozzle
coaxial jets at same thrust/area is shown in Fig. 4b. For acoustic power level
reductions, the three-nozzle interacting coaxial jets are more effective than
the two-nozzle interacting coaxial jets. However the potential usefulness of
the three-nozzle configurations may inherently lie in that it offers additional
flexibility of operation where tne velocity gradients and the temperature gra-
dients (if one or some of the jets were to be heated) may be systematically
changed. These may result in favorable refraction and shielding phenomena
yielding further noise reductijons from interacting coaxial multinozzle jet
flows. Such investigations are about to be initiated by the authors in the
newly constructed acoustic and heated jet facilities.

4. Optical luvestigations

Optical (schlieren and shadowgraphic)data gathered in these and earlier 3
studies have been useful in exhibiting the nature and extent of the modifica-
tions in the shock structure and in the individual jet flows when coaxial
supersonic jet flows from multinozzle configurations interact.

Two sets of typiceal shadowgraphs and schlieren records of coaxial super-
sonic jet flows from two-nozzle and three-nozzle configurations are reproduced
in Figs. 5 and 6 where the operating conditions for each optical record are
given. From comparison of the optical data and the radiated noise power level
for interacting cwaxial jets from two-nozzles where the operating pressure ra-
tio of nozzle Z is fixed at & = 3.04 and operating pressure ratio £, of
nozzle 1 is vavied (Figs. 5a to 5h and Fig . 6c), it is evident that the
observed noise variations and reductions from coaxial superscnic jets from two
coaxial interacting jete correspond to the appearance of significant changes
in the shock structure. The sequence of typical shadowgraphs in Fig. 5 (also
see references 1 and 2) illustrates the modification of the shock structure of
a single annular jet operated at £, = 3.04 (Fig. 5a) with progressively large
values of the operating pressure ratio £, or the innermost jet (nozzle 1)
achieving nearly minimum noise conditions for points A, B and C in the plot of
PWL vs. £.. The corresponding state of the interacting coaxial supersonic jet
flows is shown by shadowgraphs (Fig. 5A, B and C) and schlieren records (Figs.
6a, 6b and 6c). Note the development of a composite shock structure just down-
stream of the nozzle exit with only weak shock and wave struct.v2 in the fl~w
downstream. As the operating pressure ratio £, 1is increased, the shock
structure reappears and with ¢, - £  3.04 (Fig. 5h), double cellular shock
structure appears. It is worth noting that even when the two coaxial jets
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(nozzle 1 and 2) are operated at the same pressure ratios, the radiated noise
from the combined jet flows (Fig. 5, point h) is less than the single annular
jet alone (point a) or the circular jet from nozzle 1.

Typical shadowgraphs and schlieren records for three coaxial jets where

the intermediate jet (nozzle 2) is operated at £_= 3.04 and the innermost

’ jet (nozzle 1) and the outermost jet (nozzle 3) are operated at the same
pressure ratios §, = . , are reproduced in Fig. 6. For minimum noise op-
erations the shock structure is quite modified (Fig. 6d & 6e) as compared to

* single jet (Fig. 6a or 6b) and it is located close to the nozzle exit with only

weak wave system in the downstream jet flow. The combined coaxial jet flow

downstream of this shock is similar to a nearly shock-free flow from a fully-

expanded nozzle.

5. Single 'Equivalent' Jet

The single equivalent convergent nozzle was designed to have the exit
area equal to the total exit area of the two-nozzle configuration and was oper-
ated at a pressure ratio that resulted in the same thrust and mass flow as that
of the coaxial two-nozzle configuration operated at the minimum noise condition.
1/3 octave spectral data were recorded for both systems. Figure 7a shows a com-
parison of the wide band directionality pattern over the frequency band from
200 Hz to 100 KHz obtained for the coaxial two-nozzle configuration and the sin-
gle equivalent convergent nozzle. The maximum reduction in OASPL of about 11 dB
5 occurs at 90° to the jet axis. Along the direction of maximum noise propagation
(30° with the jet axis) the reduction in OASPL is about 6 dB. As the single
nozzle and the two-nozzle configurations have the same thrust (T_ =T, + T,),
same mass flow (ﬁs =m, +n ) and equal exit areas (Aeg = Ae, + Ae,), it
can be concluded that in this mode of operation the two coaxial supersonic jets
radiate less noise than the single 'equivalent' convergent supersonic jet. This
observation is even more noteworthy considering that the single convergent under-
expanded jet 1s operated at a lower pressure ratio than the outer jet (dominant
noise generator) of the coa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>