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SUMMARY

The analytical and experimental investigation of the aerocacoustics of
a Porous Plug Jet Noise Suppressor was initiated on January 1, 1981, under

a NASA (Langley Research Center) grant #NAG-1-129 to Svracuse University.

The accomplishments of the period January 1, 1981 to June 30, 1981, are
reported. The analytical design of an isentropic {contoured) external expansioh
plug-nozzle has been completed. The predicted flow features (such as streamlines;

flow Mach number and pressure distributions) of isentropic plug-nozzles for

different pressure ratios or exit flow Mach numbers; throat areas; ratios of

-the plug to annular nozzle radii; mass flow rates and the available run-times

possible with the existing compressed air supply system, are compiled. The

dimensions and the coordinates of the contour of typical isentropic external-

. expansion plugs with different exit flow Mach numbers, are listed. Based on

these considerations the selection of an external-expansion isentropic plug-
nozzle was finalized for fabrication for the proposed experimental aeroacoustic
studies. These aerocacoustic data for an isentropic external-expansion plug-nozzle
are to serve as the base-line acoustic and flow data for subsequent comparison

of the aervacoustic performance of a porous plug-nozzle. to assess its effective-

ness as a supersonic jet noise suppressor.

The needed modifications of the existing coaxial-jet compressed air
»

facilitate, the use of the new supply chamber and the details of the assembly

of the plug-nozzle have been designed, Some of the design details of the

experimental facility and the plug-nozzle selected for experimental aero-

acoustic studies are reported. The fabrication of the plug-nozzle and the needed

modifications of the compressed air supply and pressure controls are underway.

The analytical flow prediction by the method of Characteristics of a
Conical (non-contoured) Porous Plug-nozzle have been initiated. The aim of these
analytical studies is to examine the role of the shape, the size and the porosity
of the -pluyg surface in achieving over a pexrforated conical (non-contoured) plug a
nearly isentropic shock free supersonic flow field which is closely similar to the

flow field of a contoured isentropic plug-nozzle.



SYMBOLS

Cross-Sectioral area

o

Acoustic speed

Ratio of the plug radius to the no:zzle radius

| ]

Axial length
Mass flow rate
Flow Mach number

Static pressure

W X He

Total pressure
Radial length from the annular nozzle lip to the plug surface
Radius

Time

[ o A - B

Flow temperature
Stagnation temperature

Jet flow velocity

£ < A

Annular width or height at the throat

Axial coordinate

E

Yy Radial coordinate perpendicular to x

Greek Symbols

w Prandtl-Meyer angle

a Inclination angle between the nozzle wall and the nozzle axis

f Total (stagnation) density
1] Mach angle
Y Ratio of specific heats
¢ Angle between M 5 1 line and the Mach line from nozzle lip to the plug surface
£ Pressure ratio 32 ’
a
Subscripts
a Ambient

e Nozzle exit
Plug
Nozzle
Jet flow v~locity

t Throat parameters

Suparscripts

* Parameters where M = 1



INTRODUCTION

It is common knowledge that the noise radiated by high speed turbulent
heated exhaust flows of high specific thrust jet engines is very intense.
Its suppression, therefore, is of considerable environmental interest.
A successful abatement of such intense noise is bound to impact favorably
on the development of any future high speed .jet transport aircraft and/or
rocket engines. The aerodynamic noise radiated by such exhaust flows is
intense because of the high mean flow velocity Vj of the jet flow; high
mean flow velocity gradients just downstream of the nozzle exit and the mixing
and the turbulent nature of the heated exhaust flows. ' In an improperly expanded
ﬁigh speed jet flow or where solid objects are mounted in the supersonic jet
flows, cellular repetitive shock struc&ure is also present. The convection of
flow (velocity; preésuré; temperature) fluctuations through a shock front
generates acoustic wave radiétion which may either be the shock-associated broad-
band néise and/or be the feed-back type screech noise. Therefore, to suppress
successfully the aerodynamic noise radiated by supersonic jet flows, any promising
and practical approach must result in some favorable modification of the exhaust
flow su-~h that the contributing ncise-generating mechanisms and the more dominant
noise sources noted above,aré reduced in strength and effectiveness. Moreover
in the process of achieving noise suppression from jet propulsion flow systems,
it is imperative that tﬁe helpful modifications in the exhaust flows are achieved

at a minimum and’acceptable thrust and weight penalty.

To achieve this objective, a number of different supersonic jet noise
suppression approaches, including the use of annular and co-annular plug nozzles,
have been investigated in the past with varying successzn . More recently
Maestrello7 has shown experimentally that at higher than the critical pressure
ratios* (supersonic flows), the use of a ccnvergent nozzle with a porous cylindrical
center-body and a tapered conical termination'mounted along the nozzle-axis
and stretched from the nozzle throat through most of the supersonic part of the
exhaust flow, serves as aﬁ effective supersonic jet-noise suppressor. The
geometrical configuration of this combination of the convergent nozzle with a

long cylindrical center-body is somewhat similar to, but not quite the same, as a

conventional plug nozzle.

ORIGINAL PAGE I
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Plug Nozzles

The plug-nozzle is a modification of a conventional C-D nozzle where
the supersonic expansion is generally not confined within the solid walls
of the nozzle. Instead the supersonic expansion (either in part or completely)
occurs externally. The plug isbdesigned such that'at the design pressure
ratio, the final expansion ray intersects the plug apex (see sketch below).
The outer free boundary of the jet flow adjusts itself to the ambient condi-

tions and the static pressure along the contoured pluy surface decreases

continuously from the throat pressure to the ambient pressure at the apex. The
ideal contour of the axisymmetric plug can be computed by the method of charac-

teristics. For a given plug configuration

CONTOURED
PLUG
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Flow Features of a Fully-expanded (isentropic)

External Expaﬁsion Plug



and design pressure ratio, there exists only cne plug~contour which does

not introduce wave structure in the flow either over the plug and/or beyond

the plug-apex. In addition beyond.the plug-nozzle exit i.e. beyond the apex

of the plug (see sketch on p. 2 ), the resulting flow is parallel to the plug-
centerline. To achieve this, the flow at the nozzle throat must be directed
inwards (towards the axis) so that at a given above-critical pressure ratio

the flow turning produced by P-M expansion at the throat will yield axial

flow at the plug apex. Such a contoured plug is often designated aé an isentro-

bic plug. The flow features of a contoured plug are illustrated on p. 2.

