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Flight Effects on Noise from Coaxial Dual Flow
Part I: Unheated Jets

R. Dash*
NASA Ames Reserch Center, Moffett Field, California

This paper and a companion work describe a theoretical study of the effects of forward flight on the far-field
noise radiated from coaxial jets. Cold jets are examined here and hot jets in Part II. The noise generation is
modeled by two sets of embedded compact, ring sources that are uncorrelated, thereby allowing linear super-
position to be used in the mathematical solution. The problem is further characterized as a double vortex-sheet
model involving deliberate suppression of the inherent instabilities of the flow. The analysis shows that the ef-
fects of flight induce 1) amplification of noise in the forward quadrant, 2) reduction of noise in the aft quadrant,
and 3) absolutely no effect oii radiation of noise at § =90 deg to the jet axis. It is also shown that at constant
mass flow and thrust, an inverted velocity profile Jjet provides a significant noise reduction (as compared to noise
from a conventional profile jet) at ail angles, both statically and in flight.

Nomenclature

=speed of sound

=diameter of the inner nozzle

=diameter of the outer nozzle

= intensity of radiation

=wave number

= propagation constant

=Mach number of the jet flow

=U, /¢y

=Mach number of source convection in the primary
flow, U./cy

M, =Mach number of source convection in the secondary
flow, U /¢,

=periodicity of the source in the primary flow

=periodicity of the source in the secondary flow

=acoustic pressure

=strength of the ring source in the primary flow

=strength of the ring source in the sécondary flow

= axial distance in the radial direction

=radius of the primary flow

=radius of the secondary flow

= axial distance of the ring source in the primary flow

=axial distance of the ring source in the secondary flow

=distance between the source (in the primary flow) and
the observer

=distance between the source (in the secondary flow)
and the observer

St, =Strouhal number associated with source in the primary

flow

t, =Strouhal number associated with source in the second-
ary flow

=velocity of the jet flow

= convection velocity of the source in the primary flow

. =convection velocity of the source in the secondary flow

. =characteristic mean velocity

=frequency of the source in the secondary flow

=U,/U,
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9 =angle of emission relative to the jet axis (at the retarded
time)

0 =density

X =outer-to-inner area ratio

w =frequency of the source in the primary flow

Subscripts

f =conditions pertaining to flight

V4 = conditions in the primary flow

s =conditions in the secondary flow

rcp =conditions due to a ring source in the cold primary
flow

rcs =conditions due to a ring source in the cold secondary
flow

rhp =conditions due to a ring source in the hot primary
flow

rhs =conditions due to a ring source in the hot secondary
flow

0 =ambient conditions

Introduction

N the past few years, several studies suggest that a large-

scale orderly structure lies hidden within the chaotic,
noise-producing, transition region of a jet. Using several
methods in their study of flow visualization of round jets,
Crow and Champagne! discovered the emergence of an
orderly flow pattern. They also noticed that, at an average
Strouhal number of about 0.3 based on frequency, exit
speed, and diameter, a tenuous train of puffs/rings having
axisymmetric structure is generated in the transitional tur-
bulence region of a jet. These rings are highly structured and
stable. The production of doughnut-like rings also finds sup-
port in the works of Wooldridge and Wooten.? Hardin® used
the ring sources to analyze the noise-producing potential of
round jets and observed that these rings may be responsible
for most of the jet noise. Crow and Champagne observed
from their previous work on water jets ‘‘waves radiating out-
ward from the above region of puff formation.”” These and
several similar inferences of the research workers prompted
the author to include the ring sources in the study of jet
noise through the vortex sheet modeling of the flow.

The prediction model contains three major elements: 1)
convection of acoustic sources in the primary and secondary
flows, 2) flow/acoustic interaction due to these two consti-
tuent streams, and 3) the effects of flight. Furthermore, all
possible combinations of unheated (Part I) and heated jets
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(Part I1)!® that comprise a coaxial dual flow have also been
built into the model.

The motivation for this work comes from the recent ad-
vances in theoretical modeling of jet noise by Mani.*’
Mani’s approach is one of the successful approachs to jet
noise problems in recent years, despite its simplicity. He
capitalized on a simplified form of a mathematically rigor-
ous, nonlinear, inhomogeneous wave equation originated by
Phillips® and developed more fully by Lilley,” and Goldstein
and Howes.® Mani’s model succeeds in explaining most ma-
jor interesting features of jet noise data, on both hot and
cold jets, not explainable by the Lighthill approach, especially
the flow/acoustic interaction.

