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Analytical Study of Twin-Jet Shielding
I SUMMARY

This report summarizes the development of the analytical model of twin-jet
shielding, The model consists of a point noise source impinging on a cylinder

of heated flow in which the temperature and flow velocity are uniform across the

BN b
o

cross-section.
In the formulation of the model, the wave equations are written for the re-
gions outside the flow and within the flow cylinder. The solutions to the wave

equations are matched at the jet boundary under the conditions of continuity of

pressure and continuity of the vortex sheet. The solution reduces to an irdef-
inite integral involving Bessel functions. The integral is solved approximately
using a saddle point method.

The resulting mod¢l is analysed in order to identify the mechanisms of transg-
mission and diffraction which control shielding in the shadow of the shielding jet.
The impact that variations in jet operating parameters has on shielding is inves-
’ tigated. It is found that in the zone of the shadow region in which transmissibn
dominates, shielding is relatively insensitive to variations of such parameters
as Mach Number and spacing ratio. Comparison of the three-dimensional model to a
previously obtained two-dimensional model shows good agreement.

In the zone in which diffraction dominates, shielding is more sensitive to
variations in Mach Number, jet temperature and spacing ratio.

The model is found to compare to experimentil shielding results. The major
discrepancy between the model and experiment is felt to arise from the difference
between the single point noise source of the model and the distributed source of
the jet. Refinement of this noise source tc a more realistic representation of

the real jet is one of the goals of the continued effort in this project.
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I INTRODUCTION

One of the drawbacks of the growing dependence on air travel is the increased
impact of aircraft noise. Assessment and reduction of this impact requires iden-
tification of aircraft generated noise levels. To this end, the Noise Technology
Branch of NASA/Aircraft Noise Reduction Division is developing and refining an
aircraft noise prediction computer program. Noise estimation includes consideration
not only of noise sources on the aircraft, but also of the propagation path between
source and receiver. One of the numeivus factors affecting the noise transmission
path is shielding of one jet by another. The shielding jet, because of the high
temperature and flow speed with respect to the iimediate surroundings, acts as a
partial barrier between the source and the receiver. The resultant noise reduction
not only affects the overall aircraft noise level, but also indicates the possi-
bility of jet engine installation as a means of aircraft noise control.

It is the purpose of this project to develop an analytical method to estimate
the shielding of one jet by an adjacent jet in a twin jet configuration.

The problem of reflection and transmission of sound by a moving medium has
been addressed assuming a plane wave incident on a plane interface (1,2,3,4).

Rey tracing techniques have been applied to two-dimensional jets (5) and cold
jets (6).

In this study, the three-dimensional case is considered. The model developed
consists of the sound field emmited from a stationary, discrete frequency roint
source, which impinges on a cylinder of locally parallel flow. The temperature
and velocity profiles are uniform in the jet at any location down stream of the
nozzle. Vhile this wodel is idealized, it is felt to incorporate the basic

elements essential for a yealistic representation; not only of the source, but also

of the shielding jet.
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The wave equations are written for the acoustic velocity potential in the
region outside the jet and in the region within the jet. The equations incorpo-
rate the convective effect due to local mean flow. The velocity potentials in
the two regions are matched at the flow boundary by the conditions of pressure
continuity and continuity of the vortex sheet.

The solution for the acoustic pressure in the far field, which is derived
from the velocity potential, is normalized by the incident acoustic pressure,
This incident sound pressure is the sound pressure at the same location in the
far field in the absence of the jet. This nommalized sound pressure is related
to the directivity.

The model is used to evaluate the effect on the far field noise radiation
due to variations of such operating parameters as shielding jet flow speed and

temperature, and the spacing between the source and the shielding jet.




IIX MODEL DEVELOPMENT
1. Formulation of the Model

The derivation of the model was shown in the first progress report (7).
A sumary of that derivatiin is shown below.

The mechanisms by which shielding occurs are reflection and refraction of
sound at the boundary between the jet and the surrounding air and by diffraction
around the jet.