If a contoured plug nozzle were to be operated in the overexpanded mode

i.e. with the back or the ambient pressure P, higher than its design
oo

pressure (p_ > P.). the final ray of the P-M expansion fan centered at the
nozzle throat will intersect the plug at a point upstream of the plug-apex
(see sketch below ). The outer free-boundary of the jet flow will be
directed inwards i.e. towards the plug axis. Because of the contour of the
plug, further compressions and expansion waves will occur downstream of the
poinﬁ of incidence of the last ray of the P-M expansion and formation of
shock front in the jet flow is possible. In turn, the passage of fluctuations
of flow velocity, temperature and pressure through the shock fronts will

generate additional shock-related noise.

Flow and wave pattern from a contoured plug-nozzle operated
at below-design pressure ratio (over-expanded mode)
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Flow and wave patterns from a contoured plug-nozzle operated
at above-design pressure ratio (under-expanded mode)
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At an operating back or ambient pressure lower than the design back
pressure (the underexpanded mode), the aeruvdynamic performance of the contoured
plug-nozzle is the same as for the design case and the pressure digtribution
along the contoured surface of the plug remains unaffected. However the flow
continues to expand beyond the apex yielding a non-axial jet flow component.

The flow boundary conditions along the axis and at the free-jet flow component.
The flow boundary conditions along the axis and at the free-jet flow boundary
will require wave structure downstream of the apex and chock structure in the
flow downstream of the apex will result. Thereby the shock-reiated noise
components will be generated. Therefore, if the optimization of both the aero-
dynamics and aeroacoustics performance was desired, the operation of the
contoured plug at the desiéﬁ pressure ratio, yielding a shock-free flow in the
axial direction, recommends itself. If however, the contoured external-
expansion plug-nozzle is replaced by a solid uncontoured conical plug-nozzle,
comparatively stronger reflected wave structure (shocks and shock cells) will be
present in the supersonic flow over the plug as well as in the flow downstream
of the plug—apex*. Also the flow streamlings may be directed at an angle to the
plug centerline. &S compared to an isentropic plug, such use of a conical
(uncontoured) plug therefore will result in some deterioration of both the thrust
performance and the flow field. Such flows are likely to radiate higher levels

of the noise owing to the dominant shock-associated noise components.

* .
If the plug-nozzle was to comprise a convergent nozzle with'a solid cylindrical
center-body of arbitrary length and conical termination, similar flow behavior
will be expected.
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Therefore, if for practical considerations, it is necessary to use a
conical uncontoured plug of a reasonable half-angle, it is desirable to
avoid its acoustic disadvantages by devising an approach which either weakens
or eliminates the shock-structure normally present in such
supersonic flows. To achieve this objective the adaptation of a porous
stead of a solid plug as an integral component of a conical plug~nozzle,

looks promising.

Porous Plug-Nozzle Noise Suppressor

The shadowgraphic records byKMaéstrello7 of the supersonic underexpanded
jet flow from a convergent nozzle with a perforated cylindrical center body*
exhibit noticeable modifications (weakening) of the shock-structure in the
ungerexpanded jet flow. The attendant reductions in the levels of the
radiated noise were also observed.7 In the original research proposal to
. NASA, the following underlying idea was advanced by the author of this report
as a possible explanation of this observed weakening of the cellular wave

structure.

The reflection of wave fronts (may these be compressions or expansions)
incident either on a solid surface or a free flow boundary is inherently
different. The flow over a solid surface follows the surface i,e. the flow
direction (or the so-called 6 condition) is to be satisfied, thus requiring
that a compression front incident on the solid surface reflects as a compression
and thét an expansion front reflects as an expansion. On the other hand foi.a
freely expanded jet flow, the pressure along the jet flow boundary is constant,
and therefore, the so called .p condition need to be satisfied along the jet
free boundary. This requires that a compression front incident on the free
jet flow boundary be reflected as an expansion and an incident expansion front

be reflected as a compression. (See illustration on p. 6 ).

This configuration of a convergent nozzle as combined with a cylindrical
center-body appears to be geometrically similar to that of a conventional
plug-nozzle. Yet it is not the same. In a conventional plug-nozzle an
initial flow inclination at the rozzle throat (as dictated by the selected
operating pressure ratio) is provided. This does_not seem to be the case
in the center-body plug-nozzle used by Maestrello . )
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Since successive compression fronts tend to coalesce and focus, the likelihood
of the formation of a shock froat exists. In the case of a solid plug, in an
improperly expanded jet flow, the p condition applies at the free jet flow
boundary and the 6 condition at the solid surface of the plug, Therefore the
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different boundary conditions at the outer and the inner flow boundaries

result invasymmetric reflections.
to be used, over the porous plug surface
need to be satisfied from the successive
plug. Thus if the expansion rays of the
the nozzle throat lip were to impinge in

parts of the surface of the porous plug,

Furthermore if a porous plug nozzle were

both the 8

adjacent parts of the surface of the

and the p conditions

Prandtl-Meyer fan originating at
sequence on the porous and the solid

the expansion rays will reflert as

compressions and expansions respectively (see p.6 ). This opposite nature of
the reflected waves results in the weakening and/or the cancellation of the
waves and the focusing of the reflected compression wave fronts does not occur.
Therefore, the usual shocks and the repetitive cellular ﬁave structure in the
plug~nozzle flow is either very much weekened in strength and/or under optimized
design of porous plug-nozzle, may even be eliminated. The possibility that an
uncontoured conical porous plug-nozzle operatad over a wide range of pressure
ratios r.y yielid ae;odynamic and aeroacoustic behavior which may be closely
similar to that of & shock-free contoured plug-nozzle at or near its design
pressure-ratio is a potentially attractive approach for jet noise suppression.
Therefore the aim of the proposed study essentially boils down to: (a) how best
to adapt and to optimize the design of a porous conical (uncontoured) plug so
that it will modify an improperly expanded exhaust flow such that it attains
features nearly similar to those of a flow over a contoured isentropic plug i.e.
the exhaust flow is without shock structure and that its flow direction at the

plug-apex is parallel to the plﬁg centerline.