In general, many of the experimental features are consis-
tent with the results of the vortex sheet flow model pro-
cedure, which deliberately suppresses the instability waves
that actually show up in any physical realization being
described by that model. Balsa and Gliebe® recognized this
general feature of the vortex sheet flow model and the ease
and straightforwardness with which it is handled and extended
Mani’s theory to explain the noise radiation from coaxial
jets. In their work, however, they describe a static jet noise
situation. Furthermore, by considering only a single point
source at the centerline of a primary jet in a coaxial flow,
they failed to provide a correct model since it did not repre-
sent all of the sources generated at the interface between the
two vortices.

In recent works, Dash!%!? extended the Mani-type vortex
sheet flow model to include the effects of flight. Dash
predicted the different features associated with the noise
from a single stream jet in flight as well as from a coaxial jet
in flight. However, the model proved to be inadequate, since
only the acoustic sources due to the primary/secondary flow
interactions were taken into consideration, while the acoustic
sources due to the secondary/ambient flow interactions were
inadvertently omitted.

In the present work, this omission was corrected by con-
sidering simultaneously the sources within the inner and
outer jets. The first set of sources represent the noise from
the interaction between the inner and outer flows. These
sources are presumed to be axially and symmetrically
distributed in and around the primary flow and as such can
be qualitatively represented by considering a ring source con-
vecting in the midst of the primary jet. The second set of
sources represent the noise from the interaction between the
outer and the ambient flows. The sources are also presumed
to be axially and symmetrically distributed in and around the
secondary flow. These sources are qualitatively represented
by considering a ring source convecting in the midst of the
secondary jet. The choice for the centerline convection is
strongly advocated and also found to have been applied to
yield very good results in the works of Mani.** This is also
supported by the experimental evidence in the work of
Scharton and his colleagues.'® Furthermore, Mani'* has also
argued that the exact location of the source does not matter
so long as it is well within the jet. These ideas help
significantly in the handling of mathematics involved in the
analysis.

Formulation and Mathematical
Development of the Model

The analysis is intended to model the situation shown in
Fig. 1, in which a coflowing coaxial dual jet exhausts into
the atmosphere from a nozzle. The flight simulation of the
model is shown in Fig. 2. The nozzle is moving in an op-
posite direction with velocity U, which is the velocity of
flight. The inner stream of radius r,, called the primary
stream, is characterized by velocity U, and the outer stream
of radius r,, called the secondary stream, is characterized by
velocity U,. Likewise, all the flow parameters (density p,
speed of sound ¢, Mach number M, etc.) associated with the
inner/primary flow are designated by the subscript p and
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those with the outer/secondary flow are designated by the
subscript s. As indicated earlier, two ring sources are in-
troduced in the forms

Ring in the primary flow:

S(r—r .
q,,,%é(z—Uct)e"’"“’“””, 0<ry<r, (la)

Ring in the secondary flow:

6(r—= .
,,(f")a(z—mct)ew—ww, rp<ng<ry (1b)

where ¢,, and g, are constants and reflect the characteristic
ring strengths to which we will give proper meaning in due
course. The quantities w and w are the frequencies associated
with the ring sources in the primary and secondary flows and
are directly related to the frequency with which the puffs are
found. U, and U, are their respective velocities with which
they convect. The propagation of waves in the fluids in dif-
ferent zones is governed by ) ’

1<a+Ua>z o
¢z \at ? oz , p

[6(r—r0)
r

5(z— Uct)ei(m¢‘“’)], O<rs<r, (2a)

=qnl; )

1 (a R >z s
2 \ar Yoz P P
o6(r— .
___qncej[ (r @0)5(z_<llcl)el(n¢—w!):|,
r

r,=r<r; (2b)

1<a+U a)z Vip=0 rz (20)
—_— —_— — —_— ey N _r
c \at FY p » $ ¢
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Fig. 1 Practical configuration of the model.
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Fig. 2 Flight simulation of the model.
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where the differential operators L; and £; are given by

9
L,=8 =1 Li=8,=—
1 1 3 3 az

] 3 ) 9 2
Ly=—+U,—, &=—+tU—, L,=8=— (3
279 TPz 2T 9r far YT ag2 3

The suffix j takes the values j=1,2,3,4 corresponding to
order of the acoustic pole (i.e., pulsating, mass fluctuation,
dipole, or quadrupole type).