The noise source is modelled by a stationary, discrete frequency point
source located at (r ,0,, 0). The shielding jet is a cylinder of radius a, and
is infinite in extent along the z-axis. The temperature and flow velocity are
uniform across the cylinder cross-section. The model is illustrated in Figure 1.
The expression for acoustic velocity potential is written for two regions; regicn
I is ocutside the jet, region II is within the jet. .
1In region 1 (outside the flow-incident upon the shielding jet)

1 -iwt :
"2 - ;— e = Q0 s(r-ro) §(6-9,) &(2) la)
o

In region I (outside the flow-reflecied from the shielding Jet)

1
V2§ - = 4pp = O 1b)

C\‘

o

In region II (inside the flow)

Pe - Mg - M, L |
P M St T e "0 2)
1

Where:
(ro, 9,» 0,) - location of point séurce
(r, 8, z) - location of the raceiver
w = source frequency
Q

o - Source strength
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¢ - sound speed
M - mach number - (jet flow speed/c,)
U PN ";‘ b **Ez" o0 * *2z
Note: The subscript o refers to conditions outside the flow (ambient), and 1
refers to conditions within the heated jet.
The boundary conditions at the interface between the ambient air and the
jet are:

1) Pressure continuity
®,= @, atr=a

or-

||
-DO(\Qt)O = '91(¢t + v¢z)1 at f = g 3) s

2) Continuity of the vortex sheet(l,2 ). This condition states that the ' 4
displacement of the nedium is continuous and symmetrical at the boundary;
r = a. Denoting this displacement by n = (z,t), then:

Dn Dn
- atr=a
B, B,
or-
(ngdy, = (ng +Vn,)y, atr=a 4)

Time is eliminated fram equations 1 and 2'by assuming:

#(r,8, z, t) = y(r, 8, z)e‘imF

The problem is reduced to a two-dimensional formulation by the Fourier

transform: 1 ® .ik_ z
Q;'- -— / ye 2 dz
A
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with corresponding inverse:

) -[: -% i.kzzt:l.kz

Solution of the transformed equations, inclusion of the boundary conditions
and inverse transformations yields the equation for the acoustic velocity i
potential in the far field (r>>a): 1

e

.jg e lut o ‘ ik_(z)
- sz m-zo tn Cos m(e-0.) J H (K1) F (K ,K)e ©

¢

wherg : ‘
Koro) [Jm(Kla)Jn"(Koa) - TJm(Koa)Jn't(Kla)]

(
Fm(Ka’x'l) - Jm(xor) ) i , )
%(Koa)Jm(Kla) ) Jm(l(la)l%(l(oa)]

) ka c%, pokl

T =
?J z

k., = m/t:°
- (L.
1 (cl Mkz)

2 2%
K, = [k - K2

o 1l L 129k
KJ,. [k1 }.z]
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2, Solution. of the Model
An approximate solution of the integral in equation 5 is obtained using

the Method of Stationary Phase (3). By this method, the solution of the integral
Iz, of the form:

(7 ]
Iz -[ g(c)eiz(hc"))dc. as z+» 6)
b
is: Iz - il:—;-h)' 8(00) ei(:(h(ﬂonf Tl'/lo) 7)
o
where:

1) a, solves h' (a) = 0

2) the sign in the exponential term goes as the sign of h'' (t,)

In order to solve equation .5 in the mamner prescribed by equation 6,

the following transformations are made.

Let: N = .
. 2
. = V1 (=2
N ' ko
then
) koad.a
1 dk B  cmvmm——
z V' 1-a2
) W k co
2) k, = &% Mk = -.(— - My1-a )
1 e z o\c

3) K o= [k k2% =k
(o
4) K, = [kf-kzzl" - ko[c_‘l -Mm?)z-lmz:"*

<1
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the integral in equation § :

{4 )

:ucz.
I = e ‘l-&n(kor) Fm(kolk‘) dkz
bec::unes: e ﬂ‘oz m
I ==k ﬁ.;z. H (k,ra) Fp(a) da )

In the acoustic far field, r>»>1. Assuming that kz«ko , the argument of the
Hankel function becames large:

kora>> 1

and the Hankel function is approximated by:

" ik ra - I-(m+ X))
l'ﬂn(ko“) Y |/ 2 ' e 9)
T koru

fron figure 1, it is seen that:
T -Rcosaandz'-Rsina
where:
R = distance from origin of the coordinate system to the receiver
8 = angle between vector R and the projection of the vector R on the

X - y plane.