Very little information exists in the literature on the aeroacoustic
performance of supersonic jet flows over a porous plug. Neither the basic
gas dynamics of the porous plug elements designed to eliminate the shock structure
in supersonic jet flow nor the aerodynamics (pressure distributions; mean flow
direction; thrust and drag) of such a porous plug-nozzles have. been studies before.
Therefore the following aeroacoustic studies of a porous plug nozzle for super-
sonic jet noise suppression were proposed (fo. details of their scope and

approach see the original proposal to NASA).

{(a) Analytical prediction and optimization of the cancellation of -the
wave structure in an improperly expanded heated jet flow over a porous
conical plug will be undertaken: the preferred porosity;vlength, contour
and surface area of the porous plug needed to optimize the flow modifi-

cations so as to maximize roise reductions with minimal thrust penalty,

will be deduced.
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(b) The gas dynamics and the radiated noise of a porous conical
uncontoured plug nozzle of the selected optimum design and
configuration derived from (a) above, will be experimentally
studied. The heated jet flows with total temperature upto 860°K
(lOOO0 F.) will be used for some of the studies, For comparison,
the corresponding solid plug, keeping all other geometrical
and operating parameters the same as used in the porous plug,

will be investigated.

(¢) Analysis and interpretation of the acoustic data and the identi-
fication of the dominant noise sources and their spatial'distri—
bution will be undertaken in conjunction with the gasdynamics
of the supersonic flows over the nozzle-plugs of the selected

design and configuration studied in (a) and (b) above.

(d) For comparison, aeroacéustic data will be gathered also for a
contoured conical solid plug operated at its design pressure
ratio. These aercacoustic studies will provide the base-data
for comparison of the aercacoustic performance of the porous
conical plug-nozzle. To achieve the objective of proposed studies,

first the design of a contoured plug nozzle was undertaken.



External-Expansion Isentropic Plug-Nozzle

In an external-expansion plug nozzle (see sketch on p. 10), a centered

Prandtl-Meyer expansion emanates from the nozzle-lip P . The flow turning

angle w by the centered isentropic expansion (the Prandtl-Meyer angle) is

given by:

Y V%/ y-1 z N =/ foaa
W = Tan —ﬁ‘,(M 1) —-ZBHJM_?-/ w

where for M =1, w = o.

For isentropic flow, the prussure ratio, area ratio and the flow Mach number

€

x c
—E‘ = (/* %JMZ)Y—/ E | (2)

are related by:

where the total Pressure PO is constant.

A /! | 2 —) 2 y
FZF =M/ ) (/7" _Z_M) ::)?%/‘ (3)

By Eliminating M from relations 2 and 3,

;Z: 1" / %
/4 (’r+4 (fji,;tmw—-—~r
2 w7/

.Z’; b )—;;ﬂ b\ )
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Also w = ¢ + u .~ g~ (see sketches in Fig. 1 on p.19)
= sin_l 1 o
o= M
Therefore

4

I RS TR iy K RPN
¢)"‘ - Tan \/f+/(M ) (6)

If a design pressure ratio or exit flow Mach number at the apex of the plug is
specified, then the P-M centered expansion fan at the nozzle lip (at the throat

section with M=1and ¢ = o) expands;the flow to the design exit Mach number and turns
it through angle o . If the expanded flow over the contoured plug were to be

directed along the axis of the plug-nozzle, then the annular nozzle surface should

be inclined by the same angié in the opposite direction such that the centered

P~M expansion re-directs the flow at the throat to an axial direction at the

apex of the plug.

N

To obtain the contour of external-expansion isentropic plug, the individual
Prandtl—Meyer rays {Mach-lines) are assumed not to reflect at the plug surface.
The plug surface is taken to be a streamline. The expanded free jet flow boundary
is also a streamline. At the throat, M = 1, Mach angle p = 900, ¢ = o; and
w = o. For any Mach line of radial length r and angle ¢ (see sketch ¢ in Fig.l)
a mass balance is affected between the plug throat section and the cross-sectional

R : 8,9
area at a given location at the plug surface '’

Mass flow rate 'm = pVA = constant

Therefore the mass balance at. the throat (M=1) and across a Prandtl-Meyer

ray from the nozzle lip P and point _5. on the plug contour

Sy = pynSns o
where w is the width or height of the annulus at the throat

Using isentropic flow relations,

A (ff.t:)
Wy
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Since for isentropic flows To , the stagnation temperature, is constant

Ye!

‘ - 2(r-1)
2 <[Z (2 )']
W{, 1; To

Y+

” 2(r-1)

2 Y=! aq?
—_— = | = ()5 M
W, )’H( + )] (8)

© At the throat section of the plug-nozzle r/wt = 1 on the plug surface. Using b
relation 8 and selecting flow Mach number increments between the initial flow
Mach number M = 1 and the design flow Mach number/ Me at the nozzle exit at the
plug apex, the plug-surface streamline or plug contour can be predicted. Given
different design exit Mach numbers, a family of blug contours can be obtained

from relation 8. Fig. 2 shows plug contours for Me =1.2, 1.3, 1.37, and .1.5.

For each design exit Mach number or pressure ratio, there is only one plug contour
whichyieldsisentropic flow. The higher the design Mach number, the lcnger is

the plug. Using relation 8 and taking increments of ££, between 0 (at nozzle
lip P) and 1 (on the plug surface on M = 1 line), the plug contour and the streamline
of the flow field can also be mapped for any isentiopic plug. Streamlines for

the M = 1.37 and M = 1.5 isentropic plugé are presented in Fig. 3a.

The -Mach lines of the plug-nozzle flow at selected design pressure ratios are
presented in Fig. 3b. The initial (M=1) line is taken to be perpendicular to the
prlug surface. The last Mach line emanating from the annular nozzle lip P is
terminated at the plug apex such that the tﬁrning of the flow across it results

in axial flow at the exit.

The distribution of the flow Mach number and the pressure ratio p/P along
the plug surface are shown in Figs. 4 and 5. The flow Mach number increaSes and
the local static pressure decreases along the plug surface. The static pressure ratio
p/ and the static pressure p along the contoured plug surface are shown in
Fig. 6. It is worth noting however that the local static pressure along the
plug surface is higher than the ambient pressure of the surrounding medium. Since
the total pressure is constant, for choked flow at the nozzle threat, the static

pressure decreases from pressure p = 0.528p0 to the ambient pressure at the nozzle
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exit (i.e. at the plug apex). For subsequent analytical modelling of the porous
conical plug flow and its prediction by the method of characteristics, this
higher than the ambient flow pressure along the plug surface, will be an important

consideration..