Because of the linearity of the equations and the involved
boundary conditions, the two solutions can be superim-
posed. In other words, the resulting radiation effect will be
the linear combination of the fields radiated by the ring
sources in both the primary and secondary flows.

Ring Source in the Secondary Stream
Directing attention to the problem of a coaxial jet flow
with a ring source convecting in the secondary flow, it can be
seen that the mathematical problem involves solving

[1 <D>2 v2] =0 O<r<r (4a)
CIZ, D¢ p =0 —=f=1p
&)+
2 \Dt/; p
8(r—ny) _
:q"£j[—r_o_a(z"%ct)e"”""w”], r,<r<r, (4b)
1 D \2
2 \Dr _VZ] =0, <r 4c
[c}(Dt ; p Ts (4¢)
where
—_— =__+U_’ -~ =——+Us__—
<Dt p Ot ? 9z D¢/, ot 3z
D) /] )
o) " w T 4d
<Dt N at faz ( )

The boundary conditions across the primary/secondary flow
interface at r=r, and the secondary/outer (simulating) flow
interface at r=r, are the continuity of acoustic pressure and
the continuity of normal particle displacement.

Using the property of §-function, the right-hand side
source term in Eq. (4b) is given by

n£j{8(r—m0)

oy S: expi[(k3z+n¢>)—(w+k3‘uc)t]dk3} 3)

This is the driving term in the whole problem and as such the
¢, z, t dependence of all quantities in the Fourier transform
formulation will be ~expi{ (k3z4+n¢) — (w+k;U.)¢]. This
is due to the fact that on a linear theory a term proportional
to e** in the forcing effect elicits responses proportional to
e** everywhere in the system, whereby the corresponding
values of the acoustic pressure, velocity, displacement, po-
tential, or any other acoustic parameter are themselves pro-
portional to e**. In view of this, the Fourier transforms of
the pressure and displacement terms are defined as

p(r,¢,z,t)= S_m P (r.ky)expil (kyz+n¢) — (w+ kW, )t]dk,
(6a)

oo

p(r,¢,2,1) = S_m ﬁ(r,k3)expi[ (k3z+n¢)— (w+k; U ) dk,
(6b)
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Fig. 3 Retarded coordinates and emission from ring source in the
secondary stream.

Making use of these Fourier relations, the boundary condi-
tions of continuity of normal particle displacement on r=r,
and r=r,, respectively, can be written as

(Pp ) [k+ (‘mr—Mp)k3]2(£> = <£ (7a)
Ps k+ (grlc_Ms)kii or ar rp(=)

rp(+)

(,DS >[k+ (mzc_Ms)IQ ]2(_@__ _(_‘?_p; (7b)
p;/ Lk+ (M, —M))k, ar S Nar /e

re(+)

Making use of the boundary conditions, a solution for the
outgoing field can be written from the above equations as:

p(rX;)=AH, (X)), r=r (8a)

§

" 2w ch(k3)

s

‘]n (Ksk'o)gsp ( Yn:Jn) - Yn (CK’,s/LO)QSp (Jn)']n)

(8b)
gfs (Hn)Jn)gyp(Yn’Jn)—-ng(Hn’ Yn)gsp(']m‘]n)
G (Y, J) =K QU Y (Ko, ), (K pry)
—JCpYn(Jcsrp)Jn,(JCprp) (8C)
S (Js ) =X, QT (K, ), (K,pry)
=X, (Krp)J, (K ,rp) (8d)
S (H,,J,)=X,Q H, (K )J, (XKry)
—XH, (Xa)J, (Kro) (8e)
gfs(Hn’ Yn) :‘,K:f@sfH);(JCfrs)Yn(‘,}Csrs)
=K H, (K ) Y (K,rs) (81)
X, =(co/c){[k+ (M. —M,) k512 -k} )7 (8g)
K= (co/c) {Tk+ (M —M)ks1* — K3} 7 (8h)

