@ https://ntrs.nasa.gov/search.jsp?R=19770021143 2020-03-22T07:46:16+00:00Z

NASA TECHNICAL NOTE - NASA TN D-8423 o/

1 6AN coPY: RET!
AFWL TECHNICAL
KIRTLAND AFB,

WN ‘G4V) AHVHEIT HOFL
 J

i

NASA TN D-8423

COMPARISON OF JET MACH NUMBER
DECAY DATA WITH A CORRELATION
AND JET SPREADING CONTOURS

FOR A LARGE VARIETY OF NOZZLES

Donald E. Groesbeck, Ronald G. Huff,
and Uwe H. von Glahn

Lewis Researvch Center
Cleveland, Obio 44135

~:‘&‘/:‘:‘LJ ! \ ,

/> JUNE 1977

,‘*?\‘ N N ‘C\
o et \*‘) ’é

%) — ¢ i

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION ¢ WASHINGTON,

]

o
<

i




Quality Deficiencies In
- ‘Original Document

Missing Pages
* Bleed Through Pages

___ Poor Quality Text/Image




1. Report No. 2. Government Accession No.

NASA TN D-8423

4. Title and Subtitle COMPARISON OF JET MACH NUMBER
DECAY DATA WITH A CORRELATION AND JET SPREADING
CONTOURS FOR A LARGE VARIETY OF NOZZLES

7. Author(s) .
Donald E. Groesbeck, Ronald G. Huff, and Uwe H, von Glahn

TECH LIBRARY KAFB, NM

AN AR AR

0134l

5. Report Date
June 1977

6. Performing O}ganization Code

8. Performing Organization Report No,

E-8561

' 10. Work Lﬁi“No.

9. Performing Organization Name and Address
Lewis Research Center

National Aeronautics and Space Administration
Cleveland, Ohio 44135

505-03

11. Contract or Grant No.

13. Type of Rep;r: and Period Covered

12, Sponsoring Agency Name and Adress
National Aeronautics ‘afid Space Administration
Washington, D, C. 20546

15. Su pplementafy Notes

16. Abstract

Technical Note

| 14. Sponsoring Agency Code

Small-scale circular, noncircular, single- and multielement nozzles with flow areas as large
as 122 cm2 were tested with cold airflow at exit Mach numbers from 0.28 to 1,15, The effects
of multielement nozzle shape and element spacing on jet Mach number decay were studied in
an effort to reduce the noise caused by jet impingement on externally blown flap (EBF) STOL
aircraft. The jet Mach number decay data are well represented by empirical relations, Jet
spreading and Mach number decay contours are presented for all configurations tested.

17. Key Words (Suggested by Author(s))
Short takeoff aircraft Jet aircraft noise
Exhaust nozzles Noise reduction
Mach number Mixer nozzles
Velocity decay

18. Dislrii:;;t;on Statement
Unclassified - unlimited

STAR Category 02

19, Security Classif. (of this report)
Unclassified

20. Security Classif. (of this page)
Unclassified

21. No. of Pages 22. Price®
299 Al13

*For sale by the National Technical Information Service, Springfield, Virginia 22161







CONTENTS

Page

SUMMARY . & o i v it e ettt e e o ot ot o o et et e e e e e e e e e e e e 1
INTRODUCTION. . .+ o o ot ot e e e e e e e e e e e e e e e e 1
N o U 2 5 2
Test Stand . . . . . ¢ L L i e i L e e e e e e e e e e e e e e e e e e e e e e e 2
Nozzle Configurations . . . . . . ¢ ¢ v v i i i b e e e e e e e e e e e e e e 3
TESTPROCEDURE . . . . . i & v v e v v v s st o o s o s v o o v s n e e e o s a 4
DATA REDUCTION . . . . 4 v i e e v e e ot o s s o s o oo o s o s oo o s o aw 5
JET MACH NUMBER DECAY CORRELATIONS ., . . . . . . v v v v v v o s v v o 6
Data Variations . . . . . . . .. e e e e e e e e e e e e e e e e e e e e 6
Correlation Equations . . . . . . ¢ ¢ v i i i o bt e e e et e e e e e e e e e e 7
Normalizing Coefficient . . . . . . . . . . . i vt i i i i it 11
Correlation Summary. . . o . . ¢« ¢ v v 4 vt e e e e e e e e e e e e e e e e 13
SINGLE-ELEMENT NOZZLESAND ORIFICES . . . . . . ¢« ¢ v v e v v v v o v o 14
Circular Elements . . . . . . . ¢ . ¢ 0 v 4 v i v v e o s e o v s o b o v e e 14
Rectangular Elements . . . . . . . & . 0 o 0 v i it vt b e e e e e e e e e 14
Triangular Elements . . . . . . . . . . ¢ i i i i i e v o e e o et e e e s 15
Trapezoidal Elements . . . . . . . . ¢ ¢t v i i v i it v v ittt e e e e e 15
MY Shape . & & v vt ot e e e e e e e e e e e e e e e e e e e e e e e e e e e 16
Annuli o . . 0 L s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 16
MULTIELEMENT NOZZLES NOMINALLY COPLANAR EXITS) . . .. . ... .. 16
Circular Elements . . . . . ¢ v o v v v v o o v o o v v e o o s o o o o o o o o o 16
Configuration 0-6-0 . . . . . . . . . . i i i i i i it e e e e e e e e e e 17
Orifice inlet cONAItiON « « « « v v v v v v e e e e e e e e e e e e e e e e 17
Swirlinducer. . . . . . . . . i L e e e e e e e e e e e e e e e e e e e 17
Configuration 0-8-0 . . . . . . . . . ¢ ¢t v v v e e e ... e e e e e e e e 17
Configuration 0-6-6 . . . . . . . . . . . . i i i e e e e e e e e e e e 17
Configuration 0-6-12 . . . . . . . . . . ¢ i 4t e s o s o o b o o s e e s s 18
Configuration 0-6-18 . . . . . . ¢ v v v v o v o e o o o o e e e e e e e 18
Configuration 1-6-0 . . . . . . . . . 4 i v i i i b e e e e e e e e e e e 18
Configuration 1-6-6 . . . . . . . . ¢ 4 it 0 4t e e e et e e e e 19
Configuration 1-6-12 . . . . . . . . ¢ i i i i 4 4 et e e e e e e e e 19
Rectangular array . . . ¢ v v ¢ o o v o o o s o o o o s = s o s o s s o o o o o 19

iii




Rectangular Elements. . . + « « ¢ v v ¢ o o o ¢ o o o o o a s o o s s o e e e .. 20

Three slots; roundends . . . . . .. . e e e s e et e e e s e e e e e e e 20
Three slots; flat ends; convergent . . . . . . . ¢ ¢ v o v v ¢ 0 v 0 o o e .. 20
Four slots; orifices . . . . & ¢« v ¢ i i b i it et e et e e e e e e e ... 20
Four slots; CONVETZENt. « v v v ot v v v e e e e e e oot e e e e e e 21
Six slots; flatends; convergent . . . . . . . . . .t i it e 4 e e e 21
Triangular Elements . . . . . . . . ... .o .. e e e s e e e e e e e 22
Trapezoidal Elements . . ... ... ... et s e s e e e e e e e e e e e 22
Flatends . . . . . . v ¢ o o v b e o et s o s e s s e s e e s e e e e e e e 22
Round ends . « « v« v v ¢ v 6 o o o v o v o st s e s e e s e e e e e 22
MULTIELEMENT BYPASS NOZZLES (NOMINALLY NONCOPLANAR EXITS) . .. 23
Eight-Tube Primary and Eight-Orifice Secondary .. .. .. e e e e e e e 23
Eight-Orifice Primary and Eight-Orifice Secondary . .. ... ... ... e .. 23
Three-Tube Primary and Eight-Orifice Secondary . . .. .. .. .. ... ... 24
Eight-Tube Primary and Annular Orifice Secondary . .. .. .. .. ... ... 24
Three-Tube Primary and Annular Orifice Secondary . . . . . . ... ... ... 24
Round-End Slot Primary and Annular Orifice Secondary . ... ... .. .. .. 25
Convergent Circular Primary and Convergent Annulus Secondary .. . ... .. 25
JET-INDUCED MACH NUMBER RATIOS BETWEEN ELEMENTS OF
MULTIELEMENT NOZZLES . . . . .« . .« « « . . e e e s s s e e s e e e e e e 26
CONCLUDING REMARKS . & & 4 ¢ ¢ ¢« 4 s e s o s o o o o o s o s o a s o o o a0 oo 27
APPENDIXES
A - JET MACH NUMBER DECAY CONTOURS. . . « ¢« ¢ ¢ ¢ s ¢ s s ¢ o o o s o s 179
B - SYMBOLS. . . ... e e e e e e e e e e e e e e e e e e e e e 294
REFERENCES. . & ¢ v vt 6 ¢ ¢ e ¢ o s s s o s s s o s s o o o o o o s o oo oo . 296

iv




COMPARISON OF JET MACH NUMBER DECAY DATA WITH A
CORRELATION AND JET SPREADING CONTOURS
FOR A LARGE VARIETY OF NOZZLES
by Donald E. Groesbeck, Ronald G. Huff, and Uwe H. von Glahn

Lewis Research Center

SUMMARY

Axial jet Mach number decay data were obtained for a large variety of cold-flow,
small~scale nozzles (flow areas to 122 cmz) , including single~ and multielement and
bypass types. Nozzle-exit jet Mach numbers ranged from 0.28 to 1.15. The effects of
multielement nozzle shape and element spacing on jet Mach number decay were studied
in an effort to reduce the noise caused by jet impingement on externally blown flap
(EBF) short takeoff and landing (STOL) aircraft.

The axial jet Mach number decay data for the nozzles tested are well represented
by the empirical relations included herein.

Contours of jet (or multijet) spreading and Mach number decays are presented as
determined from crossplots of total pressure surveys taken downstream of the nozzles.
The contours are all for a nominal jet-exit Mach number of 0. 99,

INTRODUCTION

Short takeoff and landing (STOL) aircraft are expected to become a significant

part of the commercial air transportation system. At present, externally blown flaps
(EFB), figure 1, are being considered for the lift augmentation required for STOL air-
craft. However, the impingement of the engine exhaust jet on the extended flaps causes
an unacceptable increase in the noise level (refs. 1 to 3). The noise level increase is a
function of the jet impingement velocity to the sixth power and the impingement area
(determined from the width of the velocity profile curve where the velocity is 80 per-
cent of the peak jet impingement velocity) to the first power (ref. 1). The jet impinge-



ment noise can be lowered by reducing the impingement velocity on the flaps (refs. 1
and 2) within the distance specified by the engine-flap desigﬂ.

The impinging jet velocity can be reduced (1) by using a large-bypass fan engine
with a lower exhaust velocity; (2) by increasing the distance from the nozzle to the
flaps, if feasible; or (3) by mixing the jet with ambient air more rapidly by using a
multielement nozzle of the same total flow area as a single~element nozzle. The last
means results in a large overall-size nozzle. The multielement nozzle should be de-
signed to achieve the same thrust coefficient as a single-element nozzle. For the
same nozzle-exit velocity, the individual smaller jets of a multielement nozzle will de-
cay in less actual distance than a single larger jet. Consequently, their impingement
velocity is less; however, the impingement area may increase enough to negate any de-
crease in noise obtained from the velocity reduction. A compromise is required,
therefore, among the number, shape, and spacing of the nozzle elements of a multi-
element nozzle in order to give the velocity reduction desired with a minimum spreading
of the jets.

This report summarizes the results of an experimental cold-flow, small-scale
study conducted at the NASA Lewis Research Center on the decay of the peak axial Mach
number obtained with a large variety of single-element, multielement, and bypass noz-
zles. Nozzle total flow areas ranged from 4.4 to 122 square centimeters. Nozzle
shapes tested included circular, rectangular, triangular, trapezoidal, "Y' shaped, and
annular. Nozzle-exit jet Mach numbers ranged from 0.28 to 1.15. Jet Mach numbers
were surveyed from the nozzle exit to a downstream distance of over 100 single-
element nozzle diameters. Some of these data were previously reported in preliminary
form (refs. 4 and 5). The empirical Mach number decay correlation equations of ref-
erence 6 are used herein for comparison with the data. Jet Mach number decay and
spreading contours for all configurations tested are presented in appendix A.

APPARATUS
Test Stand

The test stand used in the present work is illustrated in figure 2(2). Pressurized
air at ambient temperature (approx. 289 K) is supplied to a 15. 41-centimeter-inside-
diameter pipeline by two diametrically opposed 10.23-centimeter-inside-diameter
supply lines (section A-A, fig. 2(a)). Flexible couplings in each of the twin supply lines
isolate the air supply system from a thrust measuring system. However, in the present ,
study no thrust measurements were made. The test nozzles were attached to a flange at é
the downstream end of the 15.41~centimeter~inside-diameter pipeline. Airflow through ¥



the overhead main air supply line was measured with a calibrated orifice. The nomi-
nal nozzle-inlet total pressure was measured by a single centerline probe near the noz-
zle inlet. Figure 2(b) shows the supply lines. In the foreground is the traverse cart
with the pitot-static probe used to survey the nozzle jets.

.
Nozzle Configurations

Axial Mach number decay data were obtained by using single-element nozzles with
the following cross sections:

(1) Circular: constant-diameter tube; sharp- or round-edge orifice; convergent

nozzle

(2) Rectangular: sharp- or round-edge orifice; convergent nozzle; aspect ratios

from 1.5 to 13.3

(3) Triangular: sharp-edge orifice

4) Trapezoidal: flat- or round-end constant-area nozzle

(5) "Y' shape: sharp-edge orifice

(6) Annular: sharp- or round-edge orifice; convergent nozzle
Data were also obtained for coplanar-exit multielement nozzles that included the fol-
lowing: ‘

(1) Six to 24 constant-diameter tubes and/or orifices (sharp and round edge). A
designation, such as a 1-6-6, 0-6-0, etc., is used to define a multitube or multiorifice
configuration. The first number denotes whether or not a center element is used, and
the second and third numbers denote the number of elements in the first and second
rings, respectively. Figures 3(a) to (e) show some of the multitube nozzles tested.
For multitube or multiorifice nozzles, the spacings between elements and between cir-
cumferential rings of elements were varied to evaluate the geometry effects on the axial
Mach number decay.

(2) Three-slot convergent nozzles (fig. 3(f))

(3) Four-slot sharp-edge orifices; single-element aspect ratios of 2.22 to 11.25

(4) Six-slot convergent nozzles (fig. 3(g))

(5) Six- and 12-lobe, flat-end, trapezoidal, constant-area nozzles (figs. 3(h) to (j))

(6) Seven~ or eight-lobe, round-end, trapezoidal, constant-area nozzles, with all
lobes at 0° to the nozzle axis and with alternate lobes canted at 5° or 10° to the nozzle
axis (fig. 3&k))

.Data were obtained also for noncoplanar-exit, multielement bypass nozzles. Typi~
cal nozzles tested are shown in figures 3(l) to (0). The core (primary) of these nozzles
consisted either of tubes, orifices, a single slot, or a convergent nozzle. The bypass
(secondary) of these nozzles consisted either of circular orifices, round- or sharp-edge
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annuli, or a convergent annulus with the exit some distance upstream of the core noz-
zle exit. Various mesh screens, placed in the bypass passages, were used to vary the
ratio of secondary to primary Mach number Mb/ Mj from 0.44 to 1.0. All symbols
are defined in appendix B. These noncoplanar-exit nozzles were tested to determine
the effect of the secondary flow on the axial jet Mach number decay of the primary
flow. Some of the exhaust nozzle configurations are typical of high-bypass, fan-jet
engines.

Tables I to III summarize the detailed dimensions of all nozzle configurations
tested as well as those of nozzles from other references. The configurations are listed
in the order in which the decay data are discussed. The original-run column gives the
original sequence of configurations. The symbols Cn’ Z @, and Dx denote calculated

values that are discussed in later sections. The symbol An denotes the total nozzle
area with an equivalent circular diameter of De T D is the equivalent circular
diameter of a single element of any nozzle, and Dh 1s the hydraulic diameter of a
single element. The axial length | is the length of a nozzle tube (or tubes) or the thick-
ness of an orifice plate. For other than the circular tube or orifice multielement noz-
zles, nozzle dimensions (i.e., spacings and areas) were determined from measure-
ments of the nozzles as tested, and averaged values have been tabulated. Many of the
multielement nozzle areas were determined with an integrating polar planimeter, while
others were calculated from measured dimensions. The tabulated spacings, r's and
s's, are actual jet spacings (i.e., wall thicknesses are included in the spacing dimen-
sions).

TEST PROCEDURE

"A traversing pitot-static probe was first positioned approximately 0. 32 centimeter
downsteam of each nozzle assembly exit and a pressure traverse was made on the cen-
terline of the pertinent element dimension (i.e., the diameter of a circular element,
the altitude of a triangular element, the width of a rectangular element, etc.). Surveys
were taken at screened bypass exits also. Pressure measurements were obtained at
nozzle-inlet gage pressures of 5.27, 14.1, 31.0, 52.4, 86.9, and 129.5 kN/mz. These
pressures correspond to nominal nozzle pressure ratios of 1.05, 1.15, 1.31, 1.53,
1.87, and 2.30 and to nozzle-exit jet Mach numbers M]. of 0.28, 0.45, 0.64, 0.80,
0.99, and 1.15, respectively. The survey procedure was repeated at nominal down-
stream distances of 12.7, 25.4, 38.1, and 50.8 centimeters. For most of the pro-
gram, a single pitot-static probe was moved manually on the nozzle axial centerline to
various locations beyond the 50. 8-centimeter survey limit, to nearly 300 centimeters
downstream of the nozzle exit; and the single-pressure-probe data were recorded.
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Near the end of the program (original-run configuration 25 and after), the traversing
probe carriage was rebuilt (fig. 2 (b)) and the carriage track was extended to cover the
full range of axial distances:

The pressures at the traversing probe acted upon pressure transducers on the car-
riage, and the electrical signals from the transducers were transmitted to a plotter
that made graphic traces of the total and static pressure distribution radially across
the jet. Other pressure data were recorded from water or mercury manometers.

DATA REDUCTION

Figure 4 is a typical copy of a total pressure survey made with the traversing probe
and the plotter. For nearly all the data runs, an amplifier at a gain of 2 was used to in-
crease the reading accuracy of the total pressure trace. The static pressure survey
trace is not included as it was normally a straight line at the atmospheric pressure
level. Plots like figure 4 were obtained for each nozzle tested. The linear total pres-
sure scale was converted to a Mach number scale by assuming the local ambient static
pressure p, to be a constant value of 100 kN/ m2. This assumption was maintained for
all the nozzle-inlet pressures run. Because gage pressures were used to set the
nozzle-~inlet total pressure, an assumption of constant atmospheric pressure could in-
troduce an error in thenozzle-exit jet Mach number M.. If it was assumed that the
median Py is a good representative value, the maximum error in the calculated M,
was only +0.004, which is considered insignificant. Even at the highest nozzle~inlet
total pressure, the error in the calculated M. was only +0.01, using the maximum and
minimum values of Py recorded for all the configurations tested.

Figure 5 is a nondimensional plot showing the effect of four nozzle-exit jet Mach
numbers on the local jet Mach number profiles (MZ/ M) at the nozzle-exit plane and at
three stations downstream of the nozzle exit. Plotted are (1) the downstream local Mach
number Ml at each station divided by the downstream peak Mach number M at the
survey station and (2) the radius r of Ml divided by T inax the radius of the jet de~
fined as the point where M, was zero at the survey station. These jet Mach number
profiles are reasonably similar over the range of nozzle-exit jet Mach numbers Mj of
0.63 to 1.15. The similarity of these profiles is also evident in figure 4, since in-
creasing Mj simply raises the level of M, without altering the general shape of the
profile at any given survey station. Because of the similarity of velocity profiles, a
nominal M. of 0.99 was used for the jet Mach number decay and spreading contours
presented in appendix A for all the configurations investigated.

‘Tables IV to VIlist M as a function of survey axial distance X for all the con-
figurations investigated. Also tabulated for most of the configurations are the measured
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values of M. and nozzle mass flow rate Wn divided by their respective calculated
ideal values (M]. id and Wn, i d).

b

JET MACH NUMBER DECAY CORRELA TIONS i
Data Variations

The peak axial jet Mach number decay data from the configurations previously de-
scribed were used to develop nondimensional graphs similar to the ones shown in fig-
ure 6. In this figure, the downstream peak Mach number M is divided by the nozzle-
exit jet Mach number M. and the ratio is plotted as a function of an axial distance

]
parameter X/(CnDe ‘/1 +Mj>.

According to references 7 to 9, the axial-decay ratio of M/M,. downstream of a
single-element jet nozzle exit varies from a function of X! for circular nozzles to a

-1/2 for finite- or large-aspect-ratio rectangular (slot) nozzles (fig. 6(a)).

function of X
For other single-element shapes the Mach number decay also varies between these ex-
ponents. The axial distance is nondimensionalized by the equivalent diameter of the
single element (i.e., X/De (ref. 6)).

The peak Mach number ratio M/M, at a given axial survey station has been found
to increase with increasing M, (refs. 10 and 11). In general, the exit Mach number
effect was correlated by dividing the axial distance parameter X/ De by ‘/—1_T—1V‘I-

(ref. 6). The Mach number factor applies to the entire decay curve. The axial distance

parameter X/ (De ‘/1 + Mj) is then divided by a empirical normalizing coefficient

Cn (1. e., X/<CnDe ‘/ 1+ Mj> (ref. 6)>. The coefficient Cn accounts for the nonideal

conditions of flow and exit velocity for the test nozzle. For an ideal nozzle, Cn would
be equal to 1.0. This coefficient is discussed and compared with a kinetic energy ratio
in a later section.

For multielement nozzles, the initial axial decay of M/ Mj (fig. 6(b)) is the same
as that for a single element. At some downstream distance, departure point @ defined
by an axial distance parameter of Z@, the individual jets coalesce sufficiently to form

a large-diameter coalescing core: and a very slow decay of the peak axial Mach number
occurs. Once the coalescing core has fully formed into a new large-diameter jet, de-
parture point @, normal mixing again takes place with a rapid Mach number decay.
The coalesced-core decay thus becomes a distance~ or diameter-adjusted extension of
the single-element decay and is displaced from the single-element decay curve by Dx'

g
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In references 10 and 11 the multielement-nozzle jet velocity decay distance was non-
dimensionalized by use of an equivalent diameter De, T based on the total nozzle-exit
area. For the wide range of multielement configurations covered in this investigation,
it was determined that an equivalent diameter D, based on a single-element area was
more useful for practical applications.

The next section presents the jet Mach number decay correlation equations from
reference 6.

Correlation Equations

The peak Mach number ratio M/M, is a function of the axial distance parameter

X / (CnDe ‘/ 1+ Mj)’ figure 6(b). For all nozzle shapes except rectangular, the follow-

ing empirical equation predicts the single-element, peak Mach number ratio:

M _ 1+ 0.15 X @

M,

j CnDe 1+Mj

where
-1

w D

a=4f2--S\|1+8{=e_1 )
Wl 3 Dh

For a circular nozzle, the exponent a reduces to 4.
For rectangular nozzles only, because of an aspect ratio effect, the exponent a
should be replaced by a', where




-3\

G

e oo

at= a41 +
(1 +0.0001) (AR)® X __\f

n e j
<+ J

L e
Rewriting equation (1) with the exponent given by equation (3) results in the following

correlation for rectangular nozzles:
-l/a'

a'

0.15 X (3a)

j CpDe Y1 + M

.M—.: 1+
M

For multijet Mach number decay, the axial distance parameter at departure
pomt@ (fig. 6(b)) is calculated from the geometric and operating characteristics of

the nozzles by the equation

2/3 .
D
5 ‘ f(r) @)

7 ~=
@ Cc.D 1+M,
. ]@

where
- q-1
8(2e
f& B A 3 (5)
st
¥l
L i
and
8
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2"1

M
f(E) ={1+0.33 Z[£@ [ =2
s M

j

(6)

The following table simmarizes the necessary ratios of f(s/d), (r/s), and f(d) to use
in equations (4) and (6):

Nozzle

f(s/d) r/s £(d

Circular center element with

one or two rings of elements

Two rings of circular elements;
no center element

Multielement rectangular

s,/dy | r/e | ay/ag

8,/d) | /sy | /4,

sl/w rl/s1 1.0

Good correlation can be achieved for large-aspect-ratio, rectangular, multislot nozzles
by dividing Z@(eq. (4)) by the following aspect-ratio relation:

The displacement distance of the fully coalesced, multielement core from the

1+ 1

0.8 +

5

10
AR

single-element curve (Dx, fig. 6(b)) is calculated from the following equation:

M
VAREEY PO +f(§)
Ae d

< U

W -1/2

. (D
1+50(—8-1

5/3 ?

)

®)



by using f(s/d) from the preceding table. If Mb/Mj equals 1.0, the term

in equation (8) reduces to EDe ’I‘/ D) - 1:]
The Mach number decay ratio in the coalescing-core region, @ ”@, is given by

the following relation:

-

1/5

Z
M - (& O, 9
M]

@"’@ ]®CD 1+M,

ORO

In the coalesced-core region, @ g , the Mach number decay ratio is given by
( -1/a
a
M 1+ 0.15 X 10)

D,C D, y1l+ M,

M.
] P j
®-@ | ®-©

A

The intersection of the curves calculated from equations (9) and (10) will give the loca-
tion of point@ in figure 6(b). For rectangular nozzles only, Z ,~in equation (9) should
be divided by the relation (7), and the exponent a in equation (10) should be replaced
by the exponent a' in equation (3).

The rectangular single-slot nozzles of reference 10 and some of the rectangular
four-slot nozzles of reference 11 had divergent walls (narrow side) in which the diver-
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gent wall angle 8 was varied from 0° to 30°. The Mach number decay data for these
"g'" nozzles were correlated (see ref. 5) by including B in the axial distance parameter
as follows:

X(1 + sin28)
C,De Y1 +M

The term (1 + sinzﬁ) should be used wherever the axial distance parameter appears in
any of the empirical equations for this type of nozzle.