Noﬁ«dimensional flow properties and geometrical parameters of isentropic

external-expansion plug~nozzles at different design flow Mach numbers are given

in Tables 1-4. The goemetrical specifications and flow parameters of two external-
expansion plug nozzles, both designed for Me = 1.37, are presented in tables 5 to 10.
The annular throat areas of two nozzles are equivalent to those of a 3.175 c¢cm
(1.25") and 4.445 cm (1.75") diameter round nozzles respectively. For each of
the plug nozzlés, ratios K of pluy radius Rp to nozzle radius 'Rn of 0.2,
.5 and 0.9 were considered. The coordinates of the plug contours for Me =1.5

and different K's are given in Tables 11-16. -

For each design exit~flow Mach number (or design pressure ratio), the ratio
of the maximum plug length to the annular nozzle width, x or L
max/ max/
is constant for any ratio of the plug radius to the nozzle t radius t
K (see Tables 5 to 10 for Me = 1.37). However, by selecting plug nozzles of

different K's and thus changing the annular nozzle width w_ = Rn - Rp , contoured

t
plugs of different maximum length can be obtained for each design-exit flow Mach
number, The geometrical specifications and flow parameters for a plug-nozzle

designed for Me = 1.37 and throat area equivalent to that of a 3.1755 cm round

nozzle are listed in Tables 5 and 6. For Me = 1.37 and each of the two values

of K =0.2 and 0.5, L or x = 1.03. For the nozzle with the same
max/ max/w _

throat area, a smaller K t - t means a smaller annular width.

The ratio of the maximum length, Lmax , of the contoured plug to the annuluss

height v, at the throat (Lmax/ ) as a function of the exit~flow Mach number

is presented in Fig. 7. Y¢  with increasing-exit-flow Me Mach number,
the ratio L increases; for example for M = 1.37, L = 1.03 and
max/ e max/w
L t t
Me =1,5, "“max = 1.32
w
t

A matrix of plug-nozzles of different thrcocat areas and ratios of plug-radius to
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annular nozzle radius K ranging from 0.1 to 0.9 have lkeen calculated (see tables

5 to 19). The acutal dimensions of the plug nozzle configuration) i.e. Rp ,Rn, W
for a given throat area At and ratio K, are presented. Based on these
considerations, 'tl.e maximum length of the isertropic external-expansion plug nozzles

can be varied in the following ways:

(a) For a given design exit flow Mach number ard throat area, Lmax/ = constant
(Fig.7). Changing K values, results in different annular width LA t Hence
"for the same exit flow Mach number and different K's, plugs of different maximum
lengths are predicted. - With A* = 7.9173 cm2 (equivalent to the exit area of a

3.175 cm diameter round nozzle) and Me = 1.37, the maximum plug length Lmax - for

different K's are listed below.

M L ) S L (cm)
e max/ max
w
t
1.37 1.03 0.2 4.68 C
1.37 1.03 0.5 3.7
1.37 1.03 0.9 1.65

(b) For a given throat area A* and K, i.e. for the same We s the maximum
lengths Lmax of the plugs designed for higher exit-flow Mach numbers, Me , will

be longer (see Fig.7 )., For different exit flow Mach numbers, different annular-

nozzle wall inclinations will be required.

One of these typical isentropic external-expansion plug nozzles designed to be
operated at (1) a selected ratio of the reservoir to ambient pressure £ and (2) a

selected K is to be machined shortly. The coordinates of such plug contours

are summarized in Tables 5a; 8a; 11l{a), l4(a).

The mass flow rates for each of.these plug nozzles operated at a range of
pressure ratios were also calculated. For the maximum (choked). mass flow rate
of a given nozzle, the run-times were calculated for the available compressed

~air system. The nozzle dimensions and the operating pressure ratios were
selected s0 that a reasonable run-time for recording the aeroacoustic data will
be available. For example, a plug nozzle with throat-area A* = 7.9173 cm2
(equivalent to that of a 3.175 Em exit diameter round nozzle) would have a mass
flow réte of 0.573 Kg/sec (1.264 lbm/sec) and a run-time t = 36.6 minutes for
a design pressure ratio, & = 3.04 i.e. design exit-flow Mach number Me =1.37 .

For further details on the air supply system, see Aprendix A, p. 17 under Available

Compressed Air Supply and Pressure Controls.
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Relative location of Annular Nozzle Throat and the Nozzle Lip

The isentropic external-expansion plug contours predicted by the method
of the cancellation at the plug-surface of the reflection of the Prandtl-Meyer
expansion rays from the annular nozzle lip, hold true downstream of the initial
sonic (M=1) line which is assumed to be located at the minimum area (or throat)
section of the plug-nozzle. The plug-hump (Fig. 1lc) can be located either at
the nozzle minimum (throat) area section or upstream of it. The relative location
of the plug-hump and the throat section is quite important for the gas dynamical
considerations and the aerodynamic performance of this type of plug nozzle. This
is so because the thrust coefficient decreases due to the expansion around the
plug-hump which results in lower pressures on the plug surface%o Hence in the final
configuration -and fabrication of the external-expansion plug nozzle to be used for
these aeroacoustic studies, the throat of the plug-nozzle and the annular nozzle
lip (point P in Fig.“lc) will be located at the section where the curved surface

of the hump of the plug becomes tangent to the contoured surface of the plug.

The prediction of the contour of a similar isentropic external-expansion plug

by directly using the method of characteristics is in progress where instead of
a straight perpendicular initial line, (1) a circular (2) a parabolic initial (M=1)
lines will be also considered. The plug contours predicted by the wave cancella-
ticn method and those by the direct characteristic method will be compared. Should
any differences between the two plug contour-coordinates be judged to be more
than the expected machining tolerance, adjustments in the coordinates of the plug
contours will be made for the fabrication of the plugs. Moreover the prediction
of the isentropic plug contours and the distribution of flow properties in flow

- field of the plug nozzle directly by the method of characteristics is to serve as
the basisand guide for the modelling under appropriate béundary conditions, analysis,

and the prediction of flows and wave structure over conical porous plug-nozzles.