The integral is then:
Ao
2k,  -i 1'2- (m + %) ikoR(V leaZ sin g+ a COS

#R cos B8
-

écmparing equation 10 to equation 6 :

s ;
|)/°‘— F(a)da  10) |
leg2 {




2 -kOR

h(a) *V1-a2sin 8 + a s B

K(G) - l/ ﬁ:z Fm(“)

' a, is evaluated from:
, GO
: R' (a,) = cos 8 - sin 8 =0
! 1-a,
E thus:
i,
E | ao = cos 8
L then: h(a ) = 1
’7 :
" and' h" (Q ) [ ] - ——1
| ) ° sin?g
- cos 8
, and: g(a,) |/ “einta F (cos8)
. The integral, as kOR >> 1, becomes:
¥
@ . «imn/2 ik R
' I =21, e ° Fm(cos 8)
R
:
| From which the expression for the far field acoustic velocity potential
is evgluated: _
Qe a -imr ik R
p=m=—— 3 €, cos m(e-8 )e T e Fo(cos8)
4w R m=0
8

11)

12)

13)

i




Where: F(cos g) = In (karo cos 8) -

{Hm(koro cos 8) [ plclﬁ '1'1-2 cos § Jm (koa Tz) J,; (koa cos 8)

- c‘czﬁi”l'z Jm(koa cos 8) Jn'\ (k,a Tz)] /

l_Plclz Ty2 cos 8 J;(kya T2) Hy(kja cos 8) - p c 2 Tz Hy(kja cos 8) J} (k,a Tz)] } 14)

. S
where: T, = E-x--MsinB

c
' Tg-[(——c’--Msins)z-sinza]"
C)

f The total acoustic velocity potential in the far field consists of two parts:
1. The velocity potential of the incident wave: 1
e ion kR .
40" T X 2 c, cos m(e-8 Je Z e In(KoTo cOS 8) 15) |
m=o0

2. The velocity potential of the scattered wave:

-iwt i
Qe inr ik R i
3 €, cos m(e 6 e Z e X i

4t R mwo ° |

¢

=
o

S

{ terms in equation 14) within brackets} 16)
As a check; when T, "0 (source is located at the origin), the velocity
';j potential of the incident wave reduces to:

f . Qe olect)
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1 m=o
since; In (o) = o mio

This is the expression for the velocity potential in the far field for

radiation from & point source of strength, Q,, located at the origin of the co-
ordinate system.

10




o mETEEE T R T e

IV RESULTS
The total sound pressure is evaluated from the acoustic velocity potential
PT = ~p, %f ¢

The incident sound pressure is evaluated from equation 15:

- -imw .
3¢. iwQ o —— ik R
P. = -p Ny 2. e cos m(e-0)e “ e ° J (k1. cos B)
R 1 41R °m§ m m*o'o

The nommalized sound pressure is formed from the magnitude of the ratio of
the total gound pressure to the incident sound pressure. This normalized sound
pressure is a measure of the influence of the shielding jet on the noise source
directionality. A value of normalized sound pressure less than one indicates noise
reducticn; and a value of normmalized sound pressure greater than one indicates
amplification.

The normalized sound pressure is evaluated in the shielded zone of the jet.
Thus, 0-0 =™ and o < B < n/3. For the purposes of comparison to other data,
the coordinates are shifted to a set centered in the source, and illustrated in
figure 2. In the nomenclature adopted in the figure, by = 0° is on the z-axis of
the noise source, and y, = 90° is on the side of the jet directly opposite the

source.

1. Identification of Shielding Mechanisms
The mechanisms which control the noise in the shadow of the shielding jet in
the downstream region are transmission through the jet and diffraction around the

jet.

11
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In order to differentiate among the mechanisms of shielciing, the normalized
sound pressure is evaluated at low frequencies under the following operating
conditions,

a) V}j = Jet velocity = 1552 feet/sec

b) Tj = Jet tmeperature = 1238°R

c) T, = Ambient temperature = 530°R }

0
d) §/D = Spacing parameter = ratio of distance from source to center of jet

and jet diameter, = 2.667

The contours of normalized pressure for 10° < ¥y < 90° are plotted against
non-dimensional frequency parameter in figure 3. The non-dimensional frequency
koa is varied from 0.1 to 1.0

For angles, v, within the range:

90° » vy > 70°
transmission of noise through the jet is dominant. The normalized sound pressure

is close to 1.0 for a relatively large range of frequencies, indicating that the

noise transmits easily through the jet. The normalized sound pressure curves shift

toward lower frequency as the angle is decreased, which indicates that as the angle
of incidence becomes more oblique, more of the incident sound is entrained within
the jet and and convected downstream.