(11)

Normalizing Coefficient

An empirical normalizing coefficient C, was used to adjust the jet Mach number
decay data of any nozzle in the downstream direction so that the data fall on a calculated
decay curve. The calculated decay curve assumes a Cn of 1.0 and was determined
from many small-scale nozzle jet Mach number decay data. For any given nozzle it is
impossible to predict what the value of Cn will be. But for a well-built large-scale
nozzle, it should be safe to assume a C, somewhere between 0.95 and 1. 0. Sometime
after the correlation was developed, unpublished large-scale data confirmed a Cn be~
tween 0.95 and 1.0. The real C, can be determined only by measuring the jet Mach
number decay of the actual nozzle, large or small scale. At present, it is not known
exactly why the jet Mach number decay with axial distance is different for nozzles of
the same size and type. For example, for two different 7. 62-centimeter-diameter cir-
cular convergent nozzles, the Cn‘s were 0.85 and 0.91, and for a 3. 58-centimeter-
diameter circular convergent nozzle, the Cn was 0.82. Comparing the internal geom-
etry of the two 7. 62-centimeter-diameter nozzles (see sketches in table I(a)) suggests
that the internal approach to the nozzle exit or the way the pressure energy is converted
into velocity head affects the jet Mach number decay distance. The internally contoured
nozzle from references 10 and 11 required a Cn of 0.91 to correlate the data, whereas
the straight conical nozzle (configurations 5 and 6) required a Cn of 0.85. In other
words the lower the value of Cn’ the less the actual distance that is required for the
Mach number to decay to a given value.

It can be speculated that the Cn is attributable to the initial amount of kinetic
energy in the nozzle jet. The kinetic energy of the jet is reduced to zero as the jet
Mach number decays to zero. For the majority of circular nozzles reported herein,
the-rate of jet Mach number decay with axial distance is constant; the only difference is
the axial distance required to achieve any given jet Mach number. For two jets of the
same=size, assuming the same rate of energy dissipation with axial distance, the jet
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with the lower initial kinetic energy would dissipate that energy in the shorter distance.

It can also be speculated that the nozzle-exit boundary layer condition and/or mag-
nitude is the main influence on the distance required for the dissipation of the kinetic
energy, since jet mixing occurs at the periphery of the jet. With a verylarge nozzle
the boundary layer is extremely small compared with the total jet. Onthe other hand,
for a small nozzle the boundary layer, although still relatively small, ¢omprisés a
larger portion of the jet.

A C, determined from decay data and a kinetic energy ratio for a nozzle that was
used for the decay data are now compared. The kinetic energy ratio is defined as

2
W M,
K.E. ratio=ACtual K.E. _ n j
Ideal K. E. Wn, id Mj,id

The nozzle-exit Mach number profiles of figure 4 were integrated with a polar plani-
meter to determine an average flat-peaked total pressure (Mach number) profile. The
Mach number ratios calculated from the integration by using an atmospheric pressure
p, of 100 kN/m? are given in the following table:

Measured Ratio of Ratio of Kinetic
nozzle-exit integrated nozzle mass energy
jet Mach average M, flow rate ratio

number, to ideal, to ideal,
M; M]./Mj, id Wn/Wn, id
0.26 | = —-——— 0.869 —-———
.44 0.913 . 896 0.75
.63 . 931 . 887 77
.80 . 951 . 902 .82
.99 . 959 . 924 .85
1.14 . 957 . 927 _.85
0.81 (Average)

The nozzle coefficient C, determined from the decay data was 0.83, very close to the
average kinetic energy ratio of 0.81. The Cy values used in this report are based on
estimates made from the decay data - not on the kinetic energy ratio concept.
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Correlation Summary

The folloxn}i’ng table lists the correlation equations used to calculate each regime of

Nozzle type

Equations to use for -

Single element:
Cireular®
Rectangular

Rectangular with g exit | 2,

Triangular
Trapezoidal
Y-shape
Annular®

Multielement - coplanar:
Circular
0-x~0
0-x~-X
1-x-0
1-x-Xx
Rectangular array

Rectangular
Three slots (configura~
tions 70 and 71)
Three slots
Four slots
Four slots (ref. 11) 2
Six slots

Triangular

Trapezoidal
Multielement - noncoplanar:

Core, tubes or orifices;

bypass, tubes or
orifices

Core, tubes or orifices;
bypass, annulus

Core, slot; bypass,
annulus

Core, conical nozzle;

bypass, annulus

bValues listed in tables I to HI.

C
D, = ‘/ 4An/1r; eq. (2) =a=4.

dyse De/Dh of center slot.
eNo"equntions available.

,3,3a,11

{core flow)

M/ Mj z @ D,

1,2 |

2,3,3a

3,3a,11
1,2

| =

4,56 | 8

1,2

2,3,3a | 4+7,5,6| 8

2,3,3a
2,3,3a
2,3,3a

1,2 4,56

1,2 4,5,6

1,2 4,5,6 8

(e (e) (e)

© (e) (e}

(e - (€) (e

Table

I(a)
I(b)
1(b)
I(c)
K
I(e}
I(f)

II(a)

Hb)

(c)
PG

juig

For a, eq. (2)

and

f(D/Dy), eq. &)

the Mach number decay curve for each type of nozzle reported herein. Included are the
specific ratios listed in tables I to III that were used in the equations.

WS/ w,

1.0
1.0
1.0
]
)

Dy/Dy

1.0
®)

b

Values for for Z@, eq. (4
For a',| Ks/d) For f(x/8), eq. (6)
eq. (3)
r/s f(d Mb/Mj
AR
®)
®)
®)
— s,/d, 0 1.0 1.0
—— rz/sz d2/0:11
-—— r,/s, =1.0 dl/do
- /s, = 1.0 dl/do
- r/s; =1.00 1.0 /
(b) sl/W rl/s1 =0 1.0 1.0
1-]_/5l
-— sl/wl sl/wl
— | /W, 1.0 ‘ws/wl ]
- Sl/dl 1‘2/52 d2/d1 Use aver-
age values
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SINGLE-ELEMENT NOZZLES AND ORIFICES

The following nozzle shapes are described in this section:
(1) Circular, various diameters

(2) Rectangular; various aspect ratios

(3) Triangular

(4) Trapezoidal; flat and round ends

(5) "Y', three rectangular legs

(6) Annuli; sharp edge, round edge, and converging

Circular Elements

The peak axial Mach number decay of a jet from a circular tube, a round- or
sharp-edge orifice, and a circular convergent nozzle is shown in figure 7. All decay
data were collapsed onto the calculated correlation curve by using an appropriate Cn'
The scatter in the data at large values of the axial distance parameter is possibly a re-
sult of not having the manually positioned pitot-static tube at the maximum velocity lo-
cation in the downstream (0.9 m < X < 1.5 m), low-velocity jet.

The Mach number decay of a 3. 58-centimeter-diameter circular convergent nozzle
is shown in figure 8. The data are well correlated by the calculated curve.

In figure 9, the decay data (from ref. 10) for a 7.62-centimeter-diameter conver-
gent nozzle are compared with the calculated decay. The data vary from the calculated
curve perhaps because the value of Cn was too high; however, the variation in the data
atan M, of 1.179 cannot be accounted for.

Rectangular Elements

The axial Mach number decay of six rectangular slot orifices is presented in fig-
ures 10 to 14. All had sharp edges, except the round-edge rectangular orifice of fig-
ure 14(b). The rounding of the inlet edge of the orifice in figure 14(b) had a significant
effect on increasing the decay distance; Cn was increased from 0. 67 (fig. 14(a)) for
the sharp-edge orifice to 0.81 (fig. 14(b)) for the round-edge orifice. As stated pre-
viously, the lower the value of Cn’ the more rapid the actual decay with distance. For
most of the configurations tested, tables IV to VI give ratios of the actual nozzle mass
flow rate W_ to the calculated ideal mass flow rate Wn id’ The ratio of the average
Wn/ Wn, id for the configuration of figure 14(b) divided b); that of figure 14(a) is 1.175,
and the ratio of the Cn's is 1.209. Since these ratios are so close, the difference in
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the Cn between the sharp- and round-edge orifices could be attributed mostly to the
reduced weight flow for the sharp-edge orifice (i.e., less kinetic energy in the jets).

Figures 15 to 19 present the axial Mach number decay for the single elements of
five four-slot, sharp-edge, rectangular orifice nozzles. (All multielement nozzle de-
cay data are discussed in a later section.) In general, the calculated curves predict
the data trends. The Mach number decay for the single elements of two six-slot con-
vergent rectangular nozzles are shown in figures 20 and 21.

A round-end rectangular slot (AR = 4.76) was used as the primary or core by a by-
pass nozzle. In figure 22, the Mach number decay of this core nozzle is well repre-
sented by the calculated decay curve.

The convergent rectangular-slot nozzle used for the data of figure 23 was one of
three identical nozzles that were used on two three-slot nozzle configurations to study
the effect of nozzle spacing. The same single-slot nozzle was tested with 15° end
plates with side walls (fig. 24). The peak axial Mach number decay was affected by the
end plates to the extent that the C, was reduced from 0. 94 to 0.88.

Mach number decay data taken from reference 10 for five convergent nozzles with
aspect ratios from 1 to 6 and wall divergence angles g from 0° to 30° are shown in
figures 25 to 29. The "B" correction factor has been included in the axial distance pa~
rameter. ’

The decay data from reference 8 for a 21.7-aspect-ratio slot nozzle are shown in
figure 30. According to reference 8, great care was applied in building the nozzle and
air supply system. This is shown by the fact that the nozzle coefficient Cn is 1.0.

Triangular Elements

The axial Mach number decay data for three triangular sharp-edge orifices are
shown in figures 31 to 33. Good agreement of the data with the predicted curves is ap-
parent for the three nozzles, which have length-to-base ratios from 1.5 to 6.0.

Trapezoidal Elements

Figures 34 to 36 give the Mach number decay data for three different flat-end
trapezoidal nozzles; figure 37 presents the decay of a round-end trapezoidal nozzle.
All four nozzles were single elements of multielement nozzles. Again the data agree
well with the predicted curves. Rounding the short sides of the trapezoidal nozzle
(fig. 37) did not appear to affect the Mach number decay.
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"Y't Shape

The Mach number decay data of figure 38 are for a three-leg, "Y'"-shape, sharp-
edge orifice. The peak axial Mach number was dominated by the jet on the orifice
centerline. Except at large distances downstream of the nozzle-exit plane, the data
correlated well with the predicted curve.

Annuli

The axial Mach number decay for three different annuli is shown in figures 39
to 41. The decay of an annulus can be predicted by converting the annular flow area to
an equivalent circular flow area with a diameter of De' The jet from the sharp-edge
annulus of figure 39 evacuated the surface of the inside diameter of the annulus (appen-
dix A). Since the inner surface of the jet was exhausting to a pressure lower than at-
mospheric, the jet overexpanded. As a result the decay was much more rapid; hence
the low value of 0.32 for Cn' Rounding the inlet edge of an annulus and adding an after-
body (fig. 40) improved the flow conditions, and the decay data are well correlated.
The data in figure 41 for a converging annulus are also well predicted by the calculated

curve.

MULTIELEMENT NOZZLES

(NOMINALLY COPLANAR EXITS)

Nozzle configurations to be discussed in this section include
(1) Multielement circular arrays; single and double rings of elements, with and
without an element on the nozzle centerline

(2) Rectangular elements; 3, 4, and 6 slots
(3) Triangular elements; 2-, 4-, and 12-lobe convergent nozzles from reference 10

(4) Trapezoidal elements; 6- and 12-lobe flat-end elements, and 2-, 4-, 7-, or
- lobe round-end elements.

Circular Elements

For the circular tube or orifice multielement nozzles, a designation such as
0-6-0 is used to describe the number of elements in the nozzle. As previously stated,

16




the first digit (1 or 0) denotes whether or not a center tube was used, the second digit
represents the number of elements in the first ring, and the third digit represents the
number of elements in the second ring.

Configuration 0-6-0. - Figures 42 to 45 present the Mach number decay data of six-

tube (0-6-0) nozzles with spacing ratios Sl/dl from 0.345 to 1.825. The spacing di-
mension 8 and the jet width d1 are determined from the tube inside diameters and
therefore represent actual jet spacing dimensions.

Orifice inlet condition: The effect of the orifice inlet condition (round or sharp
edge) on the Mach number decay of a 0-6-0 multiorifice nozzle can be seen in figures 46
and 47. The previous discussion about a sharp- or round-edge rectangular orifice
(figs. 14(a) and (b)) would apply for these nozzles also. However, for these nozzles,
the average weight flow ratio Wn/ Wn, id (tables IV to VI) and Cn for the round-edge
orifices are 1.270 and 1.127 times the corresponding values for the sharp-edge ori-
fices. The calculated coalesced-core decay distance for both nozzles underpredicts the
actual data somewhat at large axial distances.

Figure 48 is a composite plot of the calculated decay curves for the 0-6-0 multitube

nozzles just discussed. As the spacing s, between the tubes (or orifices) is increased,

the departure point of the coalescing jets f]}om the single~element decay curve occurs
further downstream. The symbols represent points @ and @ in figure 6(b). For these
six-jet nozzles the coalesced-core decay is a weak function of the nozzle spacing.

Swirl inducer: Figure 49 presents the Mach number decay of the multitube nozzle
of figure 44 with a swirl-inducing tape in each tube (approx. 110° twist in 10.16~cm
length). The purpose of the swirl in each jet was to increase the decay and coalescing
of the individual jets. However, no significant results were obtained. The initial
single~element decay data are a few percentage points below the calculated curve, but
the overall results are the same as for figure 44. The C, is 0.78 for both nozzles.
Similar negligible results were obtained in reference 10 for a circular convergent noz-
zle with a vortex generator insert (short vanes around the inside of the nozzle) and also
for turbulence rings at the nozzle inlet.

Configuration 0-8-0. - Shown in figure 50 are Mach number decay data for a 0-8-0
multitube nozzle. The data are well correlated by the calculated decay curves. This
nozzle was used as the core nozzle for several noncoplanar bypass nozzles that are dis-
cussed later.

Configuration 0-6-6. - Figures 51 to 56 present Mach number decay data for sev-

eral 0-6-6 multiorifice and multitube nozzles. Increasing the radial spacing between
the first and second rings of sharp-edge orifices (figs. 51 to 53) had a minimal effect on
the overall decay for the range of r2/ S covered. The departure point from the
single-element decay curve is controlled by the spacing ratio Sl/ dl of the inner ring
of jets. The differences in the C,'s required to correlate the data for these three

17



orifice nozzles is attributed to the coalescing of any two radially adjacent jets. Com-
paring the peak Mach number ratios for these configurations (appendix A) at an X/ De
of 10 shows that the closely spaced jets of figure 51 almost immediately coalesce but
those of figures 52 and 53 remain somewhat separated. To collapse the Mach number
decay ratios onto a single curve, the distance has to be adjusted by the Cn'

The data in figures 54 to 56 are for the 0-6-6 multitube nozzles. Because of the
small spacing ratio Sl/ d1 of the inner ring, the departure point in figure 54 is at a
relatively high value of M/ M].. The multitube nozzle used for the data of figure 55 had
the same centerline radii as the orifices used for figure 53. The calculated decay
curves for both configurations are identical, except for the slight effect of the different
spacing ratio Sl/ d1 on the coalescing-core region. The orifice data (fig. 53) are not
predicted nearly as well at the departure point and in the coalescing-core region as are
the tube data (fig. 55). Again, the effect on the coefficient C, is seen by comparing
sharp-edge orifices to tubes, as in the case previously discussed, where a round-edge
and a sharp-edge rectangular slot were compared. The nozzle used for the data in fig-
ure 56 had the same inner-ring radius as that for figure 55, but the outer-ring radius
was increased to 10.16 centimeters. The effect of this radius increase was minimal in
both the decay data and the calculated curves.

Configuration 0-6-12. - Adding six more tubes to the outer ring of the 0-6-6 nozzle
of figure 56 created the 0-6-12 nozzle of figure 57. The departure point is at a slightly
higher M/M, than for the 0-6-6 nozzle;, and because more kinetic energy was added by
the six additional jets, the coalesced-core decay region occurred further downstream
than for the 0-6-6 nozzle.

Configuration 0-6-18. - Figure 58 presents the peak axial Mach number decay of a
0-6-18 sharp-edge orifice nozzle. Because the spaces between the orifices were
pumped to below atmospheric rates by the exiting jets (appendix A), the initial single-
element velocity decay was much more rapid than would be predicted. (Similar results
were shown in fig. 39.) As a resulf the coalescing-core region was also at a lower
Mach number than predicted. The coefficient Cn was chosen by assuming that the
coalesced-core region would decay as predicted.

Configuration 1-6-0. - Mach number decay data for three 1-6-0 multitube nozzles
are presented in figures 59 to 61. For figures 59 and 61, the exposed tube length was
1.27 centimeters. The nozzle tubes were always 10.16 centimeters long, but an ad-
justable baffle with holes matching the nozzle tube base was positioned to vary the ex-
ternal length of tube exposed to the atmosphere. The space between the baffle and the
nozzle base was covered and sealed with a sheet metal cylinder. The nozzle radii of
the six tube rings of these three nozzles are the same as those of the 0-6-0 nozzles
shown in figures 43 to 45, respectively. The result of adding a jet to the center of a
six~tube ring was that the jets began coalescing sooner and at a higher Mach number
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ratio because of reduced atmospheric ventilation area surrounding each jet.

The additional jet caused the coalesced-core regions to move downstream a slight
amount when compared with the 0-6-0 nozzles.

Configuration 1-6-6. - Figures 62 and 65 show the axial Mach number decay of

three radially symmetric 1-6-6 multitube nozzles; figures 66 to 69 present variations
of one radially nonsymmetric 1-6-6 multitube nozzle. In general, all the decay data
are well predicted by the calculated correlation equations.

Exposed tube length had a negligible effect on the axial decay of a 1-6-6 nozzle
(fig. 63). Essentially no difference in the decay was observed (fig. 66) when the exposed
tube length was reduced from 10.16 centimeters to 1.27 centimeters at the two survey
stations of 12.7 and 50.8 centimeters. Screens were also placed at the inlets of the six
outer tubes to reduce their exit velocity (fig. 67). No difference in the peak axial decay
was observed, as the seven full-velocity jets dominated the velocity field. When the
six outer tubes were shortened from 10.16 centimeters to 3.81 centimeters (fig. 68),
again the jets from the seven full-length tubes dominated the velocity field. The decay
was affected (fig. 69) when the nozzle center tube was shortened to 1.27 centimeters,
the inner tubes were shortened to 6.35 centimeters, and the six outer tubes were 10.16
centimeters long. The jets from the full-length outer tubes were affected by the decay-
ing and spreading jets of the seven shortened tubes. The peak Mach number at the first
survey station came from the outer jets but was at a lower level because of the mixing
with the inner jets. Hence, the data are below the single-element calculated decay
curve. The actual (not calculated) coalescing-core distance was also longer (jet coales-
cing began sooner) than for the nozzle of figure 66, wherein all the tubes were the same
length.

Configuration 1-6-12. - Figure 70 shows Mach number decay data for a 1-6-12

multitube nozzle. The calculated decay curve and C n are the same as for the 0-6-12
nozzle with the same tube spacing (fig. 57), except that the coalesced-core region is
slightly further downstream because of the additional energy from the nozzle centerline
jet.

Rectangular array. ~ The Mach number decay data in figure 71 are for a 12-tube
rectangular-array nozzle (4 tubes by 3 tubes). The data and the calculated curves are
essentially identical to the data and the calculated curves for the 1-6-6 nozzles of fig-
ures 64 and 66, the main difference being the Cn's required to correlate the data. The
1-6-6 nozzles were used for a comparison since they had the same spacing ratio s,/d;.
Figure 71 required a Cn of 0.83; both figures 64 and 66 required a C, of 0.91. Also,
the extra jet in the nozzles of figures 64 and 66 moved their coalesced~core region
slightly downstream.
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Rectangular Elements

Three slots; round ends. ~ Figures 72 and 73 present Mach number decay data for
round-end, three-slot nozzles. For the data in figure 72 all three slots were parallel
to the nozzle axis; for the data in figure 73 the two smaller outer slots were canted out-
ward 10° to the nozzle axis. The space between the slot exits was nominally the same
for both nozzles. For the data in figure 72, coalescing of the individual jets began just
downstream of the 12.7-centimeter survey station - the result of the jets pumping the
space between the slots to slightly below atmospheric pressure (appendix A). There-
fore the data do not fall on the decay curves calculated for the nozzle geometry. dJust
the opposite can be said for the data in figure 73 for the nozzle with 10° canted slots.
Very little coalescing of the three jets was evident even at the 50.8-centimeter survey
station. The decay follows the prediction even though the correlation equations do not
include an allowance for the 10° canted jets.

Three slots; flat ends; convergent. - Figures 74 to 76 show the Mach number decay
of two, three-~slot, convergent nozzle configurations. Comparing figures 74 and 75
shows that as the space between the nozzles is increased the departure point is moved
downstream and is at a lower peak Mach number ratio M/M.. The same nozzles,
mounted on different bases, were used for the data in figures 74 and 75. The nozzles
had a 1.02-centimeter-long internal structural support web (knife-edge fore and aft) at
their exits. From unpublished exit surveys across the long dimension of the nozzles,
an appreciable wake from the support web was apparent. At a survey distance of 12.7
centimeters a significant effect on the velocity was noted. This wake probably caused
the single jets to begin coalescing sooner than would be predicted, hence the disagree-
ment between the data and the calculated curves in figures 74 and 75. For figure 76,
the configuration of figure 75 was rerun with a hemispherical afterbody flush with the
nozzle exits. No difference in the Mach number decay was observed for surveys taken
as far downstream as 50.8 centimeters.

Four slots; orifices. - Data shown in figures 77 to 81 were taken with four-slot,
sharp-edge-orifice nozzles. The spacing ratio sl/ w for all the nozzles was 2.0, but
the single-slot aspect ratio was varied from 2.22 to 11.25. In figure 77, the last three
sets of decay data are well below the predicted curve. These data were taken with the
manually positioned pitot-static tube; and because of the small jets of the configuration,
the pitot-static tube apparently was not placed at the maximum velocity location in the
downstream jet. The effect of the jets pumping the surface space between the slots to
below atmospheric pressure is seen again in figure 78. The data do not show any ob~
vious departure point, but rather a fairly continuous smooth decay. The data in fig-
ure 79 are well predicted by the calculated curves. For the configuration of figure 80,
the nozzle-exit survey revealed slightly subatmospheric pressure between the slots
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(appendix A), and this is possibly the reason that the 12.7-centimeter data are some-
what below the predicted values. The balance of the data follow the prediction. In fig-
ure 81, two calculated Mach number decay curves are shown. Considering the fact that
the subatmospheric pressure was observed (appendix A), between the jets at the nozzle
exit as well as at the 2. 54~centimeter survey station, the dashed curve (C,= 0.80) in
figure 81 is probably the more correct curve. It shows that the initial single-element
decay is more rapid than would be predicted. This condition would exist with the sub-
atmospheric pumping (jet overexpansion) occurring between the jets.

Four slots; convergent. -~ The Mach number decay data from reference 11 for
four-slot rectangular convergent nozzles are shown in figures 82 to 84. Many of these
nozzles had divergent walls (narrow side); the divergent wall angle B for each side was
either 0°, 50, 150, or 30°. The effect of B on the decay data was correlated by in~
cluding (1 + sinzﬁ) in the axial distance parameter. The effect of aspect ratio h/w is
shown in figure 82; in figure 83 the effect of wall-divergence angle B8 is shown; in fig-
ure 84 the effect of the nozzle spacing ratio sl/w on the peak axial decay is presented.
In general, the decay data are well correlated by the calculated decay equations, except
the data for s;/w=0.5 in figure 84.

Six slots; flat ends; convergent. - The decay data for two six-slot ventilated (split

element) convergent nozzles are presented in figures 85 and 86. Centerbodies either
3.81 or 6.35 centimeters long were inserted into the middle of each element of the
three-slot nozzle of figure 75 with an element spacing of 6.35 centimeters. The
centerbodies made second spacing ratios I‘l/ h of 0.46 and 0.91, respectively. For
both configurations, decay data were taken on the centerlines of three elements for the
first 50.8 centimeters and also on the six-element nozzle centerline. The data taken
on the nozzle centerlines show that a gradual mixing or energizing of the air between
the nozzles occurs with increasing distance downstream. If appears that for the shorter
centerbody (fig. 85) the separation of the two jets in a common slot is not adequate to
maintain separate jets that energize the air between them, and the slope of the Mach
number ratio increase is less than 0.2. With a longer centerbody (fig. 86) the slope
of the Mach number increase is nearer 0.2. It seems reasonable to assume that the
jets would energize the ambient air between them at the same rate that the jets would
decay in the coalescing-core regime. It is in the coalesced-core regime that the
velocity ratio on the nozzle centerline becomes the dominant peak value. As the cen~
terbody length ry is decreased toward zero, the decay will approach that of figure 75.
The previously used hemispherical afterbody (flush with the nozzle exits) was installed
on the configuration of figure 86, and no difference in the data was observed at survey
distances of 25.4 and 50.8 centimeters.
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Triangular Elements

Mach number decay data from reference 10 for 2-, 4-, and 12-lobe triangular con-
vergent nozzles are shown in figures 87, 88, and 89, respectively. The single-element
decays for all three nozzles are fairly well predicted, but only the 12-lobe nozzle decay
(fig. 89) is well correlated over all three decay regimes.