:K:/:(Co/cf)[[k+(fmc“Mf)k3]2—k§}% (81)
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Ky=—1, Ky=icolk+ (M, —M)k;] (8j)
K, = —iky, 4=k (8K)

where J, and Y, are Bessel functions of first and second
kind of order n and H, (same as H{") the Hankel function
of order n. Dashes denote differentiation with respect to the
argument. This solution describes a wave radiating outward,
subject to the condition (K}z 0, which yields

_k[iJr (smc—Mf)] - sk35k[-cf—_. (smc—Mf)] o
Cy Co

This inequality determines the range of k3, which ensures a
propagating-type solution of the radiation problem.

Far-Field Low-Frequency Analysis
To express the acoustic pressure in Eq. (8) in Fourier space
to a corresponding one in physical space, Eq. (6) is used to
write

pr,d,z,t) = S_m A H, (Xr)expil (kyz+no)

— (w+ky; U, ) E1dky (10

Evaluation of the above integral is prohibitively difficult
because of the involved, complicated expression for A,.
Therefore, the method of stationary phase is used to find the
far-field radiation which is of prime interest. Without going
through the details of this method, the far-field expression
for p is given as

X, (k3)oE
D(R.0,6,0) =T KiKsdoEn
I ®R

s

expi[ Rk (co/cp) —wi+n(p—7/2)]

11
[1—=(co/cs) (M, —M;)cosb] (12)
where E, and the stationary point (k;), are given by
_ Jn(':Ks/‘O)gsp(YmJn)— Yn(gcs’bo)gsp(']n»]n) (11b)
" G (H )G (Y dn) =Gy (H,, Y1) Gy, ()
k(cy/c;)cost
(ks)o = u<y) (11c)
1= (co/cp) (M, —My)cosd
In view of this stationary point value,
5, = k {("_0)2
L —(co/c;) (M, —My)cosd ¢,
c 2 c )1
X |[1=——(M,—M)cosf | — ———cosO) } (11d)
Cf Cf
= s ()
1= (co/cp) (M, —M;)cosd C,
Co 2 Cy 2)
X |1 ———(M;—M_,)cos | —{——cosf (11e)
¢ s
k(cy/cs)sind
X, = (co/cr)si (11f)
1—(co/cp) (M, — My)costd
1-— —_
%, =1, K2=icok[ (co/cy) (M, = M;)cost ] (11g)
L= (co/cp)y (M, —~Mp)cost
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N
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n=4

n=16

Fig. 4 Periodicity of the ring source along ¢ (occurs in the form of
%),

n=8

Cgy cosf

Ky =~ ik
YT T T T (co/e)) (M, — M ycosh (11h)
kcy/cp)?cos?l
%, = {key/cr) ati
[1—(co/;) (M, —M,)cosh] 2
1= (cy/cs) (M, — M )cosd 2
@m:(p,,)[ (co/cs) (M, — M )cos ] a1
P 1~ (co/cr) (M;—Mp)cost
s C 2
av:(” >|:1~—0(MS—Mf)COSt9:| (1K)
by Cr

where ® and # are shown in Fig. 3; these are the retarded
coordinates.

In analyzing the low-frequency radiation of the pressure
field, we make use of the limiting forms of Bessel and
Hankel functions for small arguments so that a low-
frequency far-field solution for the ring source in the second-
ary fluid is

pn((R,e,¢,l) = — q"JCj(k3)0 (Kfﬂ,())n

T+ \ 2
[ (aps+ 1)+(aps— 1)(rp/"'0)2n ]
(&sf+ 1)(@ps + 1) + (asf_ 1)(aps - l)(rp/rs)zn

expi[ Rk (cy/cp) —wt+n(p—7/2)]
R[1—(co/cs) (M, —My)cos]

(12)

The quantity kx, is implicit in Xz, and is itself a small quan-
tity because of the low-frequency nature of the source. The
use of the inequalities r,/1,<1 and r,/r,< in the above
yields

Dnii
Pn

Lt

n—oo

-0 (13)

where p, is the pressure due to the ring source having
periodicity n along ¢ that occurs in the form of e”¢. Thus,
as shown above, one can infer that

Ipol > Ipy 1> Ipyt>..>p, I >1p, >, (14)

This merely says that as the mode » along ¢ increases, the
radiation due to the source decreases and eventually becomes
vanishingly small as #— . The dominance of p, implies that
the most powerful radiation comes when the ring is without
any periodicity along ¢ direction or, equivalently, the ring
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turns out to be an axisymmetric doughnut-type, which finds
support in the works Crow and Champagne,! Wooldridge
and Wooten,? and Hardin.? This decreasing character of
source radiation as » increases is not at all surprising if one
thinks of the physical nature of the rings with high periodic-
ity. What happens in this case is that the positive and
negative parts effectively cancel each other as n goes on in-
creasing. This is evident from Fig. 4.