. The cut-off angle:

'/ : .1 CO/ c;‘j

= COS e
nct T

where: 5
c, ™ sound speed at the ambient temperature, T, ;

dj = sound sieed at jet temperature, Tj

M = jet mach numbers = Vj/ cj

is the angle beyond which, thoeretically, no sound is transmitted through the jet (4).

- 12 ‘
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In the model development of the previous section, Ynet is the angle at which the

parameter T, goes to zero in equation 14,

C
T = [("'E?"" - Meos 4)° - cosz\pn] e 0 at =g

| where:

! R

for the operating parameters in figure 3, the cut-off angle is:

= [+]
wnct 69.9

In theory, all the incident sound in the range Vo * Vet

the jet, while no transmission occurs for sound incident at y. <y, .,

is transmitted through

hubiEuche il BEERE i o A

Refering to figure 3, the normalized sound pressure decreases more rapidly ¥
in the range of angles 40° « b < 70° than it does on the range 70° < ¥y < 90°,
This indicates that transmission of noise through the jet is relatively efficient

at y. » 70°. While sound is transmitted through the jet at n S 70°, the

r contribution of transmitted sound decreases rapidly.

The normalized sound pressure contours reach a minimum at iy 40°, For i

angles less than 40°, the curves shift toward higher frequency . In this range of i

angles, diffraction around the jet becomes dominant. The increase in nommalized }

; sound pressure with decrease in angle is consistent with barrier theory, where |

: decreasing the angle of incidence has the same effect as increasing the distance

; between the source ~—d the barrier.
i The angle at which diffraction begins to dominate is evaluated from:

. ¢ /c.

Lol

Yned = Cos ~ ( v )
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This angle is the value at which the parameter T, in equation 14 goes to zero,

o M
'1‘1-—--. cosq)n-o atq;“-tp

j

ncd

where:

i
¥y =7 -8
for the operating parameters shown:

w " 4304°

ned

Since the transmitted noise decreases constantly for y . and diffracted

n < ¥nc
noise adds to the sound pressure at angles Yn < Vneds the angle at which the

nomalized sound pressure is minimum is equal to Yned

Curves of normalized sound pressure for the receiver in the transmission domi-
nated, diffraction dominated and transition zones are shown in figure 4. The fre-
quency scale is expanded to show the differences at higher frequency.

For the receiver in the transmission dominated zone, the normalized sound
pressure reduces rapidly, with frequency, to a minimum value. At higher frequencies,
the sound pressure oscillates about a teminal value which is greater than the
minimum,

When the receiver is in the transition zone:

Ynet ” ¥n ” ¥ncd
the normalized sound pressure becomes smoother. The initial decrease in sound
pressure is not as rapid. The first minimum occurs at lower frequency and is not
as sharp. The sound pressure is oscillatory at higher frequencies, but the period
of oscillation increases.

For the receiver in the diffraction dominated zone, the nommalized sound

14
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pressure reduction becomes more broad band. No oscillation at high frequency is
observed.

These general comments serve to identify the zones in which the mechanisms
of transmission and diffraction control. The effects of jet operating parameters
on the sound pressure in the transmission and diffraction dominated zones are dis-

cussed below.

2, Effect of Jet Operation Parameters
A. Transmission Dominant Zone
Figure 5 shows the normalized sound pressure distribution plotted against
non-dimensional frequency parameter, koa, for a receiver in the transmission
dominant zone:

o
50% > ¥n * ¥nct

a) Effect of the Mach Number

The curves on figure 5 represent a range of Mach Numbers, from 0.76 to 1.12.
Generally, increasing the Mach Number shifts the curve toward lower frequency.
#5 the Mach Number increases, the transmission zone cut:off angle, Ynet? is
increased. Thus, a receiver at a fixed location is effectively moved closer to
the cut-off angle; and, in so doing, sees less of the transmitted noise. The curves
in figure 5 are found to collapse to one curve when plotted against:

-.17
k,a (“’n ) wnct)

where:
Yy ™ observer angle (radians)

c./ ¢,
cos”l( 0 __Jy

*net * 1+M
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Figure 6 shows the resulting curve for the spacing ratio S/D = 2,667 Zrom
figure 5; as well as for spacing ratios, S/D = 1,000 and 5.000.
b) Effect of Spacing Ratio
As is shown in figure 6, the effect of increasing the spacing ratio is to
shift the curves toward higher frequencies. These curves are found to collapse

to a single curve when plotted against the nommalized frequency parameter

-.17 .S, ~.17
(k,8) (= Ypee) ™Y )

The resulting curve is shown in figure 7. This curve is similar to one
obtained in a previous report (9) for the formulation of the two dimensional model.
The onset of shielding occurs at the value of the normalized parameter approximately
0,175 as was found previously. The minimum sound pressure occurs at a value of
the parameter equal to 3.0, and was 2,72 in the previous analysis. The normalizing
exponent, -.17, compares to the exponent, -.20, evaluated in the previous report.

B. Diffracticn Dominant Zone
Figure 8 shows the normalized sound pressure as a function of frequency for

a receiver in the diffraction dominant zone,

wn <Y ncd

a) Effect of Mach Number.
Figure 8 shows that the effect of increasing the Mach Number is to shift the
curve toward higher frequencies. The curves approach a high frequency assymptotic
curve which is independent of Mach Number. The curves in figure 8 are found to

collapse to one curve when plotted against:

- -1.96
koa (wncd wn)

16

s S T T T T SR

——ai

B U

- i




" W"

S A o
B e

i
|
:
l.

. BT - e 3 = - eountien /S
o BN - .. - T il Akmrm g :x/r

where:

by ™ observer angle (radians)

Yned ™ diffraction zone cut-off angle

1 &/e
= S (—Q'BFL) (radians)

c
This relationship is valid only for M > _é_o_ ‘

j

c
For M <2,
c.
J

hed does not exist; and there is no diffraction dominant zone.
The curves in figure 8, for spacing ratio S/D = 2.667 are plotted against the
nommalizing parameter in figure 9. Also shown are similar curves for S/D = 1,000,

and 5.000 .

b) Effect of Spacing Ratio.

From figure 9, the effect of increasing the spacing ratio is to shift the
curves toward higher frequencies. As the distance between the source and the
shielding jet increases, the minimum normalized pressure ratio which is approached
at high frequency also increases.

The minimum sound pressure ratio is found to be related to the spacing ratio

by:
Pr

¥ .59 lo S/D) + .15
Pin glo ( )

min

c) Te}nperature
Yned is related to jet temperature in that the speed of sound in the jet is a
function of ('I‘J.)!'i . Thus, as the jet temperature is decreased, the cut-off angle

is also decreased. The expected result of decreasing the jet temperature is to
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shift the curve toward lower frequency. This result is shown in figure 10, The
plots in figure 10 alsd show that the curves coalesce to a high frequency

assymptate which is temperature independent.

on spacing ratio,

Figure 11 shows the two curves normalized against the parameter:

- - 1,96
koa wncd wn e
where:

-k
¥ned = £ (Tj' )

The dashed line on the figure is the best fit curve from figure 9 for the

corresponding spacing ratio.

3. Comparison to Experimental Results,

The analytical model is compared to experimental results by Kantola (10)

and ‘plotted in figure 12, The condition evaluated is :

a, T; = 1238° R

b. Vj- = 1519 feet/sec
c. S/D = 2,667

d, ¢, = 30°, 60°

The assymptate is, however, dependent

NN s emiaAAee L L .

The analyticai model shows some agreement in form with the experimental data,

The onset of shielding occurs at lower frequency for Yy = 30° than it does for
v, = 60°, As the jet axis is approached, the agreement between the analytical and
experimental improves, with the significant difference being at high frequencies.