Trapezoidal Elements

Flat ends. - Three flat-end trapezoidal nozzles with nominally the same total area
were tested to determine the effect of element spacing and element number on the peak
axial Mach number decay. Data obtained with these nozzles are shown in figures 90
to 92 together with calculated decay curves. The calculated decay curves for these
three nozzles are compared in figure 93. It is evident that doubling the number of ele-
ments while keeping the radial height and the circumferential spacing ratio constant re-
sulted in only a small increase in the Mach number ratio at the departure point from the
single-element curve. Increasing the circumferential spacing ratio from 1 to 3 (by in-
creasing the element radial height and reducing its width) for the six-element nozzle
resulted in a significantly lower Mach number ratio at the departure point.

Round ends. - The Mach number decay data for nozzles with round-end trapezoidal
elements are presented in figures 94 to 100. The data in figures 94 and 95 for a two-
lobe and a four-lobe nozzle, respectively, agree well with predicted trends. Decay data
shown in figure 96 are for an eight-lobe nozzle with a 10° conical afterbody. Essen-
tially no difference in the peak Mach number ratio was detected by a survey taken at
50, 8 centimeters with no afterbody on the nozzle. As the number of lobes is decreased,
the values of M/ Mj at departure point @ are significantly lowered.

To promote a greater single-element decay of the peak axial Mach number by main-
faining separate jets for a longer time, alternate lobes of the eight-lobed nozzle were
canted outward from the nozzle centerline. Decay data achieved with an eight-lobe noz-
zle with alternate lobes canted 5° and 10° are shown in figures 97 and 98, respectively.
The correlation used to predict the decay did not include any allowance for canted noz-
zles (or jets); therefore, the dashed decay curves beyond the single-element curves are
estimated curves through the data. The effect of nozzle cant angle is shown in fig-
ure 99. As the nozzle cant angle is increased, the jets maintain their individuality for
a greater distance downstream, and lower values of M/ Mj are achieved before coales-
cing of the jets begins.

The eight-lobe nozzle with four 10° lobes was modified by plugging one 10° 1obe.
Decay data were taken on this seven-lobe nozzle and are presented in figure 100. As
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discussed in reference 2, this modification reduced the scrubbing noise generated by jet
attachment to the underside of the wing in a 1/2-scale externally blown flap (EBF) in-
stallation. Although surveys were not taken beyond 50.8 centimeters, the data in fig-
ure 100(a) are essentially the same as those in figure 98(a) (no plugged lobe). The sur~
vey across the plugged lobe (fig. 100(b)) shows the same slope of Mach number ratio
increase (0.2) as did the multislot configuration of figure 86.

MULTIELEMENT BYPASS NOZZLES

(NOMINALLY NONCOPLANAR EXITS)

Nozzle types discussed in this section are typical of high~bypass, fan-jet engine
nozzles insofar as the bypass exit plane is some distance upstream of the core exit
plane. For some configurations, screens were placed in the bypass portion of a nozzle
to vary the bypass-to-core velocity ratio.

Eight-Tube Primary and Eight-Orifice Secondary

In figure 101, data taken with and without screens in the secondary orifices are
compared to show the effect of a reduced secondary (bypass) jet Mach number on the
peak axial Mach number decay of a nozzle consisting of eight tubes for the primary and
eight round-edge orifices for the secondary. By reducing the velocity of the secondary
jets, the departure point for figure 101 (b) is at a lower value of the ratio M/M, than
that for figure 101(a). For both configurations the data are well represented by the cal-
culated decay curves.

Eight-Orifice Primary and Eight-Orifice Secondary

A planar sharp-edge multiorifice nozzle with the same element location dimensions
as in the tube/round-edge orifice nozzle was tested to compare its decay characteris—-
tics with that nozzle. The calculated curves in figure 102 were based on the De of the
secondary (large diameter) orifices since these jets had a higher kinetic energy and
therefore supplied the peak velocities at each survey station. The effect of the sharp-
edge orifice flow can be seen in the Cn required to correlate the data; -0.60 for fig-
ure 102 compared with 0.83 for figure 101(a). Also in figure 102, the departure point
is not sharply defined and the coalescing-core region is nonlinear.
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Three-Tube Primary and Eight-Orifice Secondary

The configuration for which data are shown in figure 103 had the same secondary
(eight round-edge orifices) as the configuration of figure 101, but the eight-tube primary
was replaced by three larger tubes. The actual departure point was unaffected by re-
ducing the secondary flow velocity for this nozzle, the calculated departure point being
below the data. However, the coalesced-core data show the result of the reduced total
energy in the combined jets.

Eight-Tube Primary and Annular Orifice Secondary

In figure 104, decay data are shown for a nozzle configuration consisting of an
eight-tube primary surrounded by a 1.02-centimeter-wide sharp-edge annulus. The
nozzle was tested with and without a centerbody (see sketch in table III) inside the bun-
dle of eight tubes and with and without a screen in the annulus. Without a screen in the
annulus, the presence of a centerbody (compare figs. 104(a) and (b)) makes a signifi-
cant difference in the Mach number decay rate in the coalescing-core region. In figure
104 (b), the annulus flow was attached to the centerbody and retarded the decay rate in
the coalescing-core region. However, the departure point appears to be about the
same for both configurations. With a screen in the annulus (the screen mesh and wire
size were not the same for the two configurations (figs. 104(c) and (d)) - hence, the dif-
ference in the annulus Mach number ratio, Mb V/ M)}, the effect of a centerbody in the
eight-tube bundle again shows up. With a centerbody between the tubes (fig. 104(d)) the
departure point is at a higher M/M. than without a centerbody (fig. 104(c)). Just the
opposite should have occurred in the location of the departure point considering that the
bypass-to-core Mach number ratio Mb/M. is lower in figure 104(d) than in figure
104(c). Therefore, it is concluded that the centerbody caused an earlier coalescing of
the primary and secondary flows. The correlation used for the decay prediction did not
include any terms for the effect of an annular jet surrounding a core nozzle. There-
fore, the Mach number decay curves are estimated through the data in the coalescing-

core and coalesced-core regimes.
Three-Tube Primary and Annular Orifice Secondary
For the data in figure 105, the primary nozzle was again changed from eight tubes
to three tubes with the same sharp-edge annulus as for figure 104. No centerbody was

used for this configuration. Comparing figures 105(a) and (b) shows that a reduced
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secondary flow velocity delayed the departure point and that, with less total energy in
the coalesced-core regime, the Mach number ratio was less at the same downstream
distance,

Round-~End Slot Primary and Annular Orifice Secondary

The nozzle of figure 106 had a round-end slot (AR = 4.76) for the primary and a
1. 664-centimeter-wide, round-edge annular orifice for the secondary. A smoothed
fairing of plaster of paris was used from the inside edge of the annulus to the exit of the
slot nozzle (see sketch in table III). Screens of various blockages were used to reduce
the velocity of the jet from the annulus. Figures 106(a) to (c) present the decays for
three different bypass-to-core nominal Mach number ratios Mb/ Mj' The calculated
decay curves are based on the calculated (ideal) decay curve for the primary (slot) noz-
zle. The Cn for the primary nozzle was 0.47 (fig. 22). By increasing the C, to
0.89, 0.96, and 1.08 for figures 106(a), (b), and (c), respectively, the data correlated
very well. Increasing the C, toward 1.0 and/or greater than 1.0 accounts for the jet
energy added to the primary flow by the secondary flow. In figure 106(d), the data are
correlated on the calculated decay curve for the annulus only (fig. 40) by using a Cn
of 1.2. The secondary (annulus) area is over three times the core (slot) area, and
without any velocity reduction in the annulus it is reasonable to expect the annulus jet to
dominate the velocity field downstream of the nozzle.

The decay data of figure 106 are normalized in figure 107 by dividing the axial dis-

tance parameter by (1 + Mb/ Mj>1'41 and using the decay curve of the core (slot) nozzle

of figure 22. The data in figures 107 (a) to (c) are well predicted; but as mentioned in
regard to figure 106(d), the data in figure 107(d) would not be expected to follow the
predicted decay of the core (slot) nozzle.

Convergent Circular Primary and Convergent Annulus Secondary

Figure 108 shows the decay data for a bypass nozzle consisting of a 3. 58~
centimeter-diameter circular convergent nozzle for the primary (core) and a 1.15~
centimeter-wide convergent annulus for the secondary (bypass). Screens were placed
in the annulus to vary the bypass-to-core Mach number ratio Mb/ Mj' The support
struts for the core nozzle assembly were splayed and located upstream of the screen
location to minimize wake effects (see sketch in table III). Figure 108(a) is a repeat of
figure 8 for convenience and shows the axial Mach number decay of the core nozzle only,
with a CIl of 0.82. TFigures 108(b) to (d) show the decay data for nominal Mb/ M]. of
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0.50, 0.73, and 1.0, respectively. Using the diameter of the core nozzle, the calcu-
lated decay curves required Cn's of 1.27, 1.33, and 1.50, respectively, to account
for the jet energy added to the core-only flow.

Normalization of the effect of the secondary flow ratio for the data of figure 108 is
shown in figure 109. For this nozzle, the data are normalized by dividing the axial dis-
tance parameter by (1 + Mb/ Mj)0'875, using the calculated decay curve of the core
nozzle.

A slightly larger bypass nozzle with a core nozzle diameter of 5.18 centimeters
and an annulus width of 1.60 centimeters was also tested. This nozzle had radial sup-
port struts (for the core nozzle assembly) (see sketch in table III) located immediately
downstream of the screen location and was built and tested before the nozzle of fig-
ure 108. Axial Mach number decay data for this larger nozzle are shown in figures
110(a), (b), and (c) for nominal Mb/M' ratios of 0.46, 0.69, and 1.0, respectively.
For these ratios, Cn's of 1.35, 1.45, and 1. 53, respectively, were required to account
for the increased jet energy from the bypass flow.

In figure 111 the data of figure 110 are normalized by the same parameter as the
smaller bypass nozzle data (fig. 109). Except for the no~screen configuration (fig.
111(c)), the data are not correlated as well as for the smaller bypass nozzle data of
figure 109.

JET-INDUCED MACH NUMBER RATIOS BETWEEN

ELEMENTS OF MULTIELEMENT NOZZLES

For the data in figure 112 several small-diameter, four-hole, stream-static-
pressure tubes were mounted off the nozzle base parallel to the tubes and at various
distances upstream of the tube exits. Two static probes were laid flat on the nozzle
base (i.e., at 10.16 cm upstream of the tube exits). An induced Mach number MS was
calculated by using atmospheric pressure Py (for total pressure) and static pressure Py
(read on a water manometer board referenced to atmospheric pressure) in the following
isentropic relation:

o \r-1/y

0

M = 5/ — -1
pS

where the ratio of specific heats y is 1.4 and (y-1)/y=0.2857. The calculated induced
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Mach number Mg was ratioed to thenozzle-exit Mach number M;. The range of M,
was from 0.64 to 1.15. As shown in figure 112(a), with all nozzle tubes 10.16 centi-
meters long, the induced Mach number ratio ranged from nominally 7 percent at a point
1.27 centimeters upstream of the nozzle exit to nominally 2 percent on the nozzle base.
When the exposed tube length was reduced to 1.27 centimeters by using an adjustable
baffle (described previously in the discussion of figs. 59 and 61), the induced Mach
number ratio was increased to nominally 10 percent. As shown in figure 112 (), essen-
tially no difference in the ratio M s/ Mj (compared with fig. 112(a)) was noted when the
six outer-tube exit velocities were reduced to about 75 percent of the seven inner-tube
exit velocities. An increase of up to 0.025 in the ratio Ms/ M. was noted when the six
outer tubes were shortened to 3.81 centimeters (fig. 112(¢c)). It appears the expanding
jets from the six outer tubes increased the induced flow between the seven inner tubes.

Figure 113 presents the effect of exposed nozzle tube length on the Mach number
Ms induced at the base of the exposed tube. Two of the four-hole stream static pres-
sure tubes were attached flat on the surface of the adjustable baffle at radii of 1.75 and
4.92 centimeters. With the baffle flush with the tube exits (zero tube length), a Mach
number MS as high as 23 percent of the nozzle-exit Mach number was induced between
the tubes (1.75 cm radius). For the full-length tubes (10.16 cm), 2.5 percent of the
nozzle-exit Mach number was induced at both locations on the nozzle base.

As shown in figure 114, one outside surface of the center slot of the two three-slot
nozzles (figs. 74 and 75) was instrumented with surface static pressure taps. Depend-
ing on the spacing between the nozzles, the induced surface Mach number M s ranged
between 5 and 9.5 percent of the nozzle-exit Mach number. The closer nozzle spacing
consistently gave the higher ratio.

CONCLUDING REMARKS

Correlation equations were developed to predict the peak axial jet Mach number de-
cay of a multitude of single- and multielement (mixer) nozzles. Prediction of multitube
(nonorifice) nozzle jet decay data was very good over all three decay regimes (i.e.,
single element, coalescing core, and coalesced core). Prediction of multiorifice noz-
zle jet decay generally was not as good as for the multitube nozzles.

In using a mixer nozzle for reducing the jet-flap interaction noise from an ex~
ternally blown flap for STOL aircraft applications, we must consider not only the effect
of the reduction of the impinging velocity on the flap, but also the larger jet impinge-
ment area on the flap. This increased area is caused primarily by the larger overall
dimensions of the mixer-nozzle jet compared with a conventional circular-nozzle jet.
Thus, the full jet-flap interaction noise benefits resulting from the velocity decay
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associated with a mixer nozzle may be significantly reduced by the larger jet impinge-
ment area (determined from the width of the velocity profile curve where the velocity is
down to 80 percent of the peak jet impingement velocity). Also the mixer-nozzle jets
may create a new location of jet-flap interaction noise, such as a flap leading edge or
wing scrubbing because of the increased size and location of the mixer nozzle.

For a given Mach number decay requirement, the minimum number of elements for

a multielement nozzle appears to be obtained when the design value of X/ <CnDe ‘,1 +Mj)

for the nozzle is at the departure point of the coalescing core from the single-element
curve. This design criterion could be achieved by only a small number of elements for
a given nozzle application. And it should cause minimum internal flow losses and ex~
ternal drag increases. ‘

On the basis of the preceding brief remarks, there are obvious performance trade-
offs and compromises that can be exercised in the design of mixer nozzles for specific
applications. The empirical relations for predicting peak Mach number decay curves
for jets presented herein are a step in establishing rational design procedures for mixer
nozzles. Use of present technology for predicting internal nozzle-flow loses and aero-
dynamic penalties associated with the larger mixer-nozzle surfaces and cross-sectional
profiles can provide the additional necessary information to achieve optimum mixer-
nozzle configurations.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 27, 1976,
505-03.
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TABLE I. - NOZZLE DIMENSIONS AND CALCULATED VALUES FOR SINGLE-ELEMENT NOZZLES OR ORIFICES

}-——14. 53 cm —y

leg—————.30.48 cl————p{

15,41~ 20. 32-
— D D
cm e
diam T
De
Configurations 5 and 6 Configuration 8
(a) Circular elements
Configuration
2 2 3 4 by e 4 eg

Figure 7 7 7 7 7 7 18.108(a) 9
Original run 3 50 51 82 105 106 119 | ——mvem
Normalizing coefficient, C 0.91 0.77 0.91 0.80 0.85 0.85 0.82 0.91
Type Tube Orifice Orifice Orifice | Nozzle | Nozzle | Nozzle | Nozzle
Inlet 82° Countersunk | Sharp edge | Round edge | Sharp edge
Nozzle axial length,l, cm 10,16 0.318 0.318 0.635
Total nozzle area, An, cm2 4,38 4.75 4.75 5.08 45.60 | 45.60 10.10 45.60
Nozzle diameter, D, cm 2,36 2.46 2.46 2.54 7.62 7.62 3.58 7.62

21,27 cm of tube exposed to atmosphere.
b15° Half-angle convergent (0.318-cm lip).
€150 Half-angle convergent (0.079-cm lip).
44 4° Hat- angle convergent (sharp lip).

©Nozzle

1 (refs. 10 and 11).
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TABLE I. - Continued.

i
|
]

5 1.524 cm
h h U
< +-0.635 cm
- Internal
support w '<—
web
k.w.‘
Configuration 22 Configuration 24
Nozzles 5 to 9 of ref, 10
() Rectangular elements
Configuration
s | 10 [ 1 a2 1| 14 | fs | Bie |Pu7 |8 |19 | ¥ | lm myy | Tes %4 Pos 926 Taq 528 tag Usg
Figure 10 11 12 13{ 1l4a 14b 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Original run 40 41 42 43 44 52 80 70 87 89 74 101 104 109 98 99
Normalizing coeffi- 0.71| 0.63f 0.60( 0.60{ 0.67 { 0.8L| 0.70| 0.84 { 0.63) 0.67| 0.59 0.81 0.78 0,47 0.94 0.88 0.93 0.33 0.50 0,31 0,73 1,00
cient, Cn | |
Type Ori~ | Ori-| Ori~| Ori-| Ori-| Ori-| Ori~| Ori- | Ori-| Ori~| Ori~ | Conver- | Conver- | Conver~ |Conver- | Conver- | Conver-, Conver- |Conver- |Conver- |Conver-| Conver-
fice| fice| fice| fice| fice fice| fice| fice | ﬂce‘ fice| fice| gent gent gent gent gent gent gent gent gent | gent gent
1 ! | | nozzle | nozzle ' nozzle | nozzle | nozzle ! nozzle"‘ nozzle ' mnozzle | nozzle nozzle | nozzle
) ! ! ' ' }
Inlet | Sharp | Sharp [Sharp | Sharp [Sharp |Round | Sharp {Sharp Sharp Sharp Sharp“ \ \ \ « ' .
edge edge‘ edge edge] edge | edge| edge edge | edge“ edge edge} \ ] i | ) } ‘l
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Thickness of orifice
plate, t, cm

Total nozzzle area,
An, cm

Equivalent diameter,
De’ cm

Hydraulic diameter,
Dh' cm

Diameter ratio,
Dy/Ty,

Noncircular element
width, w, cm

Noncircular element
height, h, cm

Aspect ratio, AR = h/w
{except as noted)

t

0.318 0.318 0.318 0.318 0.318 10.318

38.70 77.50-58.00 38.70 19.35 19.35

7.03

6.100

1.152

5.080

7.62

1.50

9.94

7.620

1.302

5.080

15.24

3.00

8.60 7.03 4.96
6.100 4.350 2,340
1.410 ‘1.615 2.120
3.810/2.540|1.270
15.24 | 15.24 |15.24

4.00| 6.00(12.00

4.96
2.340
‘2.120
1.270
15,24

12,00

0.635 0.318 '0.635 0.635 0.318

11.61

3.84

3.150

1.220

2.286

5.08

2.22

11.61

3.84

2. 540

1.516

1.524

7.62

6.00

26.10 17.41 11.61
5.76 4.71
3.810 2.690 1.866
1.612 1.750 2.059
2.286 1.524 |1.020
11.43 [11.43

11.43

5.00] 7.50)11.25

3.84.

10.64

2.500

1.471

1.524

12.58

2.570

1.5658

1.524

8.25

5.42

22.20

5.32

3.900

1.365

2,280

10.30

V4.78

30.97

6.28

2,830

2.220

1.524

20.32

13.33

30,97

6.28

2.830

2,220

1.524

20,32

13.33

45. 60

7.62

6.750

1.130 §

6.750

6.75

1.00

45. 60

7.62

6.370

1.198

4.775

9.55

2.00

45. 60

7.62

5.030

1.515

3.020

15,10

5.00

45. 60

5.030

1.515

3.020

15.10

5.00

45. 60

7.62

4,700

1.620

2.740

16.55

6.00

195.00

15,75"

5.740

2.750

3.000

65.00

21.70

fSlngle slot of four-slot configuration 75.
Esingle slot of four-slot configuration 76.
hSingle slot of four-slot configuration 77.
1Single slot of four-slot configuration 78.
jSingle slot of four-slot configuration 79,

k

Single slot of six-slot configuration 90.

ZSlngle slot of six-slot configuration 89.

Mgore nozzle of bypass-nozzle configurations 114 to 117.
DSingle nozzle of three-slot configurations 72 to 74.
OConfiguration 23 with 15° end plates.
PReference 10; nozzle 5; wall divergence angle, 8, 0°.

9Reference 10; nozzle 7
TReference 10; nozzle 8;
SReference 10; nozzle 9
tReference 10; nozzle §;

"‘Reieregce 8.
VAR=h"/A.

wall divergence angle, 8, 30°.
wall divergence angle, 8, 5°,
wall divergence angle, 8, 30°.
wall divergence angle, 8, 0°,
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TABLE 1. - Continued.

(c) Triangular elements (sharp-edge orifices, 0.318 cm thick)

%i}f
T i

——]

{dy Trapezoidal elements (round inlet; constant flow area)

Configuration

31 32 33
Figure 31 32 33
Original rim 46 47 48
Normalizing coefficient, Cn | 0.71 0.65 0.67
Total nozzle area, An, cm2 | 19.35 | 38.70 19.35
Equivalent diameter, De’ cm 4,96 7.03 4,96
Hydraulic diameter, Dh’ cm 3.66 4,30 | 2.34
Diameter ratio, D /Dy ©1.360 | 1.635 | 2.120
Larger width of variable-width ! 5.08 | 5.08 2.54

element, wl, cm . i
|

Noncircular element height, h, cm . 7.62 | 15.24 &' 15,24

,

Configuration
W34 ¥35 Y36 237
Flat end Round end

Figure 34 35 36 37
Original run 54 56 58 22
Normalizing coefficient, Cn 0.77 0.83 0.81 0.71
Nozzle axial length, J, cm 7.62 7.62 7.62 5.08
Total nozzle area, A, cm? 8.00 | 7.67 | 3.80 | 11.40
Equivalent diameter, De’ cm 3.190 | 3.125 2.200 3.810
Hydraulic diameter, Dh, cm 2.350 | 2.690 | 1.736 3.050
Diameter ratio, De/Dh 1.36 1.16 1.27 1.25
Smaller width of variable-width 0.915 | 1.575 | 0.838 1,194

element, w g o
Larger width of variable~width T 2,130 3.30 | 1.575 2,510

element, W, cm
‘Noncircular element height, h, cm 5.23 3.15 3.15 6.22

W¥single nozzle of configuration 94.
xSil:lgle nozzle of configuration 95.
y Single nozzle of configuration 96.

zSingle nozzle of configurations 97 to 102,




e

€g

TABLE 1. - Concluded.

%
X
RO
(e) Y~shape (sharp-edge orifice, 0.318 cm thick) (f) Annuli
Configuration 38 Configuration

Figure 38 8239 bb40 CC41
Orig'inal run 45 Figure 39 40 41
Normalizing coefficient, C 0.93 Original run 90 111 120
Total orifice: , Normalizing coefficient, C, 0.32 0.82 0.85

.4

Throat nozzle area, A, cm 5 Type Orifice 0.476  Orifice 0.476  Conver-

Equivalent diameter, D_, cm 8.41 cm thick cm thick gent
Hydraulic diameter, Dy, cm 4.51 Inlet Sharp edge Round edge | --————
One leg: Total nozzle area, A, cm® 38.7 69.0 32.9
Noncircular element width, w, cm 2.54 Inner radius, R, cm 5. 588 5.715 3.962
Noncircular element height, h, cm 7.62 Outer radius, R, cm 6.604 7.379 5.118
Aspect ratio, AR = n2/ (An/3) 3.14 Annulus height, d, cm 1.106 1.664 1.156
Equivalent diameter, D_, cm 7.050 9.370 6.472
Hydraulic diameter, Dh' cm 2.03 3.33 2.31
Diameter ratio, D /D, 3.470 2.815 2.803

33ysed on configurations 108 to 113.

bb

Used on configurations 114 to 117.

®Cysed on configurations 118 to 120.
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TABLE 11 = NOZZEF DIMENSIONS AND CALCI LATED VALUVES FOR MULTIRLF MEL

CE - Circular areay. equal number of tubes per ring CU - Circular array; unequal number of tubes per ring

(a) Circular element:
Configuration
- - .
42 13 a4 15 46 a7 Qg by 50 s1 52 53 54

Figure 12 43 41 15 16 47 49 50 51 52 53 54 55
Oviginal run 14 13 1 16 59 49 96 65 85 84 83 18 92
Normulizing coefficiont, v.8a] o.78 0.78 083 o7 | oe3] 078 o.83| o077 | o70| e.63 0.89] 0.80
Value of axial distance parameter 9.45 | 12.08 16 04 20.14 | 15.44 | 15.44 | 16.04 16.37 | 14.85 | 14.47 | 14.07 8.86 [ 14.94

x/cnne 1 +M, atdeparture
polnt of voalescing core from

stngle-clement decay carve, ()

Analytical displacement parameter, Dx 2.25 2.34 1.99 1.86 2.01 2.01 1.99 2.23 2.74 2.74 2.74 3.13 2.69
Desigration! 0-6-0| 0-6-0 0-8-0 0-6-0 | 0-6-0| 0-8-D | 0-6~0 0-8-0| 0-6-6 | 0-6-6 | 0-6-6 0-6-6 | 0-6-6
Avay® CE cE CE CE CE CE CE CE CE CE CE CE CE
Type Tubes | Tubes Tubes Tubes [Crifices [Oriflces | Tubes Tubes [Orifices [Orifices [Qrifices Tubes | Tubes
et 82° Coun- | Sharp | 82° Coun- | 82° Coun-} Round | Sharp 39° | 82° Coun- | Sharp | Sharp | Sharp ) 82° Coun- 37°
tersunk | edge| tersunk | tersunk| edge| edge |Flared| torsunk | edge | edge | edge| ter sunk |Flared
Nozzle axial length, [, em 10.160 | 10.160 10.160 10.160] 0.318 } 0.318 [10.160 10.160 | 0.635 | 0.635] 0.635 10.160 | 10.160
Equivalent dlameter, Dy ¢, em 5.79| 5.79 5.79 5.79| 6.03| ¢.03| 5.66 3.99( 8.80( 8.80| 8.80 s.20! 8.20
Equivalent diameter! D, cm 2.36| 2.36 2.36 2.36{ 2.46] 2.46| 2.3 1a1] 254 254 2.5 2.36| 2.36
Equivalent dinmeter ratio, D, /D, 2.449 | 2.449 2.449 2.449| 2.449 | 2,449 2.449 2.828 | 3.464 | 3.464] 3.464 3.46¢ | 3.464
Centerline radius of first ring'o[ 3.18| 3.81 5.08 6.67| s5.08 5.08| s.08 4.06{ 5.08 s.08| s5.08 3.18| s5.08
tubes, "1' cm
Centerline radius of sccond ring of | ~=———--= B Bl IR I e B 7.78| 8.25| 8.89 6.35| 8.89
tubes, Ry, om
Overall nozale radius Ry, om 4.35) 4.99 6.27 7.84| 6.32| 6.32) 6.27 4.76] 9.04| 9.52| 10.16 7.53| 10.08

Actun] mdial and cfrewmferential
spacing between jets, em:

e 0.813 1.450 2.720 4.300} 2.620 1.698 2,540 2.540 2.540 0.813} 2.720
e | -— ——— | o159 | o.635) 1.270 0.813 | 1.450
8y e e Pl Ramatall IEESE e e | 524 sm) 638 3.99) .53
Spacing ratios-
0/s, o | | - — [ e | | e e e | e | S -
vols, e b mmmmme b | e feee | e 10,0304 ] 0.1110 § 0.2000|  ©.2040 10,2220
N e e { e e e | — | e | — -
o/dy e f o | e R e R 0.063 | 0.250 | 0.500 0.345) 0.615
/4, 0.3451 0.613 1.152 1.825{ 1.06¢ 1.000 | 1.000 | 1.000 0.345| 1.152
s,/d, Bl el B B ceeeee | o | | | 2.0 2.25) 2.50 1.69{ 2.7

A5wirl inducers in tubes and deducted [rom fow avea.
1¢ for configurations 103, 104, and 108 to 111.
aces hetween orifices pumped subatmospheric,

g grosed tube lengtt 1 27 om

“Exposcd tuhe fengths, 0, 5,08, and 10 16 em.