Thus, in what follows, only axisymmetric rings will be
considered, without any periodicity along ¢, so that the fac-
tor involving ™ will be completely absent in all of the
mathematical expressions.

To predict the intensity of radiation due to the source in
the secondary stream, the fundamental solutions associated
with various quadrupoles must be employed in a specific
manner to represent the radiation pattern due to an axially
symmetric sound field. The works of Ribner® and Mani**
suggest that the far-field intensity due to a ring source in the
cold secondary stream 7, may be evaluated from the
formula

3
L= Y5 (@) (15)
ij=1

60

40
dB 20
0
-20

-40 1 1 1 i 1 3
0 30 60 a0 120 150 180
0, deg
a) Inverted velocity profile, Mp =0.5, M;=0.9.

-

A i 1 1 1 J
0 30 60 20 120 150 180
0, deg

b) Conventional velocity profile, M, =0.9, M;=0.5.

Fig. 5 Change in directional intensity as a result of flight at an
outer-to-inner area ratio =1,
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Here <d?j) is used to represent the circumferential average of
the mean square value of the enclosed quantity, where

1 2m B ~
@py=—-| " Bdo. @=(a @y (16)

The subscripts in these equations characterize the type of
quadrupole and the asterisk implies its complex conjugate.
Following the procedure outlined in these references, we
have

psKs [ Koto(Co— Cz)coszqs + Clsin2d>] Exp,(®R)

ay, =—
N g 2 (17a)
Ry [ Koro(Co—C)
@y = f’s [ stol 20 2)sm2¢+C1COSZ¢]EXp1((R)
inrg (17b)
Pg Co )2
A3y = k— 29-C,E ®R 7
33 far, < o cos oExp;(R) (17¢)
x K o(Cy—C
ay =" sin¢cos¢[~M*Cl]EXPl((R) (17d)
l7l'r3/l,0 2
X
a5 = Ps Sk-@——COSGCOS(ﬁ'C]Esz((R) (17¢)
wr Cr
X
ay =&kc—°cost9sind>-C1 Exp,(®R) (171)
wr Cf

- Jn ("}csl(’o)gsp ( YO’JO) - Yn (J‘CS/LO)gsp (JO’JO)
" gfs(HOaJO)gsp(Y09J0)_'9f5(H0’Y0)gsp(JO’JO)

(17¢g)

expi(®Rkcy/cp—wt)

Exp, (®) =
X0 () = R T = co/c, (9, — M, cost]”

(17h)

so that
T ={a%) +2(a}) +2(a%,) +4(a%;)

>z 1 { byo 1PN (co/c) cos*d
215,12 2 1M, 12

_ ( Ps
T®Rrag

3 3 XY
+ Iﬁ[xz(’Yo—Vz)]z"']—’Y%+%(’Yo'72)

1 (O
+ Iﬁ[xz(’yo_’)’z)]z"‘ﬂ“—z“‘L

1 7 (vo—72)

N 2y, |2)\§S(co/cf)2c0326} (183)

%,
where
8, = EB,Jy(uy) + oy J, (u3)
@y = Ho () Wo(vy,w2) — FH (3) Lo (W1, 0,)
By =Ho(,)L(v3,w3) = FH, () Wy(wy,0,)
Yo = —J; (U3)Lo(0y,X5) + EJo () Wi (x5,05)
Y1 =J W) Wo(v2,x2) — EJy (u2) L (x5,0,)

Y2 =J (u)V (x,,0;) — EJo(u,) U(x,,0,) (18b)
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Wo(z,8) = —Jo(2) Y (§) + (D) Y (2)

Lo(z,8) =Jy(2) Yo () —Jp () Yo (2)