From considerations of the supersonic flow theory, the selecticn of the
design (exit) flow Mach number Me . the fixing of the sonic line of the initial
flow Mach number Mt and the location of nozzle lip (point P), determine the
initial (throat) to exit-area ratio and the inclination of the outer annular

nozzle wall {the initial flow inclination).



16.

For the selected operating pressure ratio p/P {or the design flow Mach
number Me)’the nozzle wall inclination angle © a (see sketch p. 10) should
be opposite and equal to the total flow turning Prandtl-Meyer angle W, such
that the inclined flow at the throat is redirected parallel to the nozzle axis
at the nozzle exit (see Fig. 2). Hence higher the pressure ratios, steeper the
initial inclination of the outer wall of the annular nozzle need to be to

obtain an axial flow at the exit of the plug.

'Y
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Appendix A~

Available Compressed Air Supply and Pressure Controls

The layout of the compressed air system is shown in Figs. Al and A2. The
compressed air is supplied by a Worthington HB-2 two-stage oil-less recipro-
cating air compressor, pumping capacity 7.9 scm/min. (279 scf/min) and the

6 . L.
maximum discharge pressure of 3.435 x 10 N/m2 (500 psig). The compressed air is

cooled, dried and stored in five tanks of total capacity 31.153 m3 (1100 cu.ft.).
. 6 . .
A reducer valve maintains air pressure at 1.03 1.03 x 10 N/m2 (150 psig) in the

10.16 cm (4") diameter, 45.72 m (150 ft.) long supply line between the storage

tanks and the jet room in the acoustic facility. From the storage tanks, the

compressed air is supplied to the jet plenum chamber either directly or alternately
via the 200 KW electric heater depending on whether respectively-the investigations

with the cold or the heated flows are to be undertaken. The stored ccmpressed air is

exhausted in the blow-down mode with either the compressor running or shutdown.
Upstream of the jet supply chamber,pressure control valves and pressure regula-
tors are provided to maintain the supply chamber stagnation pressure at a censtant

pre—-selected value, Currently a 2.5¢ cm pressure control valve is operated in

- tne compressed air supply line which, as is shown later, permits. the use of a

plug-nozzle with throat area equivalent to that of a 3.175 cm (1.25") diumeter
round convergent nozzle at a pressure ratio &£ = 3.3 with run-time At =33 minutes.
For the same nozzle but cperated at lower pressure ratios, longer runtimes are

available.{Table 21).

However to accomodate plug-nozzles with larger throat areas, an additioml
two-inch control valve is to be installed. This will permit the use of a plug-
nozzle with exit area equivalent to that of 4.445 cm (1.75") diameter round nozzle.
It will be possible to operate this plug-nozzle at pressure ratio £ = 4.0 with
available run-time of about 11 minutes (see Table23 ). For the same nozzle but
at lower pressure ratios, longer run-times will be available. Some of the back-
ground details of the calculations of the mass flow rates at a range oI operating

pressures and' the available run-times follow.
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The maximum mass flow of air for a choked nozzle is given by:
I%L,
Y 2(7-1) 3
m, = 2 B A

=W (%) B4
T RT
Using SI wunits and y = 1.4

. F7 Af
m, = o 685 —2-=,  Kg/sec . : A-|
‘J-E‘ Tb ’

The volume flow rate through a control valva for a given pressure difference,

AP, 1is given by:

' = \[222 ¢ P, S (3417 ,’A""P‘ '
& G .,;’ ? ol S/ﬂ (....é..'__ ET ) scm/hr

where the specific gravity G of air = 1 and Cg and Cl are the valve coefficients

as given:by the manufacturer (Fisher Controls). The mass. flow relation is

given by:
m = e Q Kg/sec
Std.
2 L - 2 .
Max. Pol = 961.90 kN/m“ (140 psig) P, = 82.45 kN/m~ (12 psig) equal to
. reservoir
) 2 . : ;
Min, P = 412.24 KN/m° (60 psig) P_ = 309.18 kN/m® (45 psig) PresSsure
Knowing Pol . Po , AP = Pol - Po and the valve coefficients Cl , Cg the volume

flow rate, Q , is calculated and from which the maximum mass flow for a given
AP is found. Using relation Aa-1 for a choked nozzle, the critical mass flow,

ﬁ% , for different reservoir pressures, Po , can be computed. This mass flow
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rate is compared with the mass flow rate m the pressure control valve can

supply at. AP. Obviously for successful operation, it is necessary that

N in (A-1l) is found by selecting an A*

m, - m . The critical mass flow rate mc

of the plug-nozzle and then varying the reservoir operating pressures (Tables

20 to 23).

The available run-time is defined as the time interval At =t - tO it will
take for the storage tank pressure to drop just to the cut-off value upstream o.
the control valve such that the needed flow rate required at the operating
conditions of the nozzle cannot be maintained through the control valve. Using

the mass balance relation with the compressor running
L]

’g%-g; = R\F' (@4.5"”’(‘),

and integrating it from t = 0 to t = 7, the following relation for the run time

At = T is obtained

{

":V(R er,) v - sec.
RTa(m~f S)

If the compressoxr is shut off, then S = 0 and At‘will be shorter.
The rur-time At calculated for the 2.54 cm control valve for plug nozzles with
throat areas equivalent to that of 2.54 cm and 3.175 cmvdiameter round jets respectively
in Tables 20-21.For a 2.%4 cm equivalent round jet plug nozzle, the run-times are

long enough for the entire range of possible pressure ratios and the acoustic data

at a1l the eight survey locations could be recorded with relative ease during the

same run.
nozzle presents some available run-time problems at the higher pressure ratios.

A plug~-nozzle with a throat area equivalent to 3.175 cm diameter round
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This is because the one-inch control valve can not supply the needed mass flow to
maintain choked flow at higher pressure ratios through the plug nozzle. Operation
is only_possible when pressure ratios are kept equal to or less than § = 3.26,

giving @ rve-time of 33.48 min.