Fieeposud tube lengtns, 1 27 and 19.16 em

¥5c reens in $ix outer tubes
! 81 cm long. seven innor whes 10,16 cm long.

"Six outer tubes
fube lengths. em  center, 1.27, six inner, 6.35, six outer, 10.16.

Devoles nutabey of clements in conter, frst, and second vings  respectively .
¢ shetches

=ty - by dpe

34




)ZZLES WITH COPLANAR EXITS (UNLESS OTHERWISE SPECIFIED)

-onstant flow area)

56

0.83
14.38

2.68
0-6-8
CE
Tubes
:2° Coun-
ter aunk
10.160
8.20
2.36
3.484
6.08

10.18

11.35

24
0.83
12.25

3.22
0-6-12
cu
Tubes
82° Coun-
ter sunk
10.160
10.08
2.36
4.243
5.08

10.16

11.85

g7

81
0.53
8.13

10.16

11.43

2.5600

1.0000
1.000
0.39

S - Staggered array

dss

59

0.83
9.05

2.30
1-6-0
CE
Tubes

82° Coun-
ter sunk

10.160
8.25
2.36

2,646
3.81

10
0.91
12.08

2.12
1-8-0
CE

82° Cour—
ter sunk

10,160
8.25
2.38

2.646
5,08

0.83
15.16

1.98
1-6-0

CE

‘Tubes

82° Coun-
ter sunk
10.160
5.25

2.36
2.648
6.67

4.320

4.320

3.26
1-6-6

CE

Tubes

82° Coun-
ter sunk
10.160
6.53

2.36
3,606
3.18

0.813
0.813
0.613

3.93

1.00
0.2040
0,345
0.345
0,346
1.69

Swirl inducer
0.079 cm thick

Configuration

62 63
64 a5
7 9
0.91 0.83
9.05 12.06
3.06 2.78
-6-6 1-6-6
CE CE
Tubes Tubes
Sharp | 82° Coun-
edge tor sunk
10.160 10.160
B.53 8.53
2.36 2.36
3.606 3.606
3.81 5.08
7.62 10.16
8.81 11.35
1.450 2.720
1.450 2.720
1.450 2.720
5.26 7.80
1.00 1.00
0.2760 0.3480
0,613 1.152
0.613 1.152
o.613 |, 1152
2.23 3.31

) O
) O
@@

R - Rectangular armay

M
Ay

ginlet
~Exit

Approximately 110° twist

1n 10.16-cm length

Configuration 48

foe

66

0.81
9.05

3.08
1-6-6
8
Tubes

82° Coun-
ter aunk

10.160
8.53
2.36

3.606
3.81

6.67

7.85

1.450
1.450
4 320
4,32

1.00
1.0000
0.613
1.830
0.613
1.83

0.91
9.05

67 68 68
69 70 n
15 62 6
0.91 0.83 0.83
9.05 12,06 9 v
3.06 3.29 2,94
1-6~6 1-8-12 4x3
s cu R
Tubes Tubes | Tubes
82° Coun- | 82° Coun- | Sharp
ter sunk | ter sunk |  edge
[¢4] 10.160 | 10.160
8.53 10.30] 816
2.36 2.36 2,36
3,608 4.359 3.464
3.81 5.08 | ——====

6 67 10.16

7 85 11 35 -=====
1 450 2.720 1 450
1.450 2.720 1.450
4 320 2,720 | —---—
432 2.90 | ~-———-
1.00 1.00 1,00
1.0000 0,937 | ~wmm—m
0.613 1.152 0,613
1.830 1.152 | ——em=~
0. 613 1.1682 0.613
1.23 | ===

1.83
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Pl
Syt W hs T 8 ! { ".
1 b 1 | |
1 ] ¥ : i
A [ _JI
>0 100”7 ,‘
4 Three or four slots
\ \ I 0 §s.,
I N TR
RN ~Flowll !
Configurations 70 and 71
(b} Rectangula:
Configuration
70 70 ™70 %71 P71 %11 72 73 P74 %5
Figure 72 72 72 73 73 73 74 75 76 77
Original run 25 25 25 31 31 31 95 kg 102 7°
Normalizing coefficient, Cn 0.53 | =~ | —m————- 0.60 | ———— — | === 0.91 0.91 0.91 0.66
ok + 8ing) YL Y [ Ep— Y ) [P — 4.78 5.97 5.97 13.26
piEa—
0.8 + 10°
R
Analytical displacement parameter, D 1.50 | e=eem—— ——————— 1.60 | —————— | e 1.72 1.71 1.71 1.85
Type Three-slot | Three-slot { Three-slot { Three-slot | Three-slot | Three-slot | Three-slot | Three-slot | Three-slot [ Four-slot
- - - conver- conver- conver- orifice
area area area area area area gent gent gent
nozzle nozzle nozzle nozzle nozzle nozzle nozzie nozzle nozzle
Nozzle axial length,, cm 3.81 3.81 3.81 3.8 3.81 3.81 10.16 10.16 10.16 0.635
Total nozzle area, An’ cm2 95.9] ————mmeem | —meme——— 88.5 | —mmmmmmem | e 93.0 93.0 93.0 46.4
Area of single nozzle element, A, cm? ©C26.8 ©C4).3 CC27.8 ©C35.2 ©C38,1 ©C25.2 31.0 31.0 31.0 11.6
Equivalent diameter, De p om 11.07 | === | == — 10,60 | ww—mm—ee |~ 10.88 10.88 10.88 7.70
Equivalent diameter, De: cm 5.85 7.25 5.94 5.66 6.96 5.66 6.27 6.27 6.27 3.85
Hydraulic diameter, Dh’ cm 4.43 4.80 4.59 4.22 4.48 4.22 2.83 2.83 2.83 3.15
Equivalent diameter ratio, De, T/De 1.890 1.520 1.865 1.870 1.520 1.870 1.732 1.732 1.732 2.000
Diameter ratio, De/qx 1.320 1.515 1.295 1.340 1.555 1.340 2.220 2.220 2.220 1.222
Noncircular element width, w, cm 2.540 2. 540 2.540 2.540 2.540 2.540 1.520 1,520 1.520 2.290
Noncircular element height, h, cm 10.64 15.72 10.64 10. 50 15.56 10.50 20.32 20.32 20.32 5.08
Aspect ratio AR = h/w (unless noted) ad; oz ddg g7 ady o8 dd; 36 g 36 dd; 36 13.33 13.33 13.33 2.22
Actual spacing between jets, cm:
Circumferential, 8 5.080 5.080 5.080 5.080 5.080 6.080 4.320 6.350 6,360 4.570
Radial, Ty 1] 0 [ [} [ Q 0 0 0 0
Spacing ratio, Sl/w 2.00 2.00 2.00 2.00 2.00 2.00 2.83 4.17 4.17 2.00
Wall divergence angle, g, deg 0 0 0 0 o o [} 0‘ 0 0
Single-element configuration 23 23 23 15

Boutside slot at 0° to nozzle axis.
Menter slot at 0° to nozzie axis.
®0utside slot at 10° to nozzle axis.

PConfiguration 73 with hemispherical afterbody flush with nozzle exits.

ASharp-edge inlets.

TReference 11, nozzle 2.1
%Reference 11, nozzle 2.2
tReference 11, nozzle 2.3
UReference 11, nozzle 2.4
VReference 11, nozzle 2. 5.
WReference 11, nozzle 2.6.
xReference 11, nozzle 2.7
Y Reference 11, nozzle 2.8
ZReference 11, nozzle 2.9

330onfiguration 73 with 3.81-cm centerbody in each nozzle.
'Configuration 73 with 6.35-cm centerbody in each nozzle.

CC€A reas measured with planimeter,._
94 R=1%/A,,




zments.

¢
78
69
0.54

1.95

osur-slot
orifice

0.318
46.4
11.6
7.70
3.85
2.54

2.000

1.516

1.520
7.62
5.00

79
86
0.34

8.87

1.85

Four-slot
orifice

0.636
104.4
26.1
11.62
5.76
3.81
2.000
1.512
2.290
11.43
5.00

Y18

80
88
0.56

6.81

1.97

Four-slot
orifice

0.635
69.6
17.4
9.42
4.71
2.69

2.000

1.762

1.520

11.43
7.50

0.40

4.81

1.98

Four-slot
oriftce

0.318
46.4
11.6
7.70
3.85

1.865

2,000

2.065

1.020

11.43

11.25

Reference 11 nozzles

\\
~,
\
SV /
N

>

.
\-Nozzle

Top view

-

exit~"

1 -

— w

i

Centerbodies

70

'4— 4.19 cm

Side view

Six slots (fig. 3(1))

Configuration .

T30 581 t32 ug3 V84 Y85 g6 Va1 Zgg aagg bbgg
83 83 84 84 | 82,83,84 84 83 82 82 85 86
103 100
0.58 0.58 0.55 0.55 0.50 0.45 0.53 0.45 0.63 0.75 0.75
8.81 8.74 4.31 5.86 8.26 10.28 7.05 10.93 5.08 10.61 10.67
1.95 1.95 1.?9 1.97 1.95 1.93 1.95 1.89 1.98 2.32 2.29

Four-slot | Four-slot { Four-slot | Four-slot | Four-slat | Four-slot | Four-slot | Four-slot | Four-slot | Six~slot Six-slot
conver- conver- conver- conver- conver- conver- conver- conver- conver- conver- conver-

gent gent gent gent gent gent gent gent gent gent gent

nozzle nozzle nozzle nozzle nozzle nozzle nozzle nozzle nozzle nozzle nozzle
30.48 30.48 30.48 30.48 30.48 30.48 30.48 30,48 30.48 10.16 10.16
45.6 45.6 45.6 45.6 45.6 45.6 45.6 45.6 45.6 75.5 63.5
11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 12.59 10,59
7.62 7.62 7.82 7.62 7.62 7.62 7.62 7.62 'l.GIZ 9.80 9.00
3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 4.00 3.67
2.51 2.51 2.51 2.5 2,61 2.51 2,51 2.92 1.94 2.58 2.50
2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.450 2.450
1.518 1.518 1.518 1.518 1.518 1.518 1.518 1.303 1.962 1,558 1.470
1.510 1.510 1.510 1.510 1.510 1.510 1,510 1.950 1.068 1.520 1.520
7.556 7.55 7.55 7.55 7.55 7.55 7.56 5.84 10.68 8.26 6.99
5 5 5 5 5 5 § 3 10 5.42 4.58
3.020 3.020 0.756 1.510 3.020 4.540 3.020 3.890 2.135 6.350 6.350
[} [ 0 0 ) 0 (1] 0 0 3.81 6.35
2.00 2.00 0.50 1.00 2.00 3.00 2.00 2.00 2.00 4.17 4.17
[} 5 15 15 15 15 30 i5 15 0 o
21 20
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TABLE H. - Continued.

Ry e

8

(c) Triangular elements (convergent nozzles)

Configuration
eegy | fHgp | 88gy
Figure 87 88 89
Original run

Normalizing coefficient, C,

Value of axial distance parameter
X / C,D, V 1 +M, at departure point
of coalescing core from single-
element decay curve, Z

Analytical displacement parameter, Dx

Number of elements

Nozzle axial length, 7, cm

Total nozzle area, An’ cm2

Area of single nozzle element, A e cm2

Equivalent diameter, D e v O
Equivalent diameter, De’ cm
Hydraulic diameter, Dh’ cm
Equivalent diameter ratio, D e, T/ D,
Diameter ratio, De/ D,

Larger width of variable-width
element, w;, cm

Noncircular element height, h, cm

Actual circumferential spacing between
adjacent jets, s,, ¢m

Spacing ratio, sl/wl

0.73 0.75 0.90
23.37 | 23.22 18.08

1.355 | 1.933 3.422

30.48 | 30.48 | 30.48
45.6 | 45.6 45.6
22.8 11.4 ‘3.8
7.62 | 7.62 7.62
5.40 { 3.81 2.20
4,090 | 2.310 | 0.845
1.414 | 2.000 | 3.464
1.32 | 1.65 2.60
5.270 | 2.660 | 0.892

8.51 8.51 8.61
16.20 | 10.00 3.54

3.08 3.76 3.98

€eReference 10, nozzle 10.
fReference 10, nozzle 11.
Z€Reference 10, nozzle 12.

S




TABLE II. - Concluded.

,7
Round end
(d) Trapezoidal elements (round inlet; constant flow area)
Flat end Round end
Configuration
94 95 | 96 | o7 98 99 | Pygo [ oo [ daon { Moy | Hioz | Moz
Figure 90 91 92 94 95 96 97(a) 97(b) 98(a) 98 (b) 100(a) 100(b)
Original run 53 55 57 21 20 19 33 34 26 27 93 94
Normalizing coefficient, C, 0.77| 0.83| 0.81] 0.87 | 0.67{ 0.67 0.67 0.67 0.63 0.63 0.63, 0.63
0.67

Value of axial distance parameter 13.76| 10.27 | s.02 | 23.43]17.07 [10.20 |Z10.20 | Z10.20 | Z10.20 | Z10.20 | ¥10.20 | Z10.20

X / CnDe ‘/1_+§ at departure

point of coalescing core from

single~element decay curve, Z@
Analytical displacement parameter, D | 2.27| 2.27 [ 3.28| 1.29 | 1.79| 2.65| Yz.65| H2.65| Ua.g5]| Uz.65| U2.48| %y 4
Number of lobes 6 6 12 2 4 8 8 8 8 8 7 7
Nozzle axial length, ], cm 10.16| 10.16 [10.16] 5.08 | 5.08 | 5.08 5.08 5.08 5.08 5.08 5.08 5.08
Canted nozzle lobe angle, deg 0 0 0 0 0 0{4at0% [ 4at0® { 4at0° [4ato® {4ato® [4at0®

4at5° | 4at5° | 4at10° | 4at10° |3 at 10° | 3 at 20°

Total nozzle area, A, cm? 48.0| 46.5| 44.7| 22.8 | 45.6| 91.2 91.2 91.2 91.2 91.2 79.8 79.8
Area of single nozzle element, A, em?| s.00| 7.751 3.74] 11.4 11.44 11.4 11.4 11.4 11.4 11.4 11.4 11.4
Equivalent diameter, D, , cm 7.825{ 7.700 (7,550 | 5.38 | 7.62 {10.78| 10.78( 10.78| 10.78| 10.78 10.04| 10.04
Average equivalent diameter, De' cm 3.20| 3.15| 2.18] 3.81 3.81| 3.81 3.81 3.81 3.81 3.81 3.81 3.81
Hydradlic diameter, Dy, cm 2.34| 2.72| 1.73] 3.05 | 3.05] 3.05 3.05 3.05 3.05 3.05 3.05 3.05
Equivalent diameter ratio, Dy /D, 2.453] 2.452 (3.463] 1.414 [2.000 |2.828| 2.828| 2.828| 2.828| 2.828 2.646 | 2.646
Diameter ratio, D /Dy 1.355| 1.159 [1.270| 1.250 {1.250 {1.250( 1.250| 1.250| 1.250| 1.250 1.250 [ 1.250
Inner radius, R, cm 3.12) 3.00 | 3.07| 2.59 | 2.59| 2.50 2.59 2.59 2.59 2.59 2.59 2,59
Overall nozzle radius, R, cm 8.40{ 6.22| 6.32] s.77 | 8.77| 8.77 8.77 8.77 8.77 8.77 8.77 8.77
Smaller width of variable-width 0.897| 1.612 |0.808 | 1.194 [1.194 [1.194| 1.184| 1.194| 1.194( 1.194 1.194) 1.194

element, Wg, Cm
Larger width of variable-width 2.160| 3.300 |1.558 | 2.510 |2.510 [2.510| 2.510f 2.510{ 2.510| 2.510 2.510{ 2.510

clement, wl, cm
Noncircular element height, h, ecm 5.23| 3.15| 3.15| 6.22 | 6.22 | 6.22 6.22 6.22 6.22 6.22 6.22 6.22
Actual circumferential spacing between | 6.580( 3.350 [1.778{ 15.15 | 9.01 | 3.43 3.43 3.43 3.43 3.43 3,43 3.43

adjacent jets, 8;, em
Width ratio, ws/wi 0.417| 0.489 |0.519| 0.476 |0.476 | 0.476] 0.476| 0.476| 0.476] 0.476 0.476| ©.476
Spacing ratio, s,/w, 3.060| 1.014 {1.140| 6.050 [3.590 1.368] 1.368| 1.368| 1.368| 1.368 1.368 | 1.368
Single-element configuration 34 35 36 37 37 37 37 37 37 37 37 37

hhSUrveyed across 5°-5° lobes.
urveyed across 0°-~0° lobes.
Surveyed across 10°-10° lobes.

urveyed across plugged 10°-10° 1obes.

U Estimated.
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TABLE Ill. - NOZZLE DIMENSIONS AND CALCULATED VALUES FOR MULTIELEMENT”

Mboo wes

Configurations 103, 104, and 105 Configurations 106 and 107
Configuration
103 204 | 105 106 207 | Pros 109 b.dyyg e
Figure 01| 101 102 1038 103b]  104a| 1040 104¢ 1044
Original run 64 63 66 7 7% 68 7 7 72
Normalizing coefficient, C, o.83| o0.83} 0.0 0.86 0.6 0.83) 0.83 0.83 0.83
Value of axial distance parameter 1maz| lhseo| 1144 10.88 [ 12.17 Is.0 Js.0 hs.s hi6.0
/ 3T+ ¥y at departure pont of coalescing

core fromh single element decay curve, 7@
Axdal displacement parameter, D a.25| lam 2,67 2.83 2,32 Ja.es] Ja.ao Ja_50 is.10
Number of elements:

Core (primary) 8 8 8 3 3 s 8 8 )

Bypass (secondary) 8 8 8 ] 8 1 1 1 1
Type of element:

Core (primary) Krupe | KTube|lOritice| KTube| Xrube| Yrube| XrTube Ergbe krube

Bypass (secondary) Boifice | MOrifice | LOvifice | DOrifice | MOrifice | LAmulus | {Annulus | §rPannulus | {1 B Annulus

Area of all elements, cm’:

Core 12.50| 12.50| 15.80 13.10| 13.10] 12.50| 12.50 12.50 12.50

Bypass 40.50 | 40,50 40.50{ 40,50 | 40.50| 38.90| 38.90 38.90 38.90

Total 53.00| 53.00| 56.30| 53.60| 5360 5140 51.40 51.40 51.40
Area of single element, em>:

Core 1.56 1.56 1.8 4.38 4.38 1.56 1.56 1.56 1.56

Bypass 5.06 5.06 5.06 5.06 5.06 38.9 38.9 38.9 38.9
Equivalent dismeter (all clements), D, om:

Core 3.99 3.98] 4.49 4.09 4.09 3.99) 3.99 3.99 3.99

Bypass 7.19 7.19]  7.19 7.19 7.18 7.05 7.05 7.05 7.05

Total 8.22 8.22 8.47 8.26 8.26 8.09 8.09 8.09 8.09
Equivalent diameter (single element), D, cm:

Core 141 1.41 1.59 2.36 2.36 1.41 141 1.41 1.41

Bypass 2.54 2.54] 2.54 2.54 2.5¢ 7.05 7.05 7.05 7.05
Centerline vadius of first ring of tubes, Ry, em 4.06 4.06] 4.06 2.54 2.5¢ 4.06| . 4.06 4.06 4.06
Centerline radius of second ring of tubes, Ry, cm 6.67 6.67 6.67 6.67 6.67 5.59 5.59 5.59 5.59
Overall nozzle radius, R, cm 7.94 7.94 7.8¢ 7.94 7.94 6.60 6.60 6.60 6.60
Nozzle axial length, I, cm 10.16| 10,16  -=— 10.16| 10.16| 10.16| 10.16 10.16 10.16
Actual circumferential spacing between adjacent Jets, cm:

s 1.698| 1.698) 1.520| 2,040 2.040| 1.698 1.698 1.698 1.698

sy 2.55 2.55|  2.55 2.55 2.55 e -
Cireular element diameter, om:

4 1.41 141 1.59 2.36 2.36 1.41 1.41 1.41 1.41

d, 2,54 2.54| 2.54 2.54 2.54 1.02 1.02 1.02 1.02
Actunl radial spacing between adjacent Jets, 1, cm 0.628| o0.628] 0.539 1.678f 1.678| 0.818| 0.818 0.818 0.818
Spacing ratios.

5,/d; 1.203) 1.203| ©0.955| 0.865| 0.865| 1.203]  1.203 1.203 1.208

5y/dy 1.01 1.01 1.0 1.01 1.01] e meem ——t e

Tl 0.445| o.aa5{ 0.339| a7u| o} o.ss0f .5 0.58¢ 0.580
Notminal ratio of bypass (secondary) How exit Mach number 1.00 0.70 1.00 1.00 0.70 1.00] 1.00 0.70 0.70

to core (primary) flow exit Mach namber, My/M;

85creens In orifices.
bNo centerbady.
CConfiguration 108 with centerbody.
Screen in annulus.
©Configuration 110 with centerbody.
310t nozzle: AR =4.76.
ﬁNo sereen in annulus. 10.28 em
‘Based on core nozzle.
{average values.
$Estimated.
2° Countersurk inlet.
{Sharp-edge inlet.
™ Round-edge inlet.
Ascreened.

Configurations 114 to 117
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BYPASS NOZZLES WITH NONCOPLANAR EXITS (UNLESS OTHERWISE SPECIFIED)

Configurations 108, 109, 110, and 111

1052

5
0.91
Jo.4

h.1s

KTube

L Annutus

13.10
38.90
52,00

4.38
38.9

4,09
7.05
8.15

2.36
7.05

2.54
5.59
6.60
10.16

2.38
1.02

1.866

0.865

0.791
1.00

%413

105b

T8
0.91
hz.8

h.33

KTube

L Banules

13.10
38,80
52.00

4.38
38.9

4.09
.05
B.15

2.36
7.05

2.54
5.59
6.60
10.16

2.38
1.02
1.866

0.865
0,781
0.70

Configurations 112 and 113

Orifices or . |
annulus —, -30 em
> L
e — TN ] r3ors

tubes

Ia Center-
7 bods

Configurations 103 to 113 (except 105) {center-
body used on configurations 109 and 111 only)

{configurations
118, 119, and 120)~/

Configuration
dfiye dlys d.fy6 Ly 41 e 120 42y Lt 123
1062 108 1060 106d 108 108¢ 108d 1108 1106 110
1072 1075 107¢ 107d 1098 1086 108¢ 1118 11b 11c
107 110 2 ur 118 116 114 113 115
0.88 bo, 96 by.08 by.27 b33 By.50 B35 by a5 .83
1 1 1 L 1 1 1 1 1 1
1 1 N 1 1 1 1 1 1 1
c c c c c c c ¢ c ¢
alot alot slot alot conteal conteal conical conteal contesl|  conleal
nozzle nozzlo nozzle nozale nozzle nozzle nozzle nozzle nozzle nozzle
Annulus | ™ PAnnulus { ™ PAnnalus | @ PAnnalus | C e [ e "o <
annulus annulus annulus annulus annulus|  amnalus
22,20 22,20 22.20 22,20 10.10 10.10 10.10 21,0 21.08 21.05
69.00 69.00 69.00 69.00 32,90 32.90 32.90 65.50 65.50 65.50
91.20 91.20 s1.20 1.20 143.00 43,00 13.00 86.55, 86.55 86.55
22.20 22.20 22,20 22.20 10.10 10.10 10.10 21.05) 21.08) 21.08
9.0 9.0 9.0 9.0 32.9 32.9 az.9 65.5 65.5 65.5
5.32 5.32 5.32 5.32 3.58 3.58 3.5 5.18 5.18 5.18
9.37 .37 5.37 8.37 6.47 .47 6.47 9.11] s.11 s.11
10.8 10.8 10.8 10.8 7.40 7.40 7.40 10.50 10.50 10.50
5.32 5.32 5.32 5.32 3.58 3.58 3.5 5.18 5.18 5.18
9.37 XY 9.3 0.37 6.47 647 6.47 211 8.11 s.11
5.72 5.72 5.72 5.2 3.98 3.96 3.98 5.72 5.72, 5.72
7.38 7.38 7.38 7.38 512 5.12 5.12 .32, 7.2 7.32
13,88 13.98 13.98 13.98 9.68 9.68 .68 13.98 13.98 13.9
——eme ——— —— —— 3.58 3.58 3.58 5.18 5.18 5.18
1.66) 1.66 1.68 1.66 1.15) 115 1.1§ 1.60 1.80 1.60
e — —_ [— 2.16 2.16 2.16 3.13 3.19) 3.13
— —_ 0. 60| 0. 604 0.605
0.62 0.67 0.78 0.98 0.73 0.4¢] 1.00

Configurations 118 to 123
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TABLE IV. ~ PEAK AXJAL JET MACH NUMBER DECAY DATA FOR
SINGLE-ELEMENT NOZZLES AND ORIFICES

(a) Configuration 1; nozzle-exit jet Mach
number, Mj’ 0.825

Axial distance, Downstream peak Mach number,
X, M
cm
12.70 0.81
25.40 .60
38.10 .40
50.80 .28
93. 98 .131
132,08 .075
Ratio of M. to ideal, 1.0
M/, 5
Ratio of nozzle mass flow rate l ——— 7]
to ideal, Wn/wn, id

(b) Coxifiguration 2

Axial distance, Nozzle-exit jet Mach number, Mj
X, ]
cm 0.802 0.985

Downstream peak Mach number, M

12.70 0.756 0.938
25.40 .51 . 698
38.10 .34 .47
50.80 .25 .34
129.54 082 | —eee-
152.40 .069 . 089
Ratio of Mj to ideal, 0.999 0.995

M/M; 54

Ratio of nozzle mass flow rate | = -—— | = —=——

to ideal, Wn/wn, id




TABLE 1V. - Continued.