Liz0= (@Y (-1 ()Y @)

Uz =0L()Y (5 —J () Y, (z)

V{(z,{) =0,(2) Yo (£) = Jo(§) Y2 (2) (18¢)
Uy =X,r,, V=K, wy=Xr
X=Xy, y,=K,r 2,¢=dummary variables  (18d)
Mlz[W,—<c—°cos<9>z], M2=[W2— c—°cos0)2]

e ¢
Co

2 ¢ 2
W, = (—-—) [1 ——(M, —Mf)cose]
c cr

p

2 2
W, = (CO ) [I—C—O(Mp—Mf)cosﬁ]
c cr

M. w w. C
2= () () = () S
M, ) \w, M, ) e
Co
Q2=l——c~_~(fﬁlc—Mf)C050 (18¢)
s

k,, =St [ M ]
PRI (1+ D)

Kys=kp (14E)%,  kng=(kr, +kry) /2=y

w D U, \ "

St =<——>< ) , D=2r, 18
2 27r Um Up QZ ( f)
_ _[ M1 MEZ I ]v:_ U,

“li+z P, 14 Pl ¢
U 2__ 2
[=—2, 2:_.__”(rszrp)
U, Ty
P, :PO/PW P, =py/p,, Py~ Po (18g)

The symbol T represents the outer-to-inner velocity ratio and
L the outer-to-inner area ratio. U, is a characteristic mean
velocity obtained from the conservation of momentum equa-
tion for the coaxial jet and M its corresponding Mach
number defined with respect to ¢,. St, is the source Strouhal
number observed in a frame of reference convected at a
Mach number (N, —M;)cy/c, and is related to the observed
Strouhal number by a Doppler factor [1-cy/¢c;
X (M, —M,)cosf]. This is also called the Doppler-corrected
Strouhal number. This provides relative velocity between the
nozzle and the observer, which is actually the case in the real
situation (where the nozzle moves and the observer is static).
To get the exact far-field intensity, we must now take into
consideration the intensity of radiation due to the ring source
in the cold primary flow. This is obtained in exactly the same
way as was done for the ring source in the cold secondary
stream.

Ring Source in the Primary Stream

The noise sources arising as a result of the interaction due
to the primary and secondary flows is represented by con-
sidering a ring source convecting in the midst of the primary
flow at a radial distance of r=r; from the axis of the flow.
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The general motion of acoustic propagation is governed by
the following equations:

5 (-]
¢t \Dt/, P

B(r—ro)a(
r

=q,,,Lj{ z—Uct)e"(’”"’*””}, O<r=r, (19a)

1 D>2 2]
P — —_— =0,
[C§<Dt R vep

1 D>2 :|
—_ —V2 =0, s =TI 19
[C}(Dt f p " ( C)

The boundary conditions are given by Eq. (7) with M,
replaced by 9. Use of Eq. (15) and the earlier procedure
yields the intensity for far-field radiation due to a ring
source in the cold primary stream

r,=r=<r; (19b)

I, = (b%) +2¢b} ) + 2(b%, ) + 4(b33)

_( 2p, )2 1 {(co/cf)“cos“a
~ \a?Rryr,/ IM,5,1? o

Jo(x)) |2

M,

3
EX%[JO (x)—Jp (x))]?

4+ —
2
A3,

xJy (%)

3
+T[J1 (x)1*+ [Jo(x)) — 2 (xy)] l

1| x3 R 1 ,
+T%; W[Jﬁ(xl)_-lz(xl)] +T[Jl x)]
22
—M[Jo(xl)'-lz(xﬂ] |+Wu. (xl)lz}
4 0}
(202)

. where R is the distance between the center of the ring source

and the observer’s position and 6 the angle made by this line
with the direction of convection, all considered at the time of
emission. Other quantities are defined as follows:

8, =EBJo(u,)+a;J (uy)

oy =H 0 )Wo(v,,wy) — FH (¥ )Lo(w,,0,)

By =Ho(y)L(v,,w)—FH (¥ )W(w,0,) (20b)

uy=Kyr,, v,=Kgr, w=Kr

x1=K,ro, y1=Kpr, (20¢)

Q1 =1-(cy/cs) (M. —M;)cosb (20d)

M

st ]

=N G TR )

kro=kr,(1+ L)%, kro=kr,/2=2X;, (20e)

w D U, \»

() () .