A modification of the present air supply system is planned where in addi-
tion to the 2.54 cm control valve, also a 5.08 cm control valvekis to be
instalied. This will allow higher mass flow rates hence the use of larger plug-
nozzle throat areas will be possible for reasonable run-times (see Tables 22 and 23)
For this bigger control valve, a ﬁlug nozzle with throat ‘area equivalent to that
of round nozzle bk diameter 4.445 cm can be operated at the pressure ratios ¢§
upto 4.1 or even nigher. From Tables, 20 to 23, the use of plug nozzles with
throat areas equivalent tocthése of 3.175 cm and a 4.445 cm diameter round
nozzles is compatible with the exiséing compressed air supply with a 5.08 cm

(2") pressure control valve to be installed.

Plenum Chamber Design

The existing plenum chamber which has been used previously for a concurrent
operation of threas-nozzle coaxial jet flows,will be modified for the proposed
aero-acoustics studies of the plug-nozzle flows. The existing plenum chamber
if it were to be used directly for plug-nozzle studies presents {(a) plug mounting
problems. The existing chamber will have to be cut to mount the needed plug
holder. However if instead the settling chamber of the second coaxial jet were
to be used as a settling chamber for the plug-nozzle when the innermost nozzle
outlet is used as the plug holder, then (b) the settling chamber may not be large
enough to provide the required well-settled flow at the needed mass flow rates

at higher pressure ratios and larger throat areas.

From the above reasons, it was decided to design a new plenum chamber for
the plug-nozzle to be coupled to the existing compressed air supply system. The new
plenun chamber (Figs A3 and Ad)incorporates a removable plug holder, a replaceabls
annular nozzle to accomodate nozzles with different design exit flow Mach numbers.
Wire gages (screens) downstream of the plug holder will be used to straighten
turbulent flow due to the stem for holding the plug. .Pitot—static and thermo-
couple probes will be installed for pressure and temperature measurements

respectively. The plug itself would have static pressure holes on the plug
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surface for surface flow pressure measurements. Some of the specifications

of the new plenum chamber are:

Diameter = 30.48 cm (12"), overall length = 76.20 cm (30")

Cross sectional area of the chamber = 729.66 cm2

Annular Throat area 7.92 cm2 - equivalent to that of a 3.175 cm round nozzle

of the plug-nozzle 15.52 cm2 - equivalent to that of a 4.445 cm round nozzle

7.92 cm2
15.52 cm

Cross sectional area of the chamber
Y 1oz throat azea = 92: 1 for annular throat area
nnular a : 47: 1 for annular throat area

. These area ratios will ensure low speed flows in the chamber.

The plenum-chamber is to be fabricated from stainless steel and thus will be
~ suitable for operation at To = 810°% (1000° F) with the plug-nozzle operated at
pressure ratio & upto 4.0.

The plenum chamber is to be insulated all around to prevent heat loss and to

avoid acoustic reflection. Also, this plenum chamber could be easily removed if any

future studies on the three coaxial nozzle jet system were to be undertaken.
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Table 1.

HOZLEL 1.2 Non-Dimensional Flow Properties and Geometrical Parameters of Isentropic
External-Expansion Plug-Nozzles at Different Design (Exit) Flow Mach
Numbers (Tables 1-4).
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MOZLE] 1,3
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- Coordinates of the Contours of Isentropic External-Expansion
Plug-Nozzle for Different Ratios of the Plug Radius to Nozzle
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Table 5a.

Throat érea = 7.913 cm2
Equivalent to that of a 3.175 cm diameter
round nozzle.
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Table 8. Coordinates of the contours of Isentropic External-Expansion
Plug-Nozzle for Different Ratios of the Plug Radius 5
to Nozzle Radius (Tables 8 to 10; M = 1.37; A* = 15.518 cm .
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Table 11, Geometrical Parameters of Plug-Nozzles for Sélected
Nozzle Throat Areas and Ratio of Plug to Nozzle

Radii (Tables 11-13; ¥_ = 1.5 A* = 7.913 cm2)
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Table 17. Geometrical Parameters of Plug-Nozzles for Selected Nozzle
Throat Areas and Ratio of Plug to Nozzle Radii Tables 17 to 19.



Table 18,
11.401 T2 ,1 ,2 .2 .4 .5 .6 ,7 .8 .7
FLUG THEOAT REGIOMN YT MENT [OHS

ENIT ASEN = 11,101 SOUNRE T EMTERS
EOUIVALEHT TO &y 0 M DIMIETER ROUND nozzle

0.10 &H.782 0,478 L. 104
0.20 71922 1.437 5,759
G.20 7058 20307 5,383
0.40 8.304 3,322 4.734
o5 : Q.08 4,057 4,549 .
00\’4”.) . 10 173 610104 ’100-5? :

e -
! 3.524

}I._..J]]
2,015

0070 110?"'17
Q.89 14,307
0,70 20,344

[ R
.
I
<
~0

£
e
e
—

>

05 0() 07 03 09

15,918 sr== ,1 ,2 .3 .

FLUG THEOAT REGIOH DIMEMTIONS
EXMIT AREA = 1%,510 SOQUARE DEMTIMTERS
EQUIVALENT TO A 4,345 CM LDIANETER ROUND nozzle

-
i Ll

- -
LS

SR O IR
RTRAIRNEL i 3 i T A VR RN d1]

PRI B LG O NN (D

-
B I RN B L S B

O e o3

.

{
1
I
!
f
I
i
i
|
|




Table 19.

20,268 SITE L1 .2 03 04 05 W6 W7 W8 .9

FLUG THE2AT FECTON DIMERT IONS

= 20,0268 ETEHARE CEMTIMTERS

0.10 12,057 1,204 10.851

0.20 12.78 2,550 F1QeR2I0
4,1 2570
=

3,84
3.3008
7234
H..265




CGIPALLSL0 IR
7 N
4/10{“& L 1A ks\

1] =
e el

.!-,

o e \
AtR -
oMY ICS50R -
/
-1
|
=

i

TR
-_rLQ‘

'A.l

N

SCCTION "A-A®

AF1LACOOLER
<~ SCranator

AFGUCIR VALVE

A//Sc"c//

ATAIR SUPPLY
LINE TO CONTROL
nooes 150 poy

AR ORYIR

300 S7rm
oftw PCINT tL

$-1100°f :
L e T

100 PG
wOHTNIGTION
140 21050 AR
CaeavnCuuOR
J‘ 29 5CrN

)]
.