(c) Configuration 3

Axial distance,

Nozzle-exit jet Mach number, M].

X,
em 0.80 0.99
Downstream peak Mach number, M
12.70 0.780 0. 967
25.40 . 580 .765
38.10 .395 . 52
50.80 .300 .37
152.40 .079 .102
Ratio of M. to ideal, 1.003 1.001

Mj/Mj,id

Ratio of nozzle mass flow rate
to ideal, Wn/wny1 d

(d) Configuration 4

Axial distance,

Nozzle-exit jet Mach number, M

j

X,
em 0.952 1.156
Downstream peak Mach number, M
12.70 0.93 1.1056
25.40 .675 .87
38.10 .45 .58
46.99 .35 .47
101.60 | @ ————= .191
139.70 .104 . 132
Ratio of M] to ideal, 0.988 0,994
My/M; 1
Ratio of nozzle mass flow rate 0.469 | ==

to ideal, Wn/Wn, id
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TABLE IV. - Continued.

(e) Configuration 5

Axial distance,

Nozzle-~exit jet Mach number, M.

)

X,
29,780 | 0.985 ] 21,042 | ®1.195 | 21.35
cm
Downstream peak Mach number, M
7.62 0.780 0.985 1.049 1.190 1.343
15.24 .780 . 981 1.043 1.185 1.318
22.86 .780 .975 1.040 1.188 1.300
30.48 775 . 980 1.041 1.181 1.290
38.10 .765 .970 1.035 1.188 1.280
45.72 .735 . 945 1.015 1.170 1.285
53.34 . 685 .895 L970 1.14 1.30
60. 96 . 640 .835 . 915 1.095 1.270
68. 58 . 580 .70 .835 1.025 1.215
76.20 . 540 .710 770 945 1.150
83.82 .490 . 655 .715 .880 1.070
91.94 .455 . 605 . 665 .815 1.010
99. 06 .425 . 560 . 610 .755 . 920
106. 68 .395 . 525 . 575 .705 .855
Ratio of Mj to ideal, 0,991 0.995 0.989 0,992 0.996
My/M; 1
Ratio of nozzle mass flow rate -
to ideal, Wn/wn, id
(f) Configuration 6
Axial distance, Nozzle-exit jet Mach number, j
X,
om 39.785 | 0.985 | #1.045 | 21,195 | 21.35
Downstream peak Mach number, M
7.62 0.785 0.982 1.048 1.190 1.342
15.24 .780 . 980 1.040 1.182 1.320
22.86 .782 . 990 1.042 1.190 1.302
30.48 .780 977 1.040 1.175 1.290
38.10 .760 973 1.037 1.185 1.280
45.72 .740 . 950 1.015 1.170 1.290
53.34 .700 . 900 .975 1.15 1.31
60. 96 . 640 .840 . 915 1.100 1.275
68, 58 . 595 .780 .845 1.035 1.230
76.20 . 550 720 .780 .970 1.130
83.82 . 500 . 660 .720 .895 1.090
91.94 .470 . 610 . 665 .825 1.010
99,06 .425 . 575 . 615 .760 . 935
106. 68 . 400 . 525 .575 .710 .875
114,30 .375 .490 .530 . 660 .760
Ratio of M, to ideal, 1.000 0.998 0.995 0.995 0.999
J/ j,id
Ratio of nozzle mass flow rate 1.025 1.010 1.012 1,001 1.033

to ideal, Wn/W

n, id

2Not plotted in fig. 7.



TABLE 1V. - Continued.

(g) Configuration 7

Axial distance, Nozzle-exit jet Mach number, Mj
X,
em 0.465 0.638 | 0.805 | 0.991 1.158
Downstream peak Mach number, M
12.70 0.45 0.628 0.796 | 0.986 1.149
25.40 .375 . 540 .700 . 900 1.085
38.10 .270 .400 . 525 . 690 .874
50.80 .215 .315 .415 . 540 . 680
63. 50 .170 .250 .330 .435 . 540
76.20 .150 .220 .280 . 350 .450
101.60 .105 .155 .210 .275 .335
Ratio of Mj to ideal, 1.020 1.002 1.001 0.997 0.996
M./M
y™,1a
Ratio of nozzle mass flow rate
to ideal, Wn/Wn, id

(h) Configuration 9

Axial distance, Nozzle-exit jet Mach number, Mj
X,
em 0.26 0,458 0.635 0.805 0. 990 1.160
Downstream peak Mach number, M
12.70 0.260 0.455 0.630 0.800 0.990 1.148
25.40 .260 .450 .628 .800 . 990 1.147
38.10 .200 .380 . 540 .710 . 910 1.095
50.80 .150 .310 . 440 .575 .755 . 925
137.16 . 067 .126 .180 .238 .314 .393
205.74 . 047 . 084 .117 .153 .203 .254
271.78 . 040 . 063 .092 .118 .161 .186
Ratio of Mj to ideal, 0.959 1.004 0.. 998 1.002 0.997 0.998
M,/M
Y™y, 14
Ratio of nozzle mass flow rate 0.657 0. 646 0.657 0.696 0.746 0.793
to ideal, W /W_ ..




TABLE IV. - Continued.

(i) Configuration 10

Axial distance, Nozzle-exit jet Mach number, Mj
X,
em 0.265 0.460 0.630 0.802 0.990 1.160
Downstream peak Mach number, M
12.70 0.265 0.450 { 0.630 0.800 | 0.988 1.142
25.40 .250 .420 . 600 772 . 970 1.125
38.10 .220 . 365 . 530 . 690 .890 1.040
50.80 .175 .320 .460 . 600 .780 . 935
137.16 .094 .168 .244 .319 .417 . 530
218.44 .060 .103 .149 .197 .256 .328
304.80 . 042 071 .102 .135 .178 .230
Ratio of M, to ideal, 0.978 1.009 | 0.991 0.999 | 0.997 0.998
Mj/Mj’ id
Ratio of nozzle mass flow rate | 0.798 0.740 0.736 0.765 6.814 0.854
to ideal, Wn/wn id

(j) Configuration 11

Axial distance, Nozzle-exit jet Mach number, Mj
X,
cm 0.265 0.450 0.633 0.803 0.989 1.150
Downstream peak Mach number, M
12,70 0.265 0.450 0. 62 0.795 0,983 1.147
25.40 .223 - .370 . 535 .705 .912 1.078
38.10 .175 .330 . 450 . 590 770 . 940
50.80 .150 .275 . 380 . 500 . 650 .805
‘142,24 .076 .135 .195 .258 .335 .425
215.90 .053 . 088 .127 .168 . 222 .279
304.80 .034 . 061 . 087 .116 .150 .190
Ratio of Mj to ideal, 0.978 0.987 0.995 1.000 | 0.996 | 0.990
My M1
Ratio of nozzle mass flow rate 0.922 0.764 0.727 0.760 0,802 0.841
to ideal, W/W, .4




Axial distance,
X,
em

12.70
25.40
38.10
50.80
144,78
210.82
'264.16

Ratio of M. to ideal,
My/M; g
Ratio of nozzle mass flow rate

to ideal, wn/wn, id

Axial distance,
X,
cm

12.70
25.40
38.10
50.80
114.30
154.94
228.60

Ratio of Mj to ideal,
My/Mj, 1a

to ideal, wn/’vvn

,id

Ratfo of nozzle mass flow rate

TABLE 1IV. - Continued.

(k) Configuration 12

0.250
.190
.150
.140
. 064
. 041
. 030

| 0.646

Nozzle-exit jet Mach number, Mj

0.265 | 0.455 I ¢.638 I 0.802 | 0.990 | 1.158
Downstream peak Mach number, M
0.420 | 0.580 | 0.760 | 0.970 | 1.100
.320 .470 . 600 .790 .895
.275 .375 .495 . 645 .720
.240 .335 .430 . 550 . 630
.109 .159 .208 .275 .341
.074 .109 .143 .185 .236
.058 .084 .115 .147 .186

0.981 | 1.000 | 1.003 | 1.000 | 0.998 | 0.997
0.662 | 0.690 | 0.735 | 0.786 | 0.830

(1) Configuration 13

0.

1.

Nozzle-exit jet Mach number, Mi

0.455 I 0.635 l 0.805 l 0.994 I 1.155

Downstream peak Mach number, M

330 0.470 0.610 0.800 0.861

.225 .320 .420 . 535 . 635
.190 .270 .340 .435 . 550
.170 .250 .300 .380 .485
. 099 .144 . 187 .241 .298
.070 .103 .140 .180 .222

. 040 .065 . 089 .118 .149

000 0.998 1.002 1.002 0.995

0.708 0.690 0.726 0.769 0.818
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TABLE IV. - Continued.

(m) Configuration 14

Axial distance, Nozzle-exit jet Mach number, M’.
X, i
om 0.460 I 0. 630 I 0.805 I 0.990 I 1.156
Downstream peak Mach number, M
12.70 0.360 | 0.520 | 0.676 | 0.860 |Po.908
25.40 .260 .360 .466 .608 | P.ees
38.10 .220 .300 .380 .475 .575
50.80 .190 .260 .330 .425 .520
132.08 .103 .145 .189 .240 .294
182.88 .075 .104 .138 .175 .212
218.44 .063 . 088 114 .146 177
Ratio of M to ideal, 1.011 | 0.992 | 1.004 | 0.998 | 0.996
M55 5
Ratio of nozzle mass flow rate | 0.825 | 0.835 | 0.855 | 0.307 | 0.940
to ideal, wn/wn’id

(n) Configuration 15

Axial distance, Nozzle-exit jet Mach number, M].
X, o _

om 0.640 | 0.800 I 0.985 I 1.156
Downstream peak Mach number, M

12.70 0.630 | 0.796 | 0.990 | 1.154

25. 40 . 490 . 645 .84 .98

38.10 .330 . 440 .580 .710

46.99 .275 .360 .480 .570

101. 60 .129 .167 .216 | .256

152.40 .085 111 .144 .169

208.20 . 063 .081 .109 127

Ratio of Mj to ideal, 1.006 | 0.996 | 0.992 | 0.995

MM, i

Ratio of nozzle mass flow rate | 0.704 | 0.730 | 0.768 | 0.768 |
to ideal, Wn/wn’iﬂdr ]

bUncertai.n value.
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TABLE IV. - Continued.

(0) Configuration 16

Axial distance,

Nozzle-exit jet Mach number, Mj

X,
o 0.644 ‘ 0.803 | 0.990 | 1.155
Downstream peak Mach number, M
6.35 0.625 | 0.800 | 0.973 | 1.096
12.70 573 | 724 | .905 .996
25. 40 475 | .609 | .761 .846
38.10 .380 | .48 | .e40 .674
50,80 275 | .3s0 | .s00 | P.500
101. 60 137 | .183 | .244 | P.24s
127.00 096 | .123 | .1e2 175

Ratio of Mj to ideal,

Mj/Mj, id

1.011 0.999 0.996 0.992

Ratio of nozzle mass flow rate

to ideal, W_/ Wn,i a

0.698 0.732 0.752 0.765

{p) Configuration 17

Axial distance, Nozzle-exit jet Mach number, Mj
X,
om 0.450 | 0.625 I 0.785 | 0.970 [ 1.133
Downstream peak Mach number, M
6.35 0.425 0. 620 0.780 0. 965 1.120
12.70 . 390 . 565 .730 .930 1.050
19.05 . 350 . 500 . 660 . 850 . 955
25.40 . 320 .450 .590 770 .895
38.10 .270 .390 . 500 . 660 . 800
46. 99 .260 .370 .460 . 590 .730
91.44 .145 .217 .287 .376 . 448
152.40 .088 .123 .164 .218 .255
203.20 .062 . 088 L1156 .150 179
Ratio of M. to ideal, 0.989 0.983 0.979 0.978 0.976
M./M.
J/ j,1d
Ratio of nozzle mass flow rate 0,651 0,659 0.689 0.732 0,776
1§eﬂ, an/ Wn, id

Uncertain value.
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TABLE IV. - Continued.

(@) Configuration 18

Axial distance,

Nozzle-exit jet Mach number, Mj

X, o
om 0. 62 I 0.80 I 0.98 ' 1.15

Downstream peak Mach number, M
6.35 0.610 0.780 0.975 1.135
12.70 . 500 . 660 .867 1.000
19.05 .430 . 557 .735 .875
25,40 .375 .490 . 640 .785
38.10 .320 .420 .525 . 645
46,99 .300 .375 .480 . 590
91,44 177 .235 .306 .378
137.16 .114 . 149 .196 .241
203.20 .078 .103 .132 .163

Ratio of Mj to ideal,
MM, ig

Ratio of nozzle mass flow rate
to ideal, Wn/Wn’ id

0.972 0.994 | 0.985 0.988

0.681 | 0.702 [ 0.764 | 0.795

AU S

(r) Configuration 19

Axial distance,

Nozzle-exit jet Mach number, Mj

X,

om 0.650 | 0.805 | 0.990 ! 1.155
Downstream peak Mach number, M

2.54 0.629 | 0.800 | o0.988 | 1.147
5.08 .600 | .776 | .o70 | 1.080
6.35 570 | .734 | .940 | 1.030
12.70 .40 | .540 | 722 794
19.05 .330 | .433 | .568 . 663
25. 40 290 | .370 | .480 . 585
38,10 260 | .325 | .405 . 500
50.80 225 | .285 | .360 .440
101.60 120 | .154 | .195 .236
127.00 098 | .124 | .156 .190

Ratio of Mj to ideal,
Mj/M Lid

Ratio of nozzle mass flow rate
to ideal, Wn/wn, id

1.020 | 1.001 0.996 0.993

0.728 | 0.730 | 0.748 | 0.794




TABLE IV. ~ Continued.

(s) Configuration 20

~ Axial distance, Nozzle~exit jet Mach number, Mj
X,
om 0.630 ] 0.800 | 0.985 | 1.150
Downstream peak Mach number, M
12.70 0.590 0.750 0.940 1,060
25.40 .435 . 560 .740 .860
38.10 .340 .435 . 560 . 695
50.80 .260 . 350 .440 . 550
76.20 .200 .250 .310 .380
101. 60 .150 .190 .240 .290
Ratio of M, to ideal, 0.987 0.994 0.990 0,987
Mj/ Mj ,id
Ratio of nozzle mass flow rate
to ideal, wn/wn’ id

t) Conﬁgurat;on 21

Axial distance, Nozzle-exit jet Mach number, M)
X,
om 0.460 l 0. 640 | 0.805 | 0.990 | 1.150
Downstream peak Mach number, M
12,70 0.420 | 0.600 | 0.750 | 0.945 | 1.065
25.40 .310 . 440 . 565 .7560 .855
38.10 .230 .330 . 430 . 560 .700
50,80 .200 .275 .360 .450 . 585
76.20 . 140 .200 .260 .325 .410
101.60 .100 .140 .190 .250 .300
Ratio of Mj to ideal, 1.011 1.008 1.005 1.000 0,992
MM, 4
Ratio of nozzle mass flow rate 1.011 0.971 0. 956 0.983 1.032
to ideal, W /W_ 4
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TABLE IV. - Continued.

(u) Configuration 22

(v) Configuration 23

Axial distance, Nozzle~exit jet Mach number, M’
X,
cm 0.455 0. 638 0.800 0. 987 1.152
Downstream peak Mach number, M
12,70 0.420 0.595 0.750 0,958 1.130
25.40 .280 .395 .510 . 665 .855
38.10 .220 .300 .380 . 490 .615
50.80 .175 .250 .320 .400 490
76.20 .140 .190 .240 . 305 .355
Ratio of Mj to ideal, 0,993 0.998 0.993 0.991 0.988
Mj/ Mj’ 1d
Ratio of nozzle mass flow rate -
to ideal, wn/wn’ id

Axial distance, Nozzle~exit jet Mach number, Ml
x! - .-
om 0.290 I 0,455 l 0. 638 l 0.803 Io.sso I 1.152
Downstream peak Mach number, M
12.70 0.250 | 0.430 | 0.590 | 0.755 | 0.950 | 1.065
25.40 .200 .330 .460 .590 .755 | .810
38.10 .160 .275 .385 .495 | .e15 . 660
50.80 .140 .230 .330 .425 . 520 .515
91.44 .110 .170 .230 .300 .360 .415
121.92 .100 .140 .200 .240 .290 .350
156.21 .070 .110 .150 .200 .230 .280
Ratlo of M to ideal, 1.074 | 0.998 | 1.002 | 1.000 | 0.997 | 0.991
Mj/Mj’id
Ratio of nozzle mass flow rate | 0.985 | 0.965 | 0.973 | 0.987 | 1.000 | 1.027
to ideal, Wn/Wn id
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TABLE 1IV. - Continued.

(w) Configuration 24

Axial distance, Survey Nozzle-exit jet Mach number, M;
X, .
o 0.275 I 0.460 I 0.635 | 0.800 l 0.990 | 1.153
Downstream peak Mach number, M
12.70 2.72 Centimeters | 0.250 | 0.410 | 0.560 | 0.715 | 0.935 | 1.055
25.40 below centerline .175 . 300 .410 . 520 . 695 .785
38.10 130 | .245 | .340 | .40 | .560 | .e55
50,80 J 125 | .230 ) .300 | .380 | .485 | .s15
12,70 On centerline 275 | .425 | .595 | .775 | .960 | 1.090
25.40 boo| .33 | .460 { .610 | .775 | P.795
C38.10 b2 | .270| .370 | .s05 | .e10 | P.e3s
50.80 biso | .225 | .320 ] .420 | .520 | P.sso
76.20 200 .175 | .230 | .310 | .390 | .480
101. 60 070 | .125| .180 | .240 | .310 | .370
127.00 ) 060 | .110 | .150 | .210 | .260 | .310
Ratio of M; to ideal, 1.022 | 1.013 | 1.002 | 1.000 | 1.001 | 0.996
” :
§/M, 14
Ratio of nozzle mass flow rate to 0.976 0.983 0,982 0.997 1.000 1.023
ideal, W/W, 14

&)

Configuration 31

X,
cm

25.40
38.10
50.80
111.76
157.48
208.28

Mj/ Ml ,id

12.70

Axial distance,

Ratio of M'1 to ideal,

Nozzle-exit jet Mach number, M

J

0.450 ] 0.635 I 0.805 | 0. 990 I 1.160

Downstream peak Mach number, M

Ratio of nozzle mass flow i-ate
to ideal, wn/wn' 1

0.445 | 0.631 | 0.795 { 0.987 | 1.146
.405 . 592 .763 .965 | 1.138
.300 .435 .590 795 | .99
.220 .330 .445 | .600 .765
.112 .160 .215 .287 .363
.078 .112 .150 .198 .250
.059 | .082 .112 .148 .186

0.985 | 0.995 | 1.000 | 0.995 | 0.997

0.647 | 0.722 | 0.747 | o0.793 | 0.851

bUncertain value.
®Not plotted in fig. 24.
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TABLE IV. ~ Continued.

(y) Configuration 32

Axial distance, { Nozzle-exit jet Mach number, Mj
X,
cm

0.2751 0. 460 ‘ 0.638 T'o.eos ] 0.990 T1.158

Downstream peak Mach number, M

12,70 0.270 0.460 0.640 0.805 0.990 | 1.151

25.40 .250 .420 . 590 .770 L9715 1.140
38,10 .220 .375 . 520 . 675 .890 1.080
50.80 .175 .290 .420 . 570 .750 . 940
132.08 . 087 .118 .175 .232 .301 1 .374
152.40 .056 .103 .147 .201 .263 .323
233.68 .030 . 061 .094 .126 .163 .204

P [ .
Ratio of Mj to ideal, 1.015 1. 007 1.002 1.001 0.996 0.995

M/, 14

Ratio of nozzle mass flow rate | 0.792 | 0.804 | 0.658 | 0.716 | 0.795 | 0.808
to ideal, wn/wn’ id

L . L

(z) Configuration 33

]
Axial distance, Nozzle-exit jet Mach number, Mj
X, —
om 0.450 | 0.635 | 0.800 l 0.990 L1.157
Downstream peak Mach number, M
12.70 0.430 | 0.610 | 0.780 | 0,980 | 1.130
25.40 .340 | .490 | .e30 | .835 | .940
38.10 .250 [ .370 | .490 { .620 | .740
50.80 .200 | .300 | .390 | .500 | .610
111.76 .106 | .157 | .205 | .268 | .328
142,24 .083 | .120 | .159 | 203 | .253
213.36 .054 | .o78 | .104 | .135 | .168
" = - - CT T
Ratio of M, to ideal, 0.987 | 0,997 | 0.995 | 0.996 | 0.995
J/ i,id
Ratip of nozzle mass flow rate | 0.665 |.0.685 | 0.707 | 0.753 | 0.806
to ideal, Wn/Wn’ id




TABLE IV. - Continued.

(aa) Configuration 34

Axial distance, Nozzle-exit jet Mach number, Mj
X,
o 0.640 I 0.805 I 0.990 | 1.154
Downstream peak Mach number, M
12.70 0.620 0.780 0.965 1.090
25,40 .465 . 605 .790 .860
38.10 .330 .430 .545 . 652
50. 80 .280 .340 .430 . 520
121.92 .108 .137 172 .205
149.86 . 087 .110 .136 .164
203.20 .063 . 081 .104 .121
Ratio of M. to ideal, 1.008 1.004 0.998 0,994
Mj/ Mj, 1a

Ratio of nozzle mass flow rate
to ideal, wn/wn, id

0.966 0.945 0.910 0.932

(bb) Configuration 35

Axial distance,

Nozzle-exit jet Mach number, Mi

X’
om o.essl 0.805 | 0.990 I 1.155
Downstream peak Mach number, M
12.70 0.630 | 0.795 | 0.985 | 1.145
25.40 .510 .670 .875 | 1.010
38.10 .370 .480 . 630 715
50.80 .290 .360 .470 . 550
99.06 144 .182 .233 .269
147,32 .092 .117 .146 172
203.20 .065 .083 .105 .123

Ratio of Mj to ideal,
MM, 10

1.005 1.004 0.998 0.995

Ratio of nozzle mass flow rate

to ideal, Wn/Wn’ id

0.99%4 0.976 0.938 0.935
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TABLE IV. - Continued.

(cc) Configuration 36

Axial distance, Nozzle-exit jet Mach number, Mj
X,
cm 0.810 0. 990

Downstream peak Mach number, M

12.70 0.735 0. 900
25.40 .47 . 60
38.10 . 320 .400
50.80 .225 .300
96. 52 123 | -
147.32 .073 .094
Ratio of M. to ideal, 1.002 0.992
My/M), 50
Ratio of nozzle mass flow mt; l E— ——e
to ideal, wn/wn’ id

(dd) Confi gurétion 37

Axial distance, Nozzle-exit jet Mach number, Mj
X,
0.480 I 0. 640 I 0.810 | 0.990
cm
Downstream peak Mach number, M
12.70 0.470 0.630 0.795 0.970
25.40 . 380 . 510 . 660 .830
- 38.10 .275 . 380 . 500 . 630
50.80 .225 .300 . 380 .500
126. 37 . 088 .115 .153 .192
250.83 . 038 .060 . 072 .088
Ratio of M. to ideal, 1.004 1.000 1.004 0.993
My/M; 1q
Ratio of nozzle mass flow rate 1,033 0.908 0.858 0.865
to ideal, Wn/Wn’ id




TABLE 1V. - Continued.