Y \2r U,/ \ U, & (200

The propagating constants K,,, K;, and K, are obtained from
Eq. (11) by replacing the convection Mach number 9. of
the ring source in the secondary stream by the convection
Mach number M, of the ring source in the primary stream.
As before, St, is the source Strouhal number where the
source is moving with a Mach number (M, —M/)c,/¢c, in the
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Fig. 6a Comparison of SPL due to conventional profile (CP) and inverted profile (IP) at an equal mass flow and thrust and area ratio £=1.

(e CP: M, —09 M,=0.5, M=0.73; ® IP: Mp=0.5,MS=0.9,M=0.73).
60 MF =0 r MF=0.3 B MF = 0.6
cp
P
_40 L L i 1 J 1 t L L ] I I L L )
30 60 90 120 150 180 30 60 90 120 150 180 30 60 a0 120 150 180
0, deg 0, deg 7, deg

Fig. 6b Companson of SPL due to conventional profile (CP) and inverted profile (IP) at unequal mass flow and thrust and area ratio £=4,

(e CP: M, —09M 0.5, M=0.60; @lPM—OSM =0.9, M=0.84).
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Fig. 6c Comparison of SPL due to conventional profile (CP) and inverted profile (IP) at unequal mass flow and thrust and area ratio £=10.

(o CP: M, =09, M= 0.5, M=0.55; © IP: M, =0.5, M, = 0.9, M=0.87).

frame of reference moving with flight velocity in the
simulated environment. The notation /.., in Eq. (20) is in-
troduced to signify that it implies the intensity due to radia-

tion from a ring source in the cold primary stream.

Intensity of Radiation due to Both Ring
Sources in Cold Coaxial Flow and
Application of the Theory

Since the problem under consideration is a linear one, the
effective radiation due to the coaxial dual flow phenomenon
will be considered as the linear combination of the two

radiation fields generated by the ring sources in the primary
flow and secondary flow. Consequently, the intensity of
radiation in the far field is given as the combined effects of
the intensities given in Eqs. (18) and (20). This is expressed
as

o 264(1+E)[RCP ( x )zpcs]
I= <—> + 21
R/ Dt Lm "\1:Vi+x/) P (1)

where D is the external diameter of the coaxial jet [and is
related to the internal diameter through the relation
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D=d(1+X)"] and

2 R 2
RCP=1,, <1—rsi> (21b)
20,
R 2
RCS=1,, ( T 'S”’O) @10)
Ps

To make a straightforward linear combination of the
radiation effects and also to keep the involved mathematics
less complicating, we have considered a situation where the
centers of the ring sources coincide and as such their radia-
tions reach the observer simultaneously. In such a situation,
R=@® and 0, the angle of emission at the retarded time, is
the same for both. This fact has been accounted for in
developing the expression for the intensity of radiation due
to both rings as given in Eq. (21).

In all the plots, the computation is made for the direc-
tional intensity at Strouhal numbers S¢, =0.2 and St,=0.2,
and is expressed in terms of sound pressure levels (in
decibels) where

dB=10 log,I(M;) (22a)

64 RCP 2RCS
[(Mf):——wz—(lJrE)r ( T )

L P? 1+V1+L/ P} ] (220)
The parameter values of P, = 1 = P, implies the consideration
of a cold coaxial jet where p,=p, =p,. Furthermore, while
making computations, the convection Mach number of the
ring source in the primary flow 1is given by
M,=(M,+M,)/2 and the convection Mach number of the
ring source in the secondary flow is given by
M.=(M,+M;)/2. This form of the convection Mach
numbers is used to reflect the speeds of the flows whose in-
teractions are solely responsible for the generation of these
sources.