@l

)
FwE 5CO PS1STONACE TANKS S AJ
1100 CU. 7T, TOTAL CAPACITY
‘ AR

deta /'/

gty
v

@‘J -] S.U.RC. BLDG.

/ VIORK “\

AREA

COMPRESSED AIR
SUPPLY LINE (4°DIA)
150 Flomem— |

INSTRUMENTION
8 CONTROL RM,

ABT.70FT.: FOWER
Isus-
STATION.

— o amas &

—.

TTCHOIC

> avw &

REZVERBERAT~

ION
ROOM

A

CHANMSER

’ - s v ¢

JET & ELECTRIC
HEATER RM.

82'-6"

Appendix A. Fig. Al:. Compressed Air Supply to the Plug-Nozzle Assembly in the Anechoic Chamber.



-

REICLVES 200 KW
HEATER 34 LB/MINC

N I
7N\
o — l“)
4" PIPE
B'Plpe\“ BY- PASS

CONTROL VALVE

e
EXPANSION
BELLOWS

< =3
. ’ B
2 1 ,
- l- _7‘ -
. P O SO ;:
3 o ;
- .
O S U K :
A~ 1 / E |~
ELEVATION
[
.' D )
- apipe” - £5 ,é?ﬂ N é—\:‘g—:—_ ,
. 3" pIpE- F l j 2ND & 3RD JETS
: ™ |} 8 CONTROLS Pﬁk‘ffé‘&m
. ALTERNATE COLD c
] ; PRIMARY JET S | LOCATION OF
- ‘T-d’—*.m (] Pl Bl 1]
E- Ve —o) SUPPLY LINE SILENCER
ST U{—}L}g
PRIMARY [ sl U I | : , v_
JET T iy o - e a B |
Ct*&!fﬁ.?.ﬁa_ il )f “l {0 ALTERNATEf % Jj :
(P N - E .
é_-._.,_.- O JET CHAMBER "PRESSURE L
[ | CONTROL
AIR PRESSURE b L VALVE o
g - REGULATOR —-—ké? PANEL W . i
of |~ - e 1 S
B D |z
z - i)
£ EiSl=) v
g1 Df‘ﬁ’“ o
E' x
@ [8)
& i
4 BY-PASS z
i R CONTROL VALVE CERTER .
o POWER A
- L 1 PANEL L
! “' ’ ( l i - }
PLAN

Appendix A Fig. A2:

for Heated Jet Flows.

Pressure Controls and Supply Charber



/s s O-s3 cra

L L

v L

2a

.

cm

CCNCENTRIC
REDUCERS

WELDING

N

S

SO NN \ﬁ;

~ -

) e N

cn

e

33cm

HEAD

O3Sk

— 20-32 CMm _____.,{

coaxiag o
RIG

PLUG NOZZLE RLENLIM CHANMBER

EXISTING
JET

nMELY

=

AND ASS



29
tale]

.
[}

iNID

T

[

—x

Fig. A4d:

i foom anEACM PITOT-STATIC

e et e e I r~—
)1 ‘\\\1\“;\‘ \\\

PIROBRE

aNnD

T anMoCcoOubLs

s
)
+
1
PLuUG '
HOLDER :
L)
'
t
t
'
'
e

5 T

ot '

:“ H LEADS FOMN PAFSSURE
= 'l: H MEASURENENTS

19 Ccwv o :

it H

T

! )

x,‘ !

b 1

QeGB CM 1] '

4 Hs
1

_..sz;s.:\‘ \l FEZTT) L S R T I D T T

: “'“‘!“ A JIQ\EGLT!
; )

i
! 3
: FLANGE i
; »
1

[ 2667 Cm o >

01,37

e . 762 cm -

Plug-Mounting Arrangement in the Plug-Nozzle Throat.

,,»"’

\

ANN UL AR

STATIC
OSwFEiIce

"

-

NS 2
REFLACEAG .

=
=

PRESEWRF
LOCATICNEG



Tables 20-23; 'Avqilqble Run~Times for Choked Plug-MNozzle Flow

-with Different Throat Areas, Pressur¢ Ratios and

7 20 A3 36 39 AT 4D with Differen o] Areas, Pressur¢e Ratios and
Pressure Control Valves.

)

140 THREONAT 12 1% 18 21 %a

2,54 CM CONTEDL. VALVE (1) Fuseeir o
KOUND T COULVALENT DBIAMETER = 3,04 OM
PLUG THROAT AREA & 55,0471 SGUAKE CEMTIMETERS

AR Y I SRS S E RS SR s =4 mEmanTm b n T MR AT R e e e e N R R I S R T i A I R R R A A S T R N Y T T T R S S SR S S I I S EE T RS S S ST S ST R S S ES
ro n o 3 Sh Mo at
KI/SAUARE METER KG/SER MINUTES
132.8 1.8219 8792.5 0.6429 14.8671 4.3513 31,229 0,0432 0.2130 242.383
203.4 2,0274 045%3.8 0s6412 13,0249 A4 L190 31,449 0. 0401 0.2435 174,36
224.0 2,2309 ag33.2 0.6307 12,0514 3.2177 i 21,612 0,059 0.2581 134.02
244.6 244384 817.6 046304 10.9784 3.,7392 31.031 00,0578 0.20083 111.49
200.2 2,6438 797.0 0.6313 10.0098 3.5793 32,106 0,047 0.3175 24148
12085.0 24043 77644 0.6244 ?.2618 3.4344 32,441 0,04874 0.3422 8193
30549 3.0598 75548 0.6207 B.5602 33,3018 32.839 00,0724 0.346% 72.38
327.0 3.24603 735.2 0.6142 7.9370 3.1793 33,303 007723 03915 &a.70
347.7 3600 714,46 Qe H00P 77032 3.,086545 33.038 O, 0302 04162 L85
I6U. 3 36712 695 .9 0.5939 68734 2.9506 34,4350 ¢,0870 044409 53.35¢
258.7 3.8767 673.3 0.59902 5441327 2.8980 35,148 0.091% 00,4606 49.2
409.9 4,0822 632.7 0.5806 $5.9927 2.7626 35,933 0.,0968 0,49202 A5.69

R L L AL I I R N S L N RS R T R R R S N S S N S S N R S R T I R N R N R R I T T N N T SR RN T T ISR LS AF RET TR TRETRTE=

Table 20.