The analytical model shows that normalized sound pressure increases for koa > 10,

This indicates an upper frequency limit on shielding, The experimental results

indicate no such upper limit in the range of frequencies investigated, |

18
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The major discrepancy between the analytical and experimental results occur
at greater angles of incidence, This is felt to be due to the point scurce
approximation of the source jet. The jet noise source is more r:2alistically
considered to be a distribution of point sources along the jet axis, The down-
stream sources are contributing to the sound pressure measured in the shielded
zone, From the previous discussion on transmission through the shielding jet, the
sound incident on the jet at ¥y < 70° is transmitted more readily than sound incident
at ¥ < 70°, In general then, sound is transmitted upstream more efficiently than
downstream because the angle of incidence is greater., Thus, the receiver at
Yy ™ 60° "'sees'" more of the downstream noise sources than does the receiver
located closer to the jet axis, The point source approximation for the source jet

breaks down as the angle of incidence increases,

19




V' CONCLUSIONS

In the shadow of the shielding jet in the downstream region, the mechanisms
which control the ncise are transmission and diffraction,

Between the angles 90 > ¥, > Y. ¢ranspission through the jet dominates.

In this zone, the nomalized sound pressure is close to 1. over a relatively large
range of frequencies. As frequency is increased, the sound pressure decreases
rapidly to a minimum value: at still higher frequencies, the sound pressure is
oscillatory, indicating phase interference due to passage through the jet. The
effect of increasing Mach or decreasiig the spacing ratio number is to shift the
curves toward lower frequency. The normalized sound pressure is represented by

one curve when plotted against the normalized parameter

(k) [Cwn S Vper) X %] ~17

The resulting curve compares favorably with a similar curve obtained from the
two dimensional formulation. The value of the exponent, -.17, indicates that the
sound pressure is relatively insensitive to changes in the jet operating parameters.

Between the angles wnct g Yned the influence of transmission decreases
and the influence of diffraction increases. The normalized sound pressure curves
shift toward lower frequency. The oscillatory nature of the sound pressure at high
frequency is reduced.

At angles, Y < V¥ned 2 diffraction is the dominant mechanism. Since trans-
mission constantly decreases for angles, Un < ¥net and diffraction around the jet

increases for Yn < V¥ned the minimum sound pressure occurs at wn =

ned The

diffraction zone cut-off angle

1 c /e
toca = <o C3rd)

20
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is strongly dependent on the ratio of sound speed, ~~ , and the Mach Muriver, M.
%
For values,
%% »1
M

Yned does not exist, and the shielded region does not contain a diffraction dominant
zone,

In the diffraction dominated zone, the attenuation of the source noise is
relatively broad band. At low frequency, the normalized sound pressure curves are
shifted toward higher frequencies as the jet axis is approached. This result is
consistent with barrier theory. At high frequencies, the normalized sound pressure
approaches an assymptotic value, and none of the oscillatory character is observed.
This indicates that at high frequencies, the sound incident on the shielding jet
is scattered away from the shadow zone.

In the diffraction dominant zone, low frequency reduction of the sound pressure
is degraded as Mach Number is increased. At high frequency, the normalized sound
pressure tends toward an assymptotic value which is independent of Mach Number.

Increasing Mach Number increases the cut-off angle, ¢ The shape of the

ncd °
normalized sound pressure curve is found to be related to the included angle be-
tween the observer location and the cut-off, ¥Yned When the sound pressure is

plotted against the normalized frequency parameter:

-1,96
kya (¥ned = ¥n )

the curves become Mach Number independent.

Increasing jet temperature also increases the cut-off angle, since:

o . | To Y
C. [T. ]
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Thus, when the nomalized sound pressure is plotted against the parameter
ko8 (peg = ¥ )12
the curves become independent of temperature,

The value of the exponent, -1.96, indicates that the sound pressure in the
diffraction dominant zone is more sensitive to changes in jet operating perameters,
than is the sound pressure in the transmission dominant zone,

The curves which result from nomalization in terms of the cut-off angle are
strongly dependent on the spacing ratio, S/D. The curves are shifted toward higher
frequency as the spacing increases. This result is expected from barrier theory.
The curves also appear to approach high frequency assymptotic values which increase
as the spacing increases. The minimum sound pressure is found to be related to
the spacing ratio by:
EZ_

Pin

N 99 log 44 (gﬁ + .15

min

for the range of spacing ratios

1.000 < §<s.ooo

The analytical model compares to experimental results favorably for angles of
incidence close to the jet axis. The discrepencies that occur at greater angles of
incidence are felt to arise from the difference between the single point source

approximation in the model and the distributed source configuration of the real jet.
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