With these assumptions, the directivity pattern of intensity
level is shown in Figs. 5 and 6 for two representative ring
sources. Figure 5a represents a coaxial flow situation where
the inner/primary flow Mach number (M, =0.5) is lower
than the outer/secondary flow Mach number (M, =0.9) and
represents an inverted velocity profile configuration. Figure
5b represents an altogether different flow profile where the
primary and secondary flows are completely inverted. This
coaxial flow pattern is called the conventional velocity pro-
file configuration. In both figures, one notices that as we
move from a static (M,=0) to flight situation (M,>0), the
intensity of radiation in the aft quadrant (0<6=<7/2)
diminishes and the intensity of radiation in the forward
quadrant (x/2=<6#<w) increases. In other words, forward
speed induces amplification of noise in the forward quadrant
and reduction of noise in the aft quadrant. Another point of
interest is the crossing of all the curves at #=90 deg. Their
coalescence at one point implies that at #=90 deg, the im-
pact or the effects of flight are completely absent.

In both these figures, it can be seen that the inversion of
velocities, from high-inner/low-outer to low-inner/high-
outer, causes a substantial reduction in the radiation at all
angles. Thus, under constant thrust and mass flow condi-
tions, an inverted velocity profile coaxial jet is quieter than a
conventional velocity profile coaxial jet. This point is more
explicitly illustrated in Figs. 6a-6¢, which reassert the fact
that an inverted velocity profile retains its quieting quality
not only when there is no flight, but also at practically all
flight conditions.

In Fig. 6a the comparison of SPL from the conventional
velocity profile jet and the inverted velocity profile jet is
made at constant mass flow and constant thrust, at area
ratio £=1. The noise reduction due to the inverted profile
jet relative to the conventional profile jet is at least 10 dB in
the aft quadrant and around 16 dB in the forward quadrant.
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In going from the static to the flight case, the static benefit
in noise reduction in the aft quadrant is diminished by nearly
1.5 dB at M;=0.3 and by 2 dB at M,;=0.6, whereas that in
the forward quadrant is more or less maintained.
Nonetheless, as a result of flight, the overall SPL in the aft
quadrant is reduced and that in the forward quadrant is
enhanced. This observation is in tune with our earlier find-
ings'®!?2 where we noted that the effects of flight induce
reduction of noise in the aft quadrant and amplification of
noise in the forward quadrant.

When the area ratio is increased to £=4 and 10 as in Figs.
6b and 6¢, respectively, the inverted velocity profile jet pro-
vides higher bypass ratios and increased mass flow and in-
creased thrust. This is not the case for the conventional pro-
files when the mass flow and thrust are substantially reduced
as a result of the increasing area ratio. Comparison of all the
plots of Fig. 6 indicates that the attenuation obtained over
all anigles as a result of flow inversion is substantial when a
low area ratio (and hence a low-bypass-ratio operation) is
maintained. It is worthwhile to give an explanation on the
physical mechanisms for the predicted lower noise of the in-
verted velocity profile coaxial jets as compared to the con-
ventional profile coaxial jets. One of the most important fac-
tors in the inherently low noise of inverted velocity profile
jets is that the higher-velocity region has a small
characteristic dimension so that the most intense noise-
generating region is limited to a small volume. Furthermore,
because of the inverted profile distribution of acoustic im-
pedance, a significant fraction of the noise generated is trap-
ped within the jet and does not radiate to the far field.

Conclusions

The effects of flight on coaxial jet noise have been studied
on the basis of a double-vortex sheet flow model. The
elegance of handling the problem comes through the
deliberate suppression of the flow instabilities and also
through the inherent simplicity of the vortex sheet model.
The conclusions of investigation are based on the specific
assumptions and calculations introduced in our model. Ac-
cordingly, as a result of this study, we find that the effects of
flight on noise from an unheated coaxial dual flow induce:

1) Amplification of noise in the forward quadrant
(x/2<0=<m).

2) Reduction of noise in the aft quadrant (0<0<x/2).

3) Absolutely no impact on noise at § =90 deg to the jet
axis.

Furthermore, the results of this study indicate that:

4) At constant mass flow and thrust maintained at an
outer-to-inner area ratio £ equal to unity, an inverted veloc-
ity profile jet is at least 10 dB (SPL) quieter than a conven-
tional profile jet at all angles in the aft quadrant and 16 dB
(SPL) quieter at all angles in the forward quadrant when
there is no flight.

5) The static benefit in noise reduction is more or less
maintained in the forward quadrant, but is somewhat lost by
nearly 1.5-2 dB in the aft quadrant.

6) The amount of noise reduction due to an inverted
velocity profile jet (relative to a conventional profile jet)
gradually diminishes as the area ratio I increases.
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