(ee) Configuration 38

Axial distance, Nozzle-exit jet Mach number, Mj
X,
o 0.270 | 0.460 | 0.635 | 0.804 | 0.988 I 1.160
Downstream peak Mach number, M
12.70 0.270 | 0.450 | 0.630 | 0.802 | 0.990 | 1.149
25,40 .245 .415 .593 778 .970 | 1.136
38.10 .210 .365 .525 .670 .885 | 1.060
50.80 .180 .320 .450 .595 770 . 930
127.00 .093 .168 .242 .321 411 . 502
213.36 .057 .100 .145 .190 .245 .301
264.16 . 041 . 077 .114 .151 .196 .240
Ratio of M, to ideal, 1.000 | 1.011 | 0.998 | 1.002 | 0.996 | 0.999
M./M,
J/ J,id
Ratio of nozzle mass flow rate | 0.776 | 0.719 | 0.715 | 0.744 | o.791 [ 0.823
to ideal, wn/wm’i d

(ff) Configuration 39

Axial distance, Nozzle-exit jet Mach number, Mj
X,
om 0.260 I 0.440 l 0.625 l 0.790 | 0.978 | 1.135
Downstream peak Mach number, M
d5.35 0.175 | 0.315 | 0.443 | 0.583 | 0.800 | 1.020
d7.62 .175 .300 .425 . 565 .760 . 975
9.53 .175 .305 .435 . 550 .720 .860
12.70 .200 . 330 .462 . 585 .740 . 945
19.05 .185 . 330 .460 . 590 .755 . 958
25, 40 .170 . 300 .430 . 555 .745 . 927
38.10 .115 .210 .330 . 440 .630 .825
50.80 .090 . 150 .230 . 320 . 470 . 660
101. 60 . 041 077 .116 .152 .211 . 288
157.48 . 023 . 050 .066 . 084 .114 .143
Ratio of M, to ideal, 0.959 0.963 0.980 0.981 0.983 0.975
M3/, 50
Ratio of nozzle mass flow rate 0.662 0.666 0.683 0.730 | 0.784 0.841
to ideal, Wn/wn, id

dcenter of jet subatmospheric.



TABLE IV. - Concluded.

(gg) Configuration 40

Axial distance, Nozzle-exit jet Mach number, Mj
X,
. 0.458 ' 0.630 I 0.800 | 0.985 | 1.150
Downstream peak Mach number, M
6.99 0.445 0. 628 0.798 0.983 1,141
14.45 .450 . 625 .795 . 980 1.124
20.32 .430 . 610 .780 .972 1.130
25.40 .435 . 610 .782 . 981 1.138
38.10 .425 . 600 775 . 980 1.154
45.72 .410 . 580 .755 . 955 1.130
63. 50 .375 . 535 .705 .886 1.058
101.60 .270 . 400 .525 . 685 . 820
152,40 ' .180 .270 .350 .450 . 550
203.20 .140 .200 .260 .330 .400
Ratio of M. fto ideal, 1.004 0,989 0.996 0. 992 0.-990
My/M;, 14
Ratio of nozzle mass flow rate
to ideal, Wn/Wn’ id

(hh) Configuration 41

Axial distance, Condition Nozzle-exit jet Mach number, M}.
X, of jets
0.468 I 0.642 I 0.809 I 0. 997 | 1.160
cm
Downstream peak Mach number, M
€10.41 Separate 0.440 | 0.618 | 0.789 | 0.981 | 1.150
€22.23 Coalescing .410 . 570 .730 . 930 1.110
34.93 Coalesced .400 . 562 .718 . 905 1.074
47.63 .370 . 518 . 668 . 860 1.040
60.33 . 320 . 467 . 588 770 . 957
73.03 .275 . 400 .515 .670 . 842
85.73 .245 . 345 .450 . 588 .740
111.13 .200 .275 .360 .470 . 580
136.53 .150 .225 .300 .375 .475
Ratio of M, to ideal, 1.026 1.009 1.007 1,004 0.998
J/ j,id
Ratio of nozzle mass flow rate
to ideal, Wn/Wn, id

€Double peaks (average).



TABLE V. - PEAK AXIAL JET MACH NUMBER DECAY DATA FOR MULTIELEMENT

NOZZLES WITH NOMINALLY COPLANAR EXITS

Axial distance,

(a) Configuration 42

—_

Nozzle-exit jet Mach number, Mj

cm 0.270 0.460 0.640 0.820 0.990 .155
Downstream peak Mach number, M
12.70 0.250 0.410 0.560 0.730 0.930 .110
25.40 .190 . 300 .410 . 540 . 680 . 840
38.10 .160 .280 .385 .485 . 600 .730
50.80 .150 .250 .360 .455 . 975 . 685
147.32 .070 . 117 .158 .210 .278 . 341
294, 64 . 040 .056 .074 .094 .119 .149
Ratio of Mj to ideal, 1.000 1.011 1.008 1.022 0.999 . 996
My/Mj 14
Ratio of nozzle mass flow rate | —===- 0.932 0.909 | 0.913 0.919 . 922
to ideal, Wn/Wn’ id | |
(b) Configuration 43
Axial distance, Nozzle-exit jet Mach number, Mj
X’
cm 0.270 0.450 0.640 0.810 0.990 .170
. Downstream peak Mach number, M
12.70 0.250 0.410 0.570 0.755 0.940 .110
25.40 .150 .260 .395 . 500 . 650 . 830
38.10 .130 .225 .320 .410 . 530 . 650
50,80 .120 .210 .300 . 380 .470 .575
147.32 . 067 .108 .154 .197 .260 .325
297.18 .032 .048 .064 . 086 .106 .133
Ratio of M] to ideal, 0.996 0.987 1.005 1.007 0.996 . 006
My/My iq
Ratio <;t' nozzle mass flow rate 0.901 0.940 0.900 0.906 0.925 . 932
to ideal, WP/ W_n, id )
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TABLE V. - Continued.

(c) Configuration 44

LSS
Axial distance, Nozzle-exit jet Mach number, Mj
X,
em 0.280 | 0.450 | 0.635 | 0.800 | 0.980 | 1.135
Downstream peak Mach number, M
12,70 0.250 0.410 0.590 0.750 0.935 1.110
25.40 .150 .275 .380 .490 . 645 .810
38.10 .125 .200 .290 . 360 .450 . 570
50.80 .100 .175 .250 . 320 .410 .485
132.08 .065 .091 .154 .203 .258 . 310
299.72 .030 . 046 .061 .084 .105 .129
Ratio of Mj to ideal, 1.037 0.991 | 1.002 | 0.999 | 0.990 | 0.979 -
M./M
y/M;, 14 | _
Ratio of nozzle mass flow rate | 0.952 | 0.922 | 0.896 | 0.914 | 0.923 | 0.925
to ideal, Wn/Wn, id i
(d) Configuration 45
Axial distance, Nozzle-exit jet M;ch number, Mj ’
X,
- 0.260 [ 0.440 [ 0.630 [ 0.800 | 0.990 | 1.140
Downstream peak Mach number, M
12.70 0.230 0.410 0.580 0.745 0.945 1.120
25.40 .150 .270 .390 .470 . 630 . 830
38.10 .100 .180 .270 . 340 .430 . 560
50.80 .090 .150 .220 .270 . 350 . 430
92,71 . 080 .135 .190 . 240 . 300 . 360
148.27 . 060 . 097 .140 .184 .230 .290
321.95 . 038 .050 .064 . 082 .103 .125
Ratio of Mj to ideal, 0.963 | 0.967 | 0.992 | 0.998 | 0. 999 | 0.983 |
My/ M 14
Ratio of nozzle mass flow rate 0.869 | 0.896 | 0.887 0,902 [ 0.924 | 0.927
to ideal, Wn/Wn’ id




TABLE V. -~ Continued.

(e) Configuration 46

2Uncertain value. :

Axial distance, T Nozzle-exit jet Mach number, Mj
X, T - =
cm 0.285 0.460 0. 640 0.805 0.992 1.155
Downstream peak Mach number, M
12.70 0.230 0.430 0.580 0.750 0.966 1.105
25.40 .150 .250 .360 .470 2 650 .720
38.10 .110 .190 .270 . 350 .450 . 530
50,80 .100 .170 .235 . 320 .400 _.470
121.92 .075 .122 .180 .236 .301 . 358
203.20 . 047 . 080 .111 .146 .189 .225
243.84 . 040 . 061 .092 .117 .155 .184
Ratio of Mj to ideal, 1,048 1.004 1.000 0,998 0.9%4 0. 990
M,
MMy I T D R
Ratio of nozzle mass flow rate 0.866 0.812 0.816 0.854 0. 900 0.936
to ideal, Wn/Wn’ 1d ) e ] 1
(f) Configuration 47
Axial distance, Nozzle-exit jet Mach number, Mi
X, — T T
cm 0.280 0.460 0.638 0.804 0.990 1.156
o Downst;eam peak Mach number, M
12.70 0.210 0. 400 0.570 0.730 0.950 1.076
25.40 .120 .225 .330 .435 . 555 . 655
38.10 .100 .175 .250 .320 .410 . 490
50.80 .100 .160 .225 .275 . 345 . 420
127.00 .058 .108 .156 .204 .264 . 314
157.48 .048 . 087 .126 .166 .216 .258
213.36 . 035 . 065 .093 .124 .161 .196
Ratio of . j to ideal, 1.033 1.009 1.002 1.000 0.996 0.9%4
M.,/M
M/ My 1a ; ) | I R
Ratio of nozzle mass flow rate 0.630 0.626 0.636 | 0.676 | 0.735 | 0.780
to ideal, W /W _ .
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TABLE V. - Continued.

(g) Configuration 48

Axial distance, Nozzle-exit jet Mach number, Mj
o 0.265 | 0.440 | 0.620 | 0.790 | 0.975 | 1.140
Downstream peak Mach number, M
12.70 m.ZOO 0.350 0.480 0.625 0.790 0.970
25.40 .130 .225 .320 .400 . 510 . 685
38.10 .100 .170 .250 .310 . 400 . 510
50.80 .100 .160 .230 .290 .370 . 450
101. 60 . 060 .130 .190 .250 .810 .370
152.40 . 050 .100 .140 .175 .220 .270
190. 50 .140 .180 .225
Ratio of Mj to ideal, 0,978 0. 963 0.972 0.981 0.980 0.979
My/Mj, 10
Ratio of nozzle mass flow rate 0.891 0.886 0.894 0. 907 0.915 0.923
to ideal, Wn/Wn’ 1 -

(h) Configuration 49

Axial distance, Nozzle-exit jet Mach number, Mj
X’
cm 0.460 0.630 0.800 0. 987 1.150
Downstream peak Mach number, M
6.35 0.435 0.620 0.790 0,980 1.140
12.70 .320 .460 . 610 .750 . 910
19.05 . 225 .305 .430 . 530 . 610
25.40 .170 .250 .315 .410 . 480
31.75 .150 .225 . 300 .365 .430
38.10 .150 .220 .275 .340 . 405
50.80 . 150 .210 .260 .330 .380
101.60 .101 .144 .184 .236 .283
139.70 .076 .108 .140 .176 .210
203.20 .051 .072 .095 .118 .141
Ratio of Mj to ideal, 1.011 0.992 0.999 0.997 0.992
MM, 1 7
Ratio of nozzle mass flow rate 0.877 0.874 0.882 0.889 0.896
to ideal, Wn/ Wn, id J
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TABLE V. - Continued.

(i) Configuration 50

. Axial distance, Nozzle-exit jet Mach number, Mj
X, .
cm 0.275 0.460 0.630 0.796 0.985 1.152
Downstream peak Mach number, M
12.70 0.225 0.390 0.555 0.733 0.927 1.105
25.40 .150 .275 .380 . 530 .700 .856
38.10 .125 .200 .285 . 380 . 500 . 615
46. 99 .100 .170 .250 .330 .435 . 520
101. 60 . 086 .146 .206 269 . 347 . 424
152.40 . 068 . 117 .169 .224 .291 .361
203.20 . 056 .091 .133 .174 .231 .281
Ratio of M‘.l to ideal, 1.015 1.007 0.987 0.989 0.990 0.990
Mj/Mj, id
Ratio of nozzle mass flow rate | 0.650 | 0.657 [0.683 | 0.729 [0.775 [0.819
to ideal, wn/wn’ id

(j) Configuration 51

Axial distance, “ Nozzle-exit jet Mach number, M,
X I R S .
! T
cm 0.275 0.455 0.630 0.800 0.984 1.150
Downstream peak Mach number, M
12.70 0.225 0.360 0.520 0.690 0.903 1.090
25.40 . 140 .250 .350 L4175 . 590 .765
38.10 . .125 . 175 .270 . 350 .455 . 570
46. 99 .100 .160 .225 .300 .365 .470
101. 60 .075 .131 .188 .246 .315 . 380
152, 40 .062 .109 .158 .208 .269 .330
203.20 . 050 . 088 .127 .166 .217 .265
Ratio of M] to ideal, 1.015 0. 996 0.987 0.994 0.989 0.987
My/M;, 1q
Ratio of nozzle mass flow rate | 0.651 | 0.657 | 0.682 | 0.717 | 0.772 | 0.812
to ideal, wn/wn’ id V ] ] -




TABLE V. - Continued.

(k) Configuration 52

Axial distance, Nozzle-exit jet Mach number, Mj
X7
0.270 0.450 0.630 0.800 0. 984 1.155
cm
Downstream peak Mach number, M
12.70 0.200 0.340 0.490 0.700 0.910 1.098
25,40 .130 .200 .300 .410 . 830 .675
38.10 .120 .175 .250 .320 .420 . 510
46.99 . 080 .125 .220 .280 .375 . 460
101. 60 .077 .130 .183 .240 .308 . 368
152, 40 . 061 . 107 .154 .201 .262 .316
203.20 . 052 . 084 .124 .163 .214 .259
Ratio of M. to ideal, 0.993 0.983 0.986 0.991 0.987 0. 991
M./M,
J/ i, 1d
Ratio of nozzle mass flow rate 0.651 0.653 0.672 0.707 0.761 0.808
to ideal, wn/wn’ id ) _
(1) Configuration 53
Axial distance, Nozzié—éxit jet Mach nuniber, Mj
x)
cm 0.270 0.470 0. 640 0.800 0,990 1.150
Downstream peak Mach number, M
12,70 0.250 0.410 0.560 0.730 0. 920 1.060
25.40 .200 .300 .425 . 550 .700 . 820
38.10 .200 .300 .400 . 500 . 630 . 750
50.80 .180 .275 . 380 .490 . 610 .720
133.35 .113 .189 .265 .346 . 440 | ————
147.64 . 492
218.44 . 066 .114 .162 .213 .268 . 330
299.09 . 046 . 078 .109 . 143 .185 .222
Ratio of M. to ideal, 0. 996 1.031 1.005 0.996 0.997 0.990
My M5, 10
Ratio of nozzle mass flow rate | 0.920 |0.909 |0.913 | 0.920 | 0.931 | 0.937
to ideal, W /W _ ..

"T.‘:m‘ﬁ
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TABLE V. - Continued.

(m) Configuration 54

Axial distance,

Nozzle-exit jet Mach number, M,

)

X,
0.270 | 0.460 | 0.630| 0.795 | 0.980 .150
cm
Downstream peak Mach number, M
12.70 0.250 | 0.410 | 0.580 | 0.760 | 0.954 .120
25,40 .150 .260 .372 . 490 . 659 .782
38.10 .120 .220 .300 .380 .480 . 565
101. 60 .109 .179 .251 .320 .393 . 462
152. 40 . 077 .134 .188 .246 .305 .365
208.20 .062 .108 .156 .198 .245 .298
Ratio of M; to ideal, 0.996 | 1.009 | 0.989 | 0.989 | 0.986 . 989
MM, 1
Ratio of nozzle mass flow rate | 0.924 | 0.927 | 0.935 | 0.952 | 0.961 . 971
tq ideal, Wn/Wn’ id
(n) Configuration 55
Axial distance, Nozzle-exit jet Mach number, Mj
X,
o 0.280 | 0.460 | 0.640 | 0.800 | 0.980 .140
Downstream peak Mach number, M
12.70 0.260 | 0.410 | 0.600 | 0.775 | 0.960 .120
25.40 .160 .280 .380 .510 . 640 .790
38.10 .125 .200 .300 .370 .480 . 570
50.80 .100 .180 .270 .340 .420 . 500
139.07 . 080 .144 .201 .254 .321 .384
261. 62 . 048 .083 117 .149 .186 .224
Ratio of M, to ideal, 1.033 | 1.009 | 1.005 | 0.996 | 0.987 . 981
MM, ia
| Ratio of nozzle mass flow rate | 0.894 | 0.869 | 0.881 | 0.890 | 0.897 | 0.906
to ideal, Wn/Wn’ id
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TABLE V. - Continued.

(o) Configuration 56

Axial distance, Nozzle-exit jet Mach number, Mj
X, -
em 0.275 0.460 0. 640 0.865 0.993 1.146
Downstream peak Mach number, M
12.70 0.270 0.430 | 0.610 0.780 0. 970 1.120
25.40 .160 .270 .390 .515 . 665 .800
38.10 .130 .225 .320 .420 . 520 . 625
50,80 .125 .210 .300 . 380 .480 . 575
134. 94 .106 .180 .255 .327 .411 .497
210.50 .074 .125 .175 .229 .287 . 352
278.77 . 055 .087 .125 .160 .204 .252
Ratio of Mj to ideal, 1.019 1.011 1.008 1.004 1.002 0.988"
My/M;, ia
Ratio of nozzle mass flow rate | 0.956 | 0.885 | 0.895 | 0.899 |0.908 | 0.910
to ideal, Wn/Wn, id
(p) Configuration 57
Axial distance, Nozzle-exit jet Mach number, Mj
cm 0.275 0.460 0.650 0.815 | 1.000 1.150
Downstrealﬁ beak Mé.ch n;i;nbér, M
12,70 0.130 0.225 0.335 0.435 0. 620 0.835
25.40 .120 .200 .275 .370 .490 . 605
38.10 .100 .170 .270 . 350 . 450 . 605
46,99 .100 .175 .225 .335 . 440 . 550
127.00 . 087 .143 .206 .274 .364 . 468
203.20 .058 .098 .141 .188 .250 .318
264.16 .044 . 077 .112 .149 .196 .248
Ratio of Mj to ideal, 1.015 1.009 1.020 1.014 1.006 0.989
Mi/Mj, 14 | )
Ratio of nozzle mass flow rate 0.754 ]0.718 0.726 0.758 0.7%4 0.840
to ideal, Wn/wn,id | |

E«ri\; .



TABLE V. - Continued.

@

Configuration 58

Axial distance, Exposed Nozzle-exit jet Mach number, Mj
X, tube - - S
o length, | ©0-260 ] 0.450 l 0.630 | 0.805 | 0.990 l 1.155
' cm Downstream peak Mach number, M
12.70 1.27 0.260 0.430 0.590 0.750 0.960 1.130
25.40 .200 .310 .440 . 560 .720 .870
38.10 .190 .300 .400 .510 . 650 . 780
50.80 .180 .270 .380 .490 . 620 . 740
136.53 .220 .288 | ———m-
266.70 .116 . 147 | ===
50.80 ) 0 . 500 .625 | ————=
Ratio of Mj to ideal, 0,963 0.989 0.992 1.004 0.999 0. 996
M./M, .
¥M,1d
Ratio of nozzle mass flow rate 0.914 0.878 0.888 0.894 0. 903 0.914
to ideal, Wn/wn, id
(r) Configuration 59
Axial distance, Nozzle-exit jet Mach number, Mj
X, : -
em 0.290 0.455 0.635 0.805 0.970 1.140
Downstream peak Mach number, M
12.70 0.275 0.450 0.620 0.790 0. 950 1.085
25,40 175 .305 .420 . 550 . 685 . 830
38.10 .145 .250 .340 . 440 . 540 . 645
50.80 .130 .220 .310 .400 . 500 . 590
130.18 . 080 . 1(3'7 .193 .246 . 310 .378
| 247.33 042 | .06l | .084 [ .114 | .144 | .174
Ratio of M. to ideal, 1.078 1.004 1.005 1.009 0.983 0.986
My/Mj, 59 | |
Ratio of nozzle mass flow rate 0.915 0.903 0.911 0.917 | 0.924 | 0.928

d .

to ideal, W,/W,
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(s) Configuration 60

Axial distance, Nozzle-exit jet Mach number, Mj
X, - —
cm 0.260 0.450 0.630 0.805 | 0.990 1.155
Downstream peak Mach number, M B
12,70 0.250 | 0,430 0.590 0.760 0.960 | 1.110
25.40 .160 .285 .380 .488 . 670 .808
38.10 | ==—— .200 .280 .360 .460 . 570
50.80 | —=m— .180 .250 .330 .400 . 490
135.89 .223 .290 | ———-
269,24 . .121 .154 | ————
Ratio of M]. to ideal, 0.959 | 0.985 | 0.987 1,000 0.995 | 0.992
My, i
Ratio of nozzle mass flow rate 0.863 0.876 0.881 0.892 0,903 0.913
to ideal, W /W 4

(t) Configuration 61

Axial distance, Exposed tube length, cm
X,
em 0 5.08 10.16

Nozzle-exit jet Mach number, Mj

0.290 [0.460 [0. 640 [0.810 [0.990 [1.140[ 0.81 [0.99 [ 0.81 [0.99

Downstream peak Mach number, M

12.70 0.260 10.420 10.580 |0.740 {0.905 {1.03 |0,730]0.910} 0.740]0.912

25.40 .210 { .350) .500§ .640| .790} .930} .630| .785] .630| .790
38.10 .200 ) .340] .470| .605} .755| .890| .600| .745f .600| .745
50.80 .200 | .320| .450 .570| .720{ .850
132.72 .367 | .476
291.47 .163 | .206 |-~=-—- .162| .210| .162| .210
Ratio of M. 1.074 11.011 {1.008 |1.011 |0.999 {0.983
to ideal,
M;/Mj, 1

Ratio of nozzle mass| 0.934 |0.941 |0.935 |0.936 {0.939 {0.948
flow rate to ideal,
Wn/wn, id




Axial distance,

TABLE V. - Continued.

(u) Configuration 62

Nozzle-exit jet Mach number, Mj

to ideal, wn/wn’ id

om 0.270 | 0.450 | 0.635 | 0.800 | 0.985 .145
Downstream peak Mach number, M
12.70 0.250 | 0.415 | 0.5%0 | 0.770 | 0.950 .080
25,40 .180 .300 . 440 .555 .710 .845
38.10 .150 .280 .395 . 505 . 640 .760
50. 80 .155 .270 .380 .490 . 610 .725 |
132,72 .114 .187 .268 .345 . 440 . 530
291.78 .049 .081 .118 .154 .197 .241
Ratio of M, to ideal, 0.996 | 0.987 | 0.997 | 0.995 | 0.901 | 0.985
MM, i
Raﬁo of nozzle mass flow rate 0.853 0.870 0.870 0.886 0.898 . 904
to ideal, wn/wn, id | {
(v) Configuration 63
Axial distance, Nozzle-exit jet Mach number, Mj
X, ] ) —
o 0.280 | 0. 4_50,__] 0.635 | o.sorng 0.980 | .140
Downstream peak Mach number, M
12.70 0.275 | 0.440 | 0.620 | 0.785 | 0.960 .120
25,40 .160 .290 .410 . 540 . 680 .790
38.10 .130 .230 .330 .430 . 540 . 630
50.80 .120 .220 .310 .405 . 500 . 580
130.81 .094 .163 .230 .299 .388 .460
297,82 .053 .073 .099 .123 .163 .199
Ratio of M; to ideal, 1.041 | 0.996 | 1.005 | 1.009 | 0.993 . 987
My, 10
Ratio of nozzle mass flow rate | 0.842 | 0.880 | 0.891 | 0.903 | 0.917 |o0.925

i
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b
(w) Configuration 64 !Y
Axial distance, Exposed ' Nozzle-exit jet Mach number, Mj
X, tube : .
om length, 0.270 0.450 0.640 0.770 | 0.990 | 1.150
cm Downstream peak Mach number, M
12,70 10.16 0.250 0.420 0.600 0.770 | 0.960 1.110
25.40 .190 .300 .420 . 560 .720 .850
38.10 .150 -270 .400 . 510 . 640 .760
50.80 .160 .280 .390 . 500 . 630 . 740
116.80 .390 .502 | —==—-
169. 55 ' .292 L3783 | ————-
238.76 - .205 262 | —=——-
12.70 1.27 .230 .390 . 567 .750 .930 1.085
50.80 1.27 .190 1 .285 .400 . 505 . 630 .750
Ratio of M. to ideal, b 1.000 0. 989 1.008 0.961 | 1.000 0.992
M/M; 59
Ratio of nozzle mass flow rate 0.824 { 0. é81 0.892 0.909 | 0.913 0.920
. b
to ideal, Wn/wn, id

(x) Configuration 65

Axial distance, Nozzle-exit jet Mach number, Mj
X, = - _
cm 0.280 0.450 0.635 0.805 0.990 1.155
Nozzle-exit jet Mach number with screens, Mj, screens
0.210 0.340 0.475 0.610 0.775 0.930
Downstream peak Mach number, M
25.40 0.200 0.300 0.430 0.555 0.710 0.850
50.80 .180 .280 .390 . 500 . 620 .740
132.72 .112 .188 .267 . 346 .444 . 637
256. 54 .056 . 090 .132 L172 .220 .268
Ratio of M, to ideal, 1.033 ] 0,985 | 0.997 | 1.001 | 0.996 } 0.992
J/ j,id
Ratio of nozzle mass flow rate | 0.838 | 0.805 | 0.815 | 0.820 | 0.833 | 0.841
to ideal, Wn/wn, id

bApply to M, values for exposed tube length of 10.16 cm only.




TABLE V. - Continued.

(y) Configuration 66

Axial distance, Nozzle-~exit jet Mach number, M

j
X, -
cm 0.280 0.460 0.640 0.810 0.995 1.150
Downstream peak Mach number, M
12.70 0.240 0.400 0.580 0.760 0. 950 1.085
25.40 .200 .310 .445 . 560 .710 . 840
38.10 .170 .305 .410 . 530 . 660 .790
50.80 .170 .290 .410 520 . 655 .775
137.80 .109 .189 .270 .351 .450 | --———-
148.59 .462
233.68 .063 .113 | .164 .210 .265 . 317
Ratio of Mj to ideal, 1.033 1.009 1.005 1.009 1.002 0.990
MM, ia
Ratio of nozzle mass flow rate 0.964 0.927 0.931 0.937 0.947 0. 952
to ideal_,_ Wn/ Wn, d

(z) Configuration 67
Axial distance, Nozzle-exit jet Mach number, Mj
X, Lo .
om 0.230 | 0.440 | 0. 620 | 0.790 | 0. 980 | 1.135
Downstream peak Mach number, M
12,70 0.175 0.340 0.510 0.670 0.865 1.020
25.40 .130 .250 .370 .490 . 580 . 700
38.10 .130 .250 .360 .475 . 870 . 680
50.80 .130 .250 .350 .460 . 570 . 680
144,46 .096 172 .246 . 322 . 405 . 495
313.69 . 048 .075 .111 .142 .181 .214
Ratio of M, to ideal, 0.849 | 0.963 | 0.972 | 0.981 |0.985 |o.915
M5/, i
Ratio of nozzle mass flow rate 0.853 0.890 0.901 0,912 0.919 0. 926
to ideal, W /W _ ..
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TABLE V. - Continued.

(aa) Configuration 68

Axial distance, Nozzie—exit jet Mach number, Mj
X, . . R A
om 0.275 0.463 0.640 0.805 0.992 1.150
Downstream peak Mach number, M
12.70 0.260 0.430 0.610 0.775 0. 962 1.105
25.40 .170 .275 .390 . 510 . 650 770
38.10 130 | .225 .330 .415 .530 . 625
50.80 .120 .210 .300 .387 .485 . 580
137.16 .110 .190 .260 . 340 .430 . 520
203.20 . 080 .140 .200 .250 .320 .390
330.20 .050 .080 .120 .160 .200 .240
Ratio of M. to ideal, 1.019 1.015 1.006 1.002 1.000 0.990
My/M; 1
Ratio of nozzle mass flow rate 0.907 0. 921 0.890 0.901 0.904 0. 904
to ideal, Wn/ Wn, id

(bb) Configuration 69

Axial distance, Nozzle-exit jet Mach number, M].
X, =
cm 0.280 0.460 0.645 0.805 0.985 1.140
Downstream peak Mach number, M
12.70 0.260 0.415 0.600 0.780 0.955 1.090
25.40 .190 . 300 .410 . 550 . 690 .810
38.10 .150 .280 .380 . 490 .610 .720
50.80 .150 .270 .370 . 470 . 590 . 698
135.57 .106 171 .244 .315 . 404 . 487
291,47 . 050 .080 .113 .145 .186 .226
Ratio of M, to ideal, 1.037 1.011 1.016 1.004 0,993 0. 982
M/M; g
Ratio of nozzle mass flow rate | 0.994 [0.844 |o0.907 |0.920 | 0.920 |o0.933
to ideal, wn/wn, id




Axial distance,

TABLE V.

- Continued.

(ce) Configuration 70

Nozzle-exit jet Mach number, M.

J

to ideal, Wn/ Wn,

id

X, . N
om 0.275 | 0.460 | 0.640 | 0.810 | 0.99% | 1.145
Downstream peak Mach number, M
12.70 0.260. | 0.430 | 0.614 | 0.788 | 0.970 .125
25,40 1,210 .360 .500 . 650 .825 . 005
38.10 .180 .310 . 440 . 560 715 .870
50. 80 .175 | - .300 .420 .525 . 670 .800
140. 97 .129 .211 .300 .388 | .480 | ~———-
165.10 .110 .181 .260 .335 .413 .502.
222,89 .083 .139 .199 .256 .318 .383
271.78 .059 .107 .162 .208 .259 313
| Ratio of M. to ideal, 1.015 | 1.009 | 1.005 | 1.009 | 0.997 | 0.985
M/ M;, 1
Ratio of nozzle mass flow rate 0.968 | 0.942 | 0.940 [ 0.935 | 0.921 | 0.936
to ideal, wn/wn’ id
(dd) Configuration 71
Axial distance, Jet Nozzle-exit jet Mach number, Mi
om 0.300 | 0.465 | 0.640 | 0.810 | 0.99% | 1.142
Downstream peak Mach number, M
12.70 Center 0.285 | 0.445 | 0.625 | 0.799 | 0.970 | 1.132
25,40 .225 .370 .520 . 680 .810 . 960
38.10 .185 .325 .450 .585 . 870 .820
50.80 .160 .285 .400 .515 .595 . 740
142.24 . 090 .150 .210 .264 .322 .394
205.74 . 065 .108 .148 .184 .227 .278
281.94 . 050 . 082 .116 141 172 .207
25,40 10° Side .175 .330 .460 .615 .790 . 989
Ratio of M; to ideal, 1.107 | 1.018 | 1.003 | 1.006 | 0.995 | 0.981
My/Mj, 1 |
Ratio of nozzle mass flow rate | 1.022 | 0.966 | 0.942 | 0.935 | 0.918 | 1.918
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(ee) Configuration 72

Axial distance, Nozzle-exit jet Mach number, Mj
X,
cm 0.260 0.450 0.628 0.800 0.983 1.148
Downstream peak Mach number, M
12,70 0.230 0.410 0.595 0.770 0.948 1.100
25.40 .175 .320 .450 . 595 . 740 .825
38.10 .170 .290 .400 .515 . 620 . 695
50. 80 .165 .280 .390 .490 . 590 . 675
101. 60 .130 .240 .325 .420 . 525 . 610
152.40 .100 .175 .250 .320 .410 .485
203.20 . 080 . 140 .200 .260 . 320 .370
Ratio of M. to ideal, 0.974 1. 000 0.998 1.008 1,001 0.998
My/M; g
Ratio of nozzle mass flow rate 0.928 0. 962 0.973 0.982 1.004 1.021
to ideal, Wn/wn, id

(ff) Configuration 73

Axial distance, Nozzle-exit jet Mach number, M].
X’
om 0.280 0.460 0.640 0.803 0.990 1.155
Downstream peak Mach number, M
12.70 0.230 0.405 0.590 0.740 0.936 1.053
25,40 .175 .310 .450 . 590 .730 .820
38.10 .160 .260 .370 .480 . 580 . 650
50.80 .150 . 240 .340 .430 . 5830 . 590
101. 60 .125 . 220 .310 .390 .475 . 555
152.40 .100 . 175 .250 .320 .400 .480
203.20 .070 .130 .200 .250 .320 .390
Ratio of M, to ideal, 1.029 1.004 1.002 0.995 0.993 0.990
MM, 1
Ratio of nozzle mass flow rate 1.004 0.975 0.969 0.973 0.999 1.007
to ideal, Wn/ Wn’ id
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TABLE V. - Continued.

(zg) Configuration 74; survey on nozzle centerline

Axial distance,

Nozzle-exit jet Mach number, Mj

X, i
cm 0.290 0.460 0.635 0.805 0.985 1.160
Downstream peak Mach number, M
12.70 0.250 0.410 0.580 0,750 0.930 1.090
25. 40 .180 .300 .440 . 580 . 720 . 860
38.10 .150 .260 .365 .470 . 570 . 675
50.80 .140 .250 .340 .430 . 520 . 600
Ratio of M. to ideal, 1.074 1.011 1.000 1.004 0,994 1. 000
M;/M; 59
Ratio of nozzle mass flow rate | ---— | -=cec | ——eu ————— | —-——
to ideal, Wn/Wn, id
¢hh) Configuration 75
Axial distance, Nozzle-exit jet Mach number, Mj
X, :
cm 0.290 0.470 0. 647 0.810 0.993 1.160
Downstream peak Mach number, M
12.70 0.305 0.460 0.625 0.802 0.990 1.155
25.40 .190 .320 .460 . 614 .808 . 950
38.10 .130 .230 .330 . 450 . 580 . 680
46. 99 .120 .200 .275 .370 .480 .575
101.60 . 062 .102 .145 . 187 .245 .299
152. 40 . 048 .073 .116 .151 .192 .234
205,74 .038 . 065 .093 .123 . 157 .191
Ratio of M, to ideal, 1.070 1.031 1.017 1.009 1.000 0.998
My, ia
Ratio of nozzle mass flow rate 0.675 0. 668 0.682 0.724 0.773 0.809

to ideal, Wn/ Wn,i

d
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TABLE V. - Continued. 4

(ii) Configuration 76

Axial distance, Nozzle-exit jet Mach number, M,
om 0.280 0.455 0.632 {0.800 0.990 | 1.155
Downstream peak Mach number, M.
12.70 0.225 0.360 0.498 0.673 0.850 0. 940
25,40 .180 .295 .405 .837 | .655 .787
38.10 .140 | .250 .340 .440 . 560 . 680
50.80 .120 .200 . 300 ©.380 . 505 . 600
101.60 .080 .131 .185 .240 .310 372
152,40 . 061 .099 .140 .180 .231 .274
228. 60 . 041 . 068 .099 .130 .166 .198
Ratio of M, to ideal, 1.033 | 0.998 | 0.992 | 0.995 | 0.996 | 0.993
MM, 1q |
Ratio of nozzle mass flow rate 0.676 0.655 0. 678 0.716 | 0.765 0.'807
to ideal, Wn/Wn 1d

(jj) Configuration 77

Axial distance, Nozzle-exit jet Mach number, Mi
X, ' ' s B
om 0.250 | 0.450 | 0.620 | 0.790 | 0.975 | 1.142
Downstream peak Mach number, M
12.70 0.175 | 0.300 | 0.440 | 0.620 | 0.820 | 1.000
25.40 125 | .220 | .310 | .400 | .510 | .e40.
38.10 .110 | .200 | .275 | .360 | .480 | .560
46.99 .110 | .220 | .270 { .350 | .460 | .560
127. 00 .060 | .105 | .153 .207 | .269 | .326
203.20 040 | .o75 | .109 | .149 | .189 | .235
266.70 .035 | .o062 .087 121 | .158 | .188
Ratio of M, to ideal, 0.926 | 0.989 | 0.976 | 0.985 | 0.983 | 0.984
M5, 14
Ratio of nozzle mass flow rate | 0.661 | 0.670 | 0.666 [ 0.713 | 0.747 | 0.793
to ideal, W, /W ;4
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TABLE V. - Continued.

(kk) Configuration 78

Axial distance, Nozzle-exit jet Mach number, Mj
X, — :
em 0.275 0. 450 0.630 0.800 0.984 1.145
Downstream peak Mach number, M
12.70 0.175 0.290 0.425 0.545 0.725 0.880
25,40 . 140 .240 .340 .440 . 550 . 650
38.10 .130 .220 .320 .420 . 520 . 630
46. 99 .120 .220 .300 .390 . 505 . 600
101. 60 . 095 .158 .230 .304 .385 .460
152.40 .068 .118 L1171 .226 .292 .345
203.20 .054 .091 .132 .176 .224 .265
Ratio of Mj to ideai; 1.011 0.985 0.987 0. 994 0.989 0,983
My/Mj, 1
Ratio of nozzle mass flow rate | 0.675 | 0.685 | 0.713 | 0.746 | 0.797 | 0.841
to ideal, wn/wn’ 1d
(1) Configuration 79
Axial distance, Nozzle-exit jet Mach number, Mj
X, T
cm 0.275 0.455 |0.635 0.805 0.99 1.148
Downstream peak Mach number, M
2.54 0.265 0.455 0.620 0.800 0.986 1.135
5.08 .240 . 370 .530 .715 . 926, 1.070
6.35 .220 .350 .480 . 650 .849 . 992
12.70 .160 .270 .370 .475 . 620 . 742
19,05 .150 .265 .370 .470 . 600 .709
25.40 .150 .260 .360 .460 . 580 . 692
38.10 .150 .265 .365 .465 . 580 . 692
50. 80 .140 .250 .340 . 450 . 570 . 680
101. 60 .098 .163 .235 .310 . 407 . 511
152.40 . 065 <115 .168 .216 .284 .353
223.52 . 049 .078 .116 .152 .198 .245
Ratio of Mj to ideal, 1.015 0.996 0.997 1.001 0.996 0.986
Mj/Mj, id
Ratio of nozzle mass flow rate | 0.681 | 0.686 | 0.714 |0.744 | 0.788 | 0.825
to ideal, W /W_ ..
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TABLE V. - Continued.

(mm) Configuration 89

Axial Survey on - Nozzle-exit jet Mach number, Mj

distance,
% 0.280 | 0.450 | 0.630 ] 0.800 ]o0.987 |1.150
cm Downstream peak Mach number, M
12.70 Nozzle centerline | 0.090 | 0.140 | 0.220 | 0.270 | 0.385 |0.445
25.40 (six slots) .100 . 170 .250 .335 .435 .475
38.10 .100 .175 .250 .320 . 400 .455
50.80 .120 .180 .260 .325 .395 .445
101. 60 .100 .175 .250 .320 , 400 .475
i52.40 | 1 ] e 1 .140 .215 .270 . 340 .410
203.20 ——— .120 . 160 .220 .270 .330
12.70 Centerline of .240 .390 .560 .720 .905 |1.055
25,40 three slots .180 .300 .420 .530 . 665 .810
38.10 + .160 .250 .350 .440 . 545 . 645
50. 80 .140 .225 .315 .400 .490 .575
Ratio of M, to ideal, © 1.037 | 0.989 | 0.992 | 0.998 {0.996 |0.991
MM i
Ratio of nozzle mass flow rate | 1.049 | 0.967 | 0.989 | 0.989 |1.019 |1.039 |
to ideal, © W./W, 4

(nn) Configuration 90

Axial Survey on - Nozzle-exit jet Mach numb_er, Mj
distance,
X 0.275 0. 460 0.630 0.800 0.990 1.150
cm Downstream peak Mach number, M
25.40 | Nozzle centerline | 0.080 |0.125 |0.170 |0.220 | 0.280 | 0.320
38.10 (six slots) .090 .140 .200 .250 . 300 . 350
50,80 .100 .150 .220 .260 .315 .375
101.60 .100 .150 .225 .280 . 360 .420
139.70 .070 .140 .200 .270 .330 .400
177.80 .060 .125 .175 .230 .290 .350 5
12.70 Centerline of .240 .390 . 560 .720 . 920 1.060 .
25.40 three slots .175 .300 .410 . 540 . 680 .810 o
38.10 * .140 .225 .320 .420 . 520 . 610
50,80 .125 .210 .290 .370 .460 . 550
Ratio of M. to ideal, ¢ 1.015 1.007 0.987 0,994 0.995 0,988
M/ M 5
Ratio of nozzle mass flow rate 1.004 1.001 1.000 1.010 1.024 1.047
. c
to ideal, Wn/Wn, id

cApply to Mj values for survey on nozzle centerline only.




TABLE V. - Continued.

(oo) Configuration %4

Axial distance,

Nozzle-exit jet Mach number, Mj

X!
om 0.275 I 0.460 | 0.640 I 0.803 I 0.990 | 1.156
Downstream peak Mach number, M
12.70 0.230 0.380 0.540 0.680 0.865 1.010
25.40 .160 .275 .390 . 500 . 640 .740
38.10 .135 .230 .320 . 400 . 500 . 600
50.80 .120 .200 .280 .355 . 445 . 530
101. 60 .108 .184 .256 .325 .404 . 493
152,40 . 084 .144 .201 .257 .319 .390
213.36 . 061 .103 .148 .190 .239 .285
Ratio of M. to ideal, 1.015 1.009 1.005 0.999 0.996 0.994
My/My, 10
Ratio of nozzle mass flow rate 0.949 0. 960 0.962 0.965 0.964 0.970
to ideal, Wn/ Wn’ id
(pp) Configuration 95
Axial distance, Nozzle-exit jet Mach number, M].
X,
em 0.270 0.457 0.634 0.805 0.990 1.152
Downstream peak Mach number, M
12.70 0.270 0. 440 0.613 0.795 0.972 1.133
25,40 .200 .330 .465 . 615 .790 . 930
38.10 .160 .25 .390 . 510 . 650 .750
50.80 .140 .250 .340 . 440 . 567 . 665
114.30 .112 .192 .271 .354 . 446 .534
152.40 .089 . 147 .212 .2738 . 345 .415
223.52 .058 .105 .146 .191 . 240 .288
Ratio of Mj to ideal, 1.000 1.004 0.998 1.004 0.999 0.993
My/Mj, 10
Ratio of nozzle mass flow rate 0.952 0.960 0.965 0.970 0.982 0.981
to ideal, Wn/wn, id
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TABLE V. - Continued.

Axial distance,
X!
cm

12.70
25.40
38.10
50.80
132,08
195.58
243.84

(@) Configuration 96

Ratio of M. to ideal,

M/M; sa

Ratio of nozzle mass flow rate

Nozzle-exit jet Mach number, Mj
0.270 | 0.460 | 0.633 | 0.802 |o0.988 | 1.151
Downstream peak Mach number, M
0.225 | 0.385 | 0.550 | 0.705 |o0.895 | 1.030
.75 .s05 | .425 | .550 | .ess | .s22
150 | .275 | .375 | .480 | .e09 | .730
140 | .240 | .30 | .240 | .555 | .e15
098 | .167 | .238 | .310 | .400 | .495
065 | .112 ] .159 | .202 | .264 | .325
050 | .09 | .127 | .16 | .213 | .260
0.993 | 1.004 | 0.989 | 0.994 [o0.991 | 0.986
0.979 | 0.989 | 0.996 | 1.001 |[1.0112 |1.019
S NN I S 1

| to ideal, VVn/VVn,id

(rr) Configuration 97

Axial distance, Nozzle-exit jet Mach number, M].
X, - -
cm 0.275 0.462 7 0638 0.89? 0.990
Downstream peak Mach number, M
12.70 0.260 0.450 0.620 0.785 0.960
25.40 .180 .340 .480 . 625 .790
38.10 .140 .260 . 360 .460 .590
50.80 .100 .200 .275 .360 .450
134.62 .058 .096 .131 .162 .193
254,00 .033 .052 .075 .096 L117
Ratio of Mj to ideal, 1.011 1.009 0.998 1.001 0.993
MM, 10
Ratio of nozzle mass flow rate 0. 906 0.904 0.884 0.889 0.875
to ideal, Wn/Wn, id

.



TABLE V. - Confinued.

(ss) Configuration 98

Axial distance,
X,
cm

17.70
25.40
38.10
50.80
134. 62
254.00

Ratio of Mj to ideal,
Mj/Mj,id

Ratio of nozzle mass flow rate
to ideal, Wn/wn, id

Axial
distance,
X

cm

Conical
afterbody

3

15.24 10°
25. 40
38.10
50,80
201.30
281. 94

50.80 None

Ratio of Mj to ideal,
M;/M; 54

Ratio of nozzle mass flow rate
to ideal, Wn/ W

n,id

0.280

0.240
.175
.130
.110
.083
. 041

1.029

0.852

0.225
.190
.170
.150
.093
.062
.140

0.993

0.979

0.2704| 0.450

Nozzle-exit jet Mach number, Mj

"(tt) Configuration 99

0.455 0.645 0.802 0.990 1.157
Downstream peak Mach number, M
0.400 0.580 0.755 0.945 1.120
.310 .430 . 570 .720 . 915
.240 .330 .430 .550 . 690
.200 .275 .360 . 440 . 540
.140 .197 .251 .311 .374
. 080 .112 .145 .180 .218
0.993 1.009 0.994 0.993 0.991
0.881 0.889 0.893 0.886 0.894
Nozzle-exit jet Mach number, naj
0.630 0.805 0.987 1.152
Downstream peak Mach number, M
0.390 0.550 0.710 0.890 1.060
. 320 .450 . 580 .720 . 900
.285 .390 . 510 . 630 .755
.270 .375 .480 . 590 .700
.154 .216 .279 .349 .423
.106 .150 .196 .245 .296
.260 .365 .475 . 590 .695
0.983 0.986 0.998 0.990 0.988
0.920 0.906 0.911 0.898 0. 907
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TABLE V. - Continued.

(uw) Configuration 100

Axial distance, Survey across 0° lobes
X!
Nozzle-exit jet Mach number, M.
cm j
0.265 0.450 0.625 0.798 0. 980 1.145
Downstream peak Mach number, M
12,70 0.250 0.410 0.580 0.755 0.930 1.102
25. 40 .175 . 310 .440 . 580 . 740 . 860
38.10 .140 .250 .350 .445 . 560 .700
50.80 .125 .225 .330 .410 . 510 . 600
134,62 .107 .190 .267 .342 . 420 . 507
203.20 . 080 .142 .198 .258 . 319 . 384
235.59 .072 . 122 .174 .228 .280 . 342
Ratio of M. to ideal, 0.978 0.985 0.980 0.991 0.985 0. 984
My, i
Ratio of nozzle mass flow rate | 0.916 | 0.908 | 0.901 | 0.898 | 0.904 [ 0.905
to ideal, Wn/ Wn, id
Axial distance, Survey across 5° lobes
Xy
em Nozzle-exit jet Mach number, Mj
0.265 0.450 0.630 0.805 0.989 1.150
Downstream peak Mach number, M
- ]
12.70 0.250 0.410 0.590 0.765 0. 940 1.120
25.40 .180 .330 .470 . 590 .730 . 905
38.10 .150 275 .370 .480 . 580 .735
50,80 .125 .230 .335 .430 . 515 . 635
134.62 .109 .190 .267 .343 .424 . 510
213.36 .079 .136 - .193 .248 .306 . 367
304.80 . 050 .095 .139 .176 .219 .266
Ratio of M. to ideal, 0.978 0,987 0.989 1.001 0.995 0.989
My M5, 10
Ratio of nozzle mass flow rate | 0.949 | 0.889 | 0.901 | 0.892 | 0.903 | 0.903
to ideal, W /W_ ..




TABLE V. - Continued.

(vv) Configuration 101

Axial distance, Survey across 0° lobes
X,
em Nozzle-exit jet Mach number, Mi
0.260 0.445 0.628 0.800 0.970 1.144
Downstream peak Mach numier, M
12,70 0.235 0.400 0.570 0.750 0.918 1.102
25.40 .180 . 320 .432 . 565 .720 .850
38.10 .130 .220 .310 .420 . 530 . 640
50.80 .125 .210 .300 . 380 .450 . 545
142.24 .096 .165 .233 .298 .366 . 444
198.12 .077 .135 .191 .244 .296 .358
281. 94 .057 . 098 .137 177 .217 .261
Ratio of Mj to ideal, 0. 963 0.978 0,989 0. 998 0.979 0. 986
My/Mj,
Ratio of nozzle mass flow rate 0,922 0.901 0.904 0.905 0.899 0.901
to ideal, Wn/ Wn, id
Axial distance, Survey across 10° 1obes
X’
cm Nozzle-exit jet Mach number, Mj
0.275 | 0.455 ] 0.645 | 0.802 | 0.990 l 1.150
Downstream peak Mach number, M
12,70 0.260 0.425 0.600 0.770 0.948 1.127
25.40 .190 .335 .455 . 595 .750 . 955
38.10 .140 .250 .370 .455 . 545 .730
50.80 .125 .220 .315 .390 .470 . 590
139.70 .101 .172 .244 . 310 .375 .454
203.20 .076 .125 .174 .222 272 .326
269.24 . 055 .098 .141 .176 .210 .255
Ratio of M-| to ideal, 1.019 1.000 1.016 1.000 0.999 0.991
My/Mj, 10
Ratio of nozzlé mass flow rate | 0.958 0.914 0.913 0.909 0.902 0. 906
to ideal, Wn/Wn, id
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TABLE V. - Concluded.

(ww) Configuration 102

84

Axial Jet Survey across 0° lobes
distance, (fig. 100) )
e Nozzle-exit jet Mach number, Mj
cm 0.250 | 0.445 | 0.620 | 0.800 | 0.980 | 1.150
Downstream peak Mach number, M
12.70 I 0.230 | 0.390 | 0.570 | 0.710 | 0.910 | 1.060
25.40 .160 .280 .420 . 540 . 680 .810
38.10 .130 .230 | . .320 ..420 | .510 . 640
50.80 .110 .200 .280 . 350 . 445 525
12,70 o .250 .430 . 603 .760 . 940 1.113
25.40 | .180 .330 .480 . 620 .800 . 953
38.10 .150 .265 .365 .470 . 605 .740
50.80 .125 .220 .310 .400 .493 . 592
Ratio of M) to ideal, 0.923 | 0.974 | 0.972 0.994 | 0.985 | 0.988
My/M; g
Ratio of nozzle mass flow rate 0.945 0.892 0.901 0.903 0.906 0.903
to ideal, Wn/Wn, id
Axial Jet Survey across 10° lobes
distance, (fig. 100) A
X Nozzle-exit jet Mach number, Mj
cm 0.275 | 0.450 | 0.630 | 0.800 | 0,984 | 1.140
Downstream peak Mach number, M
12.70 m 0.240 0.400 0.570 0.720 0.903 1.050
25.40 .160 .300 .435 .575 .720 .848
38.10 .120 .225 .325 .425 . 515 . 635
50.80 .110 .180 .262 .340 .425 . 500
12,70 v
25.40 .100 .150 .240 .270 .330 . 380
38.10 .100 .170 .240 .300 .370 .425
50.80 .100 .170 .250 .310 .380 .445
Ratio of M, to ideal, 1,015 | 0.985 | 0.987 0.994 | 0.989 | 0.979
My/ M5, 10
Ratio of nozzle mass flow rate 0.945 0.892 0.901 0.903 0.906 0. 903
to ideal, W /W .4




TABLE VI. - PEAK AXIAL JET MACH NUMBER DECAY DATA FOR MULTIELEMENT

BYPASS NOZZLES WITH NOMINALLY NONCOPLANAR EXITS

(a) Configuration 103; average bypass exit Mach number Mb av = Mj

Axial distance
from core exit,
X,
cm

6.35
12,70
19.05
25.40
31.75
38.10
50.80

106. 68
203.20

Ratio of M; to ideal,
Mi/M; 4

Rs;tio of nozzle maés flov;r rate
to ideal, W _/ Wn, id

Axial distance
from core exit,

Nozzle-exit jet Mach number, M]

0.277 | 0.460 | 0.632 lo.eoz | 0.988 I 1.140

Downstream peak Mach number, M

(b) Configuration 104

0.250 0.410 0.578 0.741 0.940 1.080
175 .290 . 400 .510 . 660 .770
.145 .240 .340 .455 . 560 . 680
.130 .220 .320 .420 . 530 . 630
.130 .225 .310 .390 . 500 . 600
.125 .220 .300 .380 .470 . 580
.125 .200 .290 .370 . 450 . 545
.103 .178 .251 .327 .413 .496
.062 .108 .154 .200 .2565 .311

1.026 1.013 0.997 1.003 0.998 0.984

0.856 0.869 0.897 0.924 0.948 0. 964

Nozzle-exit jet Mach number, Mj

10.260 I 0.450 | 0. 630 |o.soo | 0.990 | 1.150

x’
cm Average bypass exit Mach number, Mb av
0.190 0.300 I 0.400 0.510 0.650 0.800
Downstream peak Mach number, M
6.35 0.250 0.430 0.610 0.785 0.975 1.138
12.70 .175 .310 .450 . 590 .753 .905
19.05 .130 .250 .350 .455 . 580 .706
25.40 .125 .210 .304 .390 . 500 . 610
31.75 .120 .190 .275 .355 .453 . 557
38.10 .120 .190 .270 .345 .425 . 525
50.80 .100 .175 .250 .325 .395 . 490
106. 68 .084 .144 .203 .260 .332 .406
152.40 .062 .108 .154 .197 .252 .311
215,90 .046 .079 .114 .145 .186 .229
Ratio of Mj to ideal, 0.963 0,989 0.992 0.999 1,000 0.992
MM I
Ratio of nozzle mass flow rate 0,631 0. 4840 0.650 0.651 0.657 0.663
to ideal, wn/wn’ id
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(c) Configuration 105; average bypass exit Mach number, Mb a

TABLE VI. - Continued.

,av

M,
)

Axial distance,
from core exit,

Nozzle-exit jet Mach number, Mj

to ideal, Wn/wn, id

X 0.275 0.460 0.635 0.800 0.990 1.158
cm Downstream peak Mach number, M
6.35 0.250 0.430 0.610 0.782 0.977 1.135
12.70 .175 .335 .490 . 685 .879 1.045
19.05 .140 .260 .390 . 540 .705 .870
25.40 .130 . 225 .330 .430 . 540 .720
38.10 .110 .185 .275 . 350 .450 . 550
50.80 .090 .160 .220 .310 .380 . 460
101.60 .090 .160 .220 .290 .370 . 440
152,40 .070 .120 170 .230 .290 . 360
213.36 .050 .090 .130 .170 .210 .260
Ratio of Mj to ideal, 1.019 1.011 1.000 0.998 0.999 0.998
M/M; g
Ratio of nozzle mass flow rate 0.662 0.695 0.730 0.772 0.823 0.870
to ideal, wn/wn’ id
(d) Configuration 106; average bypass exit Mach number, Mb av = Mj
Axial distance Nozzle-exit jet Mach number, Mj
from core exit,
X 0.250 0,435 0.628 0.793 0.987 1.138
cm Downstream peak Mach number, M
12.70 0.230 0,420 0.580 0,745 0.926 1.040
25.40 .160 .300 .420 .530 . 660 . 780
38.10 .135 .250 .360 .470 . 580 . 694
50.80 .130 .250 .355 .450 . 560 . 670
127.00 .099 174 .248 .322 .412 . 504
223,52 .056 | .103 .149 .195 .246 .301
Ratio of M, to ideal, 0.926 0. 956 0,987 0.989 0.995 0.980
J/ j,id
Ratio of nozzle mass flow rate 0,840 0.871 0.897 0.923 0.939 0.953
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Axial distance
from core exit,

TABLE VI, - Continued.

(e) Configuration 107

Nozzle-exit jet Mach number, M,

)

0.270 I 0.440 I 0.625 I 0.802 | 0. 989 | 1.142

X,
cm Average bypass exit Mach number, Mb av
0.200 0. 320 0.440 0.570 0.710 0.850
Downstream peak Mach number, M
12.70 0.250 0.430 0.610 0.775 0.955 1.053
25.40 .180 .310 .430 . 560 .700 .800
38.10 .150 .255 .360 .460 . 575 .700
50.80 .150 .250 .350 .430 . 530 . 630
101. 60 .106 .182 .256 .332 .420 . 510
152.40 L0171 .126 .180 .232 .290 .355
223.52 . 048 . 086 .121 .158 .196 .239
Ratio of M. to ideal, 1.000 | 0.967 0.984 1.000 0.998 0. 984
My/Mj, 14
Ratio of nozzle mass flow rate 0.650 0. 658 0.660 0.660 0.654 0.662
to ideal, wn/wn, id
() Configuration 108; average bypass exit Mach number, Mb av = Mj
Axial distance Peak Mach Nozzle-exit jet Mach number, Mj
from core exit, number
X, determined 0.260 0.440 0.625 0.795 0. 980 1.150
cm by - Downstream peak Mach number, M
6.35 Jets from tubes {0.250 0.410 0.580 0.735 0.885 1.020
6.35 Jets from tubes| .260 . 440 . 605 .763 . 930 1.070
12,70 Jets from tubes| .200 . 320 .450 . 570 .700 .830
12.70 Merged jets at .175 .300 .430 . 560 .725 .870
19.05 nozzle 175 .300 .420 . 545 .700 . 843
25.40 centerline .170 .285 .410 .530 .680 . 818
31.75 .150 .270 .390 .510 . 660 . 800
38.10 .150 .270 .380 . 500 . 640 .780
50,80 .130 .240 .350 .460 . 600 .720
101. 60 . 090 .160 .230 .300 . 380 .480
152.40 . 060 .110 .160 .210 .260 .320
213.36 .050 . 080 .120 .150 .200 .240
Ratio of M] to ideal, 0.959 0. 965 0.983 0. 990 0. 987 0. 990
M./M
i/ Mj, 10
Ratio of nozzle mass flow rate 0.729 0.721 0.818 0.781 0.821 0.859
to ideal, wn/wn‘ id
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TABLE VI. - Continued.

(g) Configuration 109

88

Axial distance Peak Mach Nozzle-exit jet Mach number, Mj :
from core exit, number ;i
X, determined 0.275 0.460 0.634 0.805 0.990 1.150
cm by - Average bypass exit Mach number, M av
0.280 0.455 0.630 0.800 0.987 1.120
Downstream peak Mach number, M
6.35 Jets from tubes| 0.250 0.425 0.600 0.755 0.940 1.087
12.70 Jets from tubes| .200 . 330 .470 . 596 772 . 915
19.05 Merged jets at .200 . 330 .470 . 595 . 735 .870
25.40 . nozzle .200 .330 .468 .593 . 740 . 870
38.10 centerline .190 .325 .460 . 585 .725 . 855
50.80 . 175 .310 . 440 . 560 .700 . 825
127.00 . 088 .149 .214 .280 .359 .430
213.36 .058 .101 .145 .189 .242 .201
Ratio of M. to ideal, 1.019 1.011 0. 998 1.004 0.998 0. 991
My/M;, 10
Ratio of nozzle mass flow rate 0.770 0.761 0.791 0.805 0.835 0.865
to ideal, Wn/Wn, id
(h) Configuration 110 )
Axial distance Nozzle-exit jet Mach number, M].
from core exit.
% 0.260 | 0.430 I 0.620 | 0.800 | 0.985 | 1.150
cm Average bypass exit Mach number, Mb av
0.22 | 0.33 l 0.44 l 0.55 I 0.66 | 0.77 |
Downstream peak Mach number, M
6.35 0.250 0.430 0.613 0.782 0.973 1.135
12.70 .175 . 320 .450 . 592 . 750 .898
19.05 .125 . 230 . 340 .470 . 590 .730
25.40 .125 .210 .285 . 380 .490 . 600
31.75 .110 .190 .270 . 340 .430 . 515
38.10 .100 175 .250 . 320 . 400 .475
50.80 .100 .160 .230 .310 . 380 .450
101. 60 .070 .110 .160 .210 .270 .310
142.24 . 050 . 080 .120 .150 .190 .230
203.20 . 030 . 050 . 080 .110 .130 .160
Ratio of M) to ideal, 0.963 0.945 0.976 0.998 0. 994 0.991
My/M;, i
Ratio of nozzle mass flow rate 0.535 0.544 0. 542 0.549 0.552 0.606
to ideal, W _/W_ .
n n,id




Axial distance
from core exit,
X,
cm

6.35
12.70
19.05
25.40
38.10
50.80

127.00
210.82

Ratio of Mj to ideal,

Mj/ Mj, id

Ratio of nozzle mass flow rate
to ideal, Wn/Wn id

H

Axia]l distance
from core exit,
X,
cm

12.70
25.40
38.10
50.80
114.30
152,40
218.44

Ratio of M] to ideal,

M;/M; 44

Ratio of nozzle mass flow rate
to ideal, Wn/wn,id

TABLE VI. - Continued.

(i) Configuration 111

0.270

0.180

0.275
.180
.150
.125
.130
.120
.070
. 044

0.996

0.589

() Configuration 112; average bypass exit Mach number, My , = M;

0.240
L1756
.150
.130
. 067
.048
.034

0.981

0.718

Nozzle-exit jet Mach number, Mj

0.451 0.630 0.802 0.989 1.153
Average bypass exit Mach number, Mb av

0.300 0.400 0. 500 0.600 0.700

Downstream peak Mach number, M
0.450 0.610 0.780 0.960 1.132
.310 .440 . 560 .705 .875
.250 .350 . 440 . 567 . 690
.225 .306 .390 .490 . 600
.220 .300 .370 .452 . 536
.200 .285 .360 . 440 . 521
.120 .166 .213 .263 .317
.074 .103 .130 .162 .195
0.989 0.989 0.998 0.995 0.991
0.566 0.551 0. 551 0.555 0.558

]

Nozzle-exit jet Mach number, Mi

0.265 | 0.455 | 0.630 I 0.800 l 0.975 | 1.135

Downstream peak Mach number, M
0. 420 0.595 0.765 0.905 1.052
.310 .430 . 570 .720 .870
.275 .380 . 500 . 640 .790
.220 .320 . 420 . 570 . 690
.121 .178 .237 .319 . 359
.090 .133 .178 .241 .278
.061 .096 .127 L171 .199
1.000 0.992 0.999 0.984 0.978
0.720 0.745 0.774 0.809 0.844
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TABLE VI. - Continued.

&) Configuration 113

Axial distance

from core exit,

Nozzle-exit jet Mach number, M.

X 0.300 0.460 0.640 0.805 | 0.990 1.140
cm .
Average bypass exit Mach number, M, av
0.200 | 0.330 | 0.440 | 0.540 [ 0.600 [ 0.730
Downstream peak Mach number, M
12.70 0.270 0.445 0.618 0.785 0.937 1.088
25.40 .175 .304 .422 . 550 . 685 .852
38.10 .140 .240 .350 . 445 . 560 . 660
50.80 .125 .210 .300 .390 . 500 .595
101. 60 .067 .111 .158 .209 .269 . 344
152.40 . 041 .069 .100 .134 172 .230
223.52 .026 . 046 .068 . 090 .118 .1568
Ratio of Mj to ideal, 1.111 1.011 1.008 1.004 0.998 0.983
M.
J/
Ratio of nozzle mass flow rate 0,588 0.560 0.564 0.565 0.565 0. 565
to ideal, Wn/Wn, id

(1) Configuration 114

Axial distance
from core exit,

Nozzle-exit jet Mach number, Mj

0.455 I 0. 630

X, 0.800 I 0.988 | 1.150
cm .
Average bypass exit Mach number, Mb av
0.290 | 0.380 I 0.475 | 0.610 I 0.770
Downstream peak Mach number, M
12.70 0.445 0.628 0.795 0.983 1.145
25.40 .385 .560 .720 . 920 1,103
38.10 .330 .475 . 615 .805 . 998
50.80 .275 .410 . 525 . 690 .890
76.20 .200 .290 .380 . 505 . 650
101. 60 .140 .200 .280 .370 .480
152, 40 .100 .150 .200 .250 .300
Ratio of MJ to ideal, 0.993 0.984 0.991 0.991 0.985
,id
Ratio of nozzle mass flow rate ]
to ideal, Wn/Wn’ id

IR SLpe 2




TABLE VI. - Continued.

(m) Configuration 115

Axial distance Nozzle-exit jet Mach number, Mj
from core exit,
< 0.455 I 0.630 | 0.800 | 0.984 | 1.152
cm Average bypass exit Mach number, My
0.320 0.420 I 0.530 | 0.663 0.850
Downstream peak Mach number, M
12.70 0.448 0.625 0.793 0.984 1.145
25.40 .390 . 565 .730 . 930 1.098
38.10 . 340 .485 . 630 .842 1.020
45.72 .320 .450 . 590 .795 . 970
50.80 .290 .425 . 550 .760 . 930
76.20 .225 . 325 .420 . 575 .705
101.60 .170 .250 . 320 .450 . 540
152.40 .120 .160 .220 .280 .350
Ratio of M:' to ideal, 1.000 0.991 0.998 0.992 0.992
My/M;, 5
Ratio of nozzle mass flow rate
to ideal, Wn/wn’ id
(n) Configuration 116
Axial distance Nozzle-exit jet Mach number, Mj
from core exit,
X 0.458 0.633 0.800 0.985
cm Average bypass exit Mach number, Mb av
0.350 0.490 0.620 0.773
Downstream peak Mach number, M
12.70 0.445 0.620 0.795 0,981
25.40 .390 . 555 .715 . 910
38.10 .355 .505 . 665 .855
45.72 .335 .475 . 630 . 825
50.80 . 320 .460 . 605 .800
76.20 .250 .350 .470 . 630
101.60 .190 .270 . 365 . 500
152.40 .130 .175 .240 .310
1.002 0.992 0. 994 0.990

Ratio of M] to ideal,

Mi/M; i

Ratio of nozzle mass flow rate
' 7
to ideal. Wn/ W

.id
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TABLE VI. - Continued.

(0) Configuration 117

Axial distance Nozzle~exit jet Mach number, M,

)
from core exit,
% 0.450 r 0.630 I 0.800 | 0.983
cm Average bypass exit Mach number, My .=
0.440 | o.616 | o0.783 | 0.972
‘Downstream peak Mach number, M
12.70 0,440 0.617 0.790 0.975
25.40 .425 . 600 .765 . 965
38.10 .415 . 890 . 760 . 955
45,72 .405 . 580 . 750 .935
50.80 .385 . 550 .730 . 920
76.20 .300 .440 . 580 775
101. 60 .230 .330 . 445 . 565
152, 40 .150 .225 .300 .380
Ratio of M. to ideal, 0,983 0.986 0.993 0.987
Mi/M), 50
Ratio of nozzle mass flow rate
to ideal, Wr/wn, id

(p) Configuration 118

Axial distance Nozzle-exit jet-Mach number, Mj
from core exit,
% 0.467 | 0.640 | 0.805 | 0.995 [ 1.160
cm Average bypass exit Mach number, Mb av
’
0.240 | 0.315 | 0.385 | 0.470 | 0.565
Downstream peak Mach number, M
12.90 0. 467 0.639 0.804 0.995 1.151
25.40 . 450 . 625 .790 . 986 1.149
38.10 . 387 . 550 .710 . 903 1.085
50.80 .318 .455 . 590 .765 . 930
63. 50 .257 .380 .495 . 640 .780
76.20 .220 . 325 .420 . 545 . 655
101.60 .155 .240 .320 .418 . 508
Ratio of M. to ideal, 1.024 | 1.005 | 1.001 1.001 | 0.995
M./M,
i/ M, 10 |
Ratio of nozzle mass flow rate
to ideal, Wn/Wn’ ia




TABLE VI. -~ Continued.

(@) Configuration 119

Axial distance
from core exit,

Axial distance
from core exit,
X,
cm

12.70
25.40
38.10
50.80
63. 50
76.20
101. 60
127.00

Ratio of Mj to ideal,
Mj/ Mj, 1d

Ratio of nozzle ma.;s_fiow réte

Nozzle-exit jet Mach number, M,

]

0.467 ] 0.645 | 0.812 ] 1.000 | 1.160

Average bypass exit Mach number, Mb av

0.570 0.700

0.910

peak Mach number, M

( 0.810 1.000

1.160

.795 . 988 1.149
.722 . 918 1.066
. 613 .782 . 918
.518 . 665 L7172
. 450 .575 . 670
.350 .450 .515
.290 .375 .425
1.010 1.006 0. 997

(r) Configuration 120

X,
cm
0.340 l 0.460
Downstream
12.70 0.467 0.643
25.40 . 450 .625
38.10 .400 . 560
50.80 .330 .470
63.50 .275 . 400
76.20 .235 .340
101. 60 .190 .270
127.00 .145 .220
Ratio of Mj to ideal, 0.124 1.013
MMy i
Ratio of nozzle mass flow rate
to ideal, W /W ..

Nozzle-exit jet Mach number, Mj

" 0.475 l o.és';z ] 0”'.822 | 1.010

Average bypass exit Mach number, Mb av
?

0.470 ] 0.649

0.815

1.008

Downstream peak

Mach number, M

to ideal, Wn/Wn’ id

0.470 0.650 0.820 1.008
.450 . 630 .800 . 995
.418 . 580 . 740 . 945
.368 .510 .659 .849
.318 .450 . 580 .745
.275 .395 . 500 . 645
.225 .320 .410 . 515
.196 .265 .335 .425

1.042 1.024 1.022 1.016
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TABLE VI, ~ Continued.

(s) Configuration 121

- -

4

;

Q

i

!

i

A

%
1
§
3

Axial distance Nozzle-exit jet Mach number, Mj
from core exit, : - - - ]
< 0.450 | 0.580 0.800 0.990 I 1.151
cm Average bypass exit Mach number, Mb av
?
0.205 | 0.255 I 0.370 [ 0.440 I 0.575
Downstream peak Mach number, M
12.70 0.450 r0.570 0.800 0.988 1.151
25.40 .430 . 570 .795 . 987 1.150
38.10 . 440 .570 .795 . 988 1.151
50,80 .405 .535 L7170 .969 | 1.145
63. 50 . 360 .480 .700 . 905 1.095
76.20 .320 .420 . 630 .805 1.010
101. 60" .240 .325 .470 . 620 .785
127.00 .200 .260 .370 .495 . 620
177.80 .125 .175 .250 .320 .415
228. 60 .090 .125 .175 .240 .300
Ratio of M, to ideal, 0.991 1.000 ( 0.999 | 1.000 0.993
My/M;, i
Ratio of nozzle mass flow rate | 0.593 | 0.538 | 0.566 | 0.543 [ 0.541
to ideal. Wn/wn. id
(t) Configuration 122
o - — R _
Axial distance Nozzle-exit jet Mach number, Mj
from ‘core exit, -
X 0.450 l 0.578 [ 0.803 | O.QSOJ 1.155
cm Average bypass exit Mach number, Mb av
0.310 0.390 l 0.542 I 0.671 | 0.839
Downstream peak Mach number, M
12.70 0.440 0.572 0.803 0.990 1.150
25.40 .450 . 572 .800 . 990 1.152
38.10 .435 . 570 .800 . 990 1.140
50.80 .420 .545 .765 .975 1.100
63. 50 .380 . 500 .715 .915 1.010
76.20 .340 .440 . 640 .825 .885
101. 60 .265 .350 . 500 . 650 .705
127.00 .220 .275 . 400 .530 . 585
177.80 . 140 .200 .290 .375 .415
228. 60 .120 .150 .220 .275 . 320
. N I
Ratio of M. to ideal, 0.989 | 0,997 1.002 0.999 | 0.996
My/Mj, ia
Ratio of nozzle mass flow rate 0.661 0.704 0.696 0.706 0.704
to ideal. Wn/an id J
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TABLE VI. - Concluded.

() Configuration 123

Axial distance
from core exit,

r

Nozzle-exit jet Mach number, Mj

0.450 I 0.575 I 0.800 I 0. 986

X,
cm Average bypass exit Mach number, Mb av
0.445 | 0.572 I 0.798 | 0.985
Downstream peak Mach number, M
12.70 0.450 0.575 0.800 0.983
25.40 .450 . 575 .795 . 983
38.10 . 440 . 565 .790 . 980
50.80 .425 . 540 .765 . 955
63. 50 .390 . 505 .715 . 910
76.20 .360 .450 . 650 .835
101. 60 .290 .375 .530 . 680
127.00 .240 .310 . 440 . 560
177.80 .160 .220 .310 .400
228. 60 .125 .160 .230 .320
Ratio of M. to ideal, 0.989 0. 990 0.998 0.994
MM
Ratio of nozzle mass flow rate 0.928 0. 950 0.955 0. 962

to ideal, Wn/wn, id
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i

Aileron

Flap

Figure 1. - Externally blown flap, short-takeoff-and-landing (STOL) airplane.
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{a) Flow system.

{h) Configuration 117 instailed on air supply line.
Figure 2. - Nozzle test facility.
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‘ {-71-1400
(a) Radially symmetric multitube (1-6-6) nozzle, configuration 61.

(-71-1403
{b) Radially symmetric multitube (1-6-6) nozzle, configuration 63,

Figure 3. - Multielement nozzles.



¢-71-1407

{c) Radially nonsymmetric multitube (1-6-6) nozzle, configuration 67.

(d) Rectanqu lar-array multitube nozzle, configuration 69.

Figure 3. - Continued.
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(e} Multitube (0-8-0) nozzle with centerbody, configuration 49,

[-72-599

{f) Three-slof rectangular nezzle, configuration 73,

Figure 3. - Continued.




(q) Six-slot split-element nozzle, configuration 89.

{h) Flat-end trapezoidal nozzle, configuration 94.

Figure 3. - Continued.

£-71-2953
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(i} Flat-end trapezoidal nozzle, configuration 95.

(j) Flat-end trapezoidal nozzle, configuration 9.

Figure 3. - Continued.




(k) Round-end trapezoidal nozzle with alternate lobes canted 10° outward from nozzle
centerline, configuration 101.

o CeT1-4014

{0) Bypass nozzle with eight core tubes and eight secondary-fiow orifices,
configuration 103,

Figure 3, - Continued.

103



104

{m} Bypass nozzle with round-end slot core and screened annular secondary,

configuration 116.

(n) Bypass nozzle with round-end slot core and annular secondary,
configuration 117.

Figure 3. - Continued,




{0} Bypass nozzle with circular convergent core and screened annular secondary,
configuration 121.

Figure 3. - Concluded.
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Downstream local Mach number, Mg

o ‘ o
~O——+—©— Survey
o|o

Six-tube (0-6-0) nozzle;
tubes: 2.54cm o.d. by

Nozzle 2.36 cmi.d. by 10.16 cm
pressure long on 6. 67-cm radius
ratio,
L= PriPg 2.303
2.303
1.10 — L
2.303 ) 233
1.05 — L
L0 1.873 —
1.873
9 L—
- 157
o ’._
T —
b =
5 L
A —
— L
3 -
.2 =
: || | | B N | Z AN\
10 4 2 3 2 10 10 4 2 3 2 4 6 [} 10
Radius, cm
ta) Survey at 0.32 centimeter downstream of tube exits (Mg = My). (b) Survey at 12,7 centimeters downstream of tube exits.

Figure 4. - Jet total pressure profiles converted to Mach numbers for various nozzle pressure ratios. Configuration 45.
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{e) Survey at 50.8 centimeters dowhstream of tube exits.

Figure 4. - Concluded.
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OO0 0O~ sy

1%

Twelve-tube (0-6-6) nozzle. Tubes
2.54-cm o.d. by 2.36-cm i.d. by
10.16 cm long; inner row on 5.08-
cm radius, outer row on 8.89-cm
radius ‘

1.0 ‘
F \ Il'h\

(-
I

pammp————

e
—

Nozzle-exit jet

Mach number,

M;
_— 0.63

—_———— 795
—_——— .98
—_—— 1.15

i
o L il |

-
o

Ratio of downstream local Mach number to downstream peak Mach number, MM
o

£

(b) Survey at 12.7 centimeters.

I I | I

0 .2 .4 6 8 Lo

(¢) Survey at 25. 4 centimeters.

. . 0 .2 .4 .6 .8 1.0
Ratio of local jet radius to locai maximum jet radius, r/(rmax at My-0)

(d) Survey at 38.1 centimeters.

Figure 5. - Normalized nozzle-exit jet Mach number profiles. Configuration 54.
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—Circular nozzle

Infinite-aspect-ratio 7
rectangular (slot} nozzle

Peak Mach number ratio, MIMj

1 I [

(a) Schematic diagram of single-element-nozzle peak axial Mach number decay.

~Equivalent diameter, D,
-

——

1 te——Single-element decay ___»-l« Coalescing-core
decay -—Coalesced-core decay -—=

£
= (@ Departure point of coalescing
o ~® core from single-element
s / decay curve
H @ Start of fully coalesced-core
E N decay
< AN
5 . N
2 Single- \‘”—Dx
z element  \
8 LD  decay curve—

L ' 1

M 10 100
Axial distance parameter, X/CnDe '/l + M}

(b) Schematic diagram of multielement-nozzle peak axial Mach number decay regimes.

Figure 6. - Jet Mach number decay with axial distance.
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]

Nozzle-exit Normalizing Configuration Description

jet Mach coefficient,

number, Ch

.M
(e] 0.825 09 1 2.36-cm-i. d. tube by 10.16 cm long
o -802 . 2 2. 46-cm-diam orifice (sharp edge)
O .985 7
© -80 -9 3 2. 46-cm-diam orifice (round edge)
Q .99 .91
A 951 -80 4 2.54-cm-diam orifice (sharp edge)
AN 1.15% .80
.985 .85 5 7. 62-cm-diam convergent nozzle, 0.318-cm lip

4 } .985 .85 6 7.62-cm-diam convergent nozzle, 0.079-cm lip

Caiculated

Peak Mach number ratio, Mle

4 6 8 10 2 ©
Axial distance parameter, X /C,De y1 + M

Figure 7. - Peak axial Mach number decay comparison of circular single-element nozzles, both tube and
orifices {sharp and round edge), and a convergent (circular) nozzle.

ol L, 19,
60

.08
1

N e
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Peak Mach number ratio, MIMj

- Nozzle-exit jet
.8 Mach number,
L M
6l ]
’ m) 0. 465
L o .638
A . 805
A 4 .991
ad 1.158
~ Calculated (C, = 0