140 THEOAT 1D 15 18 21 24 27 30 33 I6 I9 42 45

2,54 CM COHTROL VALYE §0 FERCENT OFEM

ROUMD UET EAULVALIENT RTANCTER = 3,175 OM
FLLS TIEOAT ARLA = 77,9173 COUARE CENTIMETERS
FE RIS T T Sl M U el o FA T Rkl LB G2 4 MELE R HET AL L MO L LR NG LD N B b U F Y L L T O R MR R R .“:“:'.'1;'I:)’E:::&:!ilﬂ:u:u!:.'rer R 1 M MUTDMETIN O INNETTIT T VTN STTESSN
e g AP % o n se At
KU/ SRUAKE METER KG/SEC  SQUARE ¢ oM MTHUTES KG/oEe MTHUTES
AL AR IAT L. LT - AR~ = i ;e e IT oo m T EnSmEET T ETN T ORI TN RS
80,8 3729 0 HA29 14,0471 4.,2%513 31,379 C.CA52 Q.24 Qr.on
AREIC AN oud.d 0.6EA12 13,3249 4,1193 31,449 0.0481 Q2004 &7.78
224,0 830.2 0,63837 12,0514 J.91727 31.612 00029 G-4190 CE.02
24946 2,430 817.6 Q8304 10.97846 3.7392 31.031 0.0378 0. AL70G 0. 50
265.2 2.6438 797.0 0.6313 10.0598 3.5793% 32,008 OL,0807 04961 14,837
N 2084900 774 Qe H204 Y.2618 3.4344 32.441 O,0676 0.53446 10,32
Z04 .4 I, 0040 755.8 ’ 0.6207 B.5502 Z.3018 32,839 0.0724 QL7232 348.07
337.G° T.2603 7352 O.dlal 729370 3.1793 37,303 0.0773 0.46118 33,48
J47.7 346058 714.6 Q. 6067 73703 2.04654 33.8348 0.0822 0.6503 30.87
34843 3.4712 $93.9 0.5939 6.8734 22,9586 34,450 0.0370 0. 68339 28.44
20349 3.8767 673,33 0.5902 644137 2.,8580 35,144 00,0719 0.727 24.70
4u?.0 4,00322 652.7 0.5806 T.9927 2.74628 35,933 0.09460 Q0.7640 25,00

e TR NS NEC ORI SS NSRS RS ST ITIS S

Table 21



140 THROAT 12 15 18 21 24 27 30 37 36 39 42 45

5,08 CM CONTROL VALVE 0@ FERCENT OFFi
FOUND JET EQUIVALENT DIAMETCOR = 5,08 OM

FLUG THEOAT ARLA = 20,243 SCUAKE CENTIMETERS

ar

ro

RNUNRE METER KH/SQUARE METEFR KG/SEC SOUNRE OM

182.¢ 1.0219 079.% 1.8464 A2,46970 7037417 7 F.028 0.0432 0.8750 21,00
203.4 T 2.0274 858.8 1.8401 33,2394 69795 9061 0.0a01 0.9739 18.466
224,0 2.2329 834,2 1.8314 34,0597 b.,6343 9107 0.0L29 1.0724 16.65
24946 2.4304 817.6 1.,8208 31,4610 63099 P16 0.0578 1.1713 15.03
265.2 2.6438 797.0 1.8079 28,8095 6.0%73 ?.238 0.0627 1.2700 13.70
2065.48 2,8493 7764 1.7927 26,5073 048102 ?.324 0.0474 1.34587 12.58
306.4 3.07048 700.8 1.7753 24,4046 0041 ?.424 0.0724 1.4674 11,64
327.0 3.2403 735.2 1,7057 22,4809 S5.3754 ?.3539 0.0773 1.5661 10.32
247.7 3.4550 714.46 1.7340 21,0600 510814 ?4¢670 0,0822 1.6448 10,11
348.3 3.6712 693.9 1,7102 19,6269 4.,9996 ?.819 0.08670 1.7635 P.AT
3G3.9 2.8747 1.6843 18,3001 4.8283 P985 0.0919 1.84622 8.94
409.5 A4,0022 1.65464 17.0952 4.6660 104171 0.0768 1.9609 8.45

S N L S T N A R R S T S T R N T S T R T N N R T T S R T R N R S R N Y T R T R R T T N R TS T S R N Y T T N TR R S N T I T N TN IR AT SN R IR NS IR ESr S S =S

Table 22.
140 THEOAT 10 4% 103 21 24 27 30 33 36 39 A2 AD

3,00 OM CONTROL. VALVI B0 FRRCEHT QRGN .
POUAT ST COUIYALGCHT DUaMrTnr s AL,A4485 OM

FLUG THROAT ARLA = 1%,7718 SQUARE CENTIMETERS

]{E,.

MINUIC S

K 9RO

162.8 1 a77.3 1.84064 73741 ?.023 0.,04732 Q8701 IRLET
0344 2,62 1.2461 394 &.970% 2.051 0. 0400 07406 au.ag
a24.0 2.0507 1.8514 4 6o 6EA3 ?.107 0.0u0Y Q.12 22,94
244,46 24304 1.8208 I1.1615 603299 D166 0,005,748 0.3768 20.60
265.2 244400 1.8079 20,6093 6. 0G73 24236 00,0427 .27 8.49
235.8 2.064%3 . 1.7927 26,0073 $.0102 C9.324 0,0478 1.0479 17.11
204.4 2.0548 755.8 1.7753 24,4844 S.5041 F.424 0.0724 1.1235 15.77
527.6 2.2603 7352 1.7557 22,4839 $.3764 ?.039 0.0772 1.1991 14,43
LA7.7 3.4400 714.6 1.7340 21,0800 S.1114 ?.670 0, 0000 1.2744 1.0
J68.3 3.,4712 L7579 1.7102 19.6269 A.9996 ?.819 0.0870 1.3502 12.78
JC8.9 3.87467 573, 1.6843 18,3051 4.8283 ?.9285 0.09192 1.4258 12,02
409.95 4,0022 652.7 1.46564 17.09352 4.66460 | 10.171 0.0968 1.5013 11.34

Table 23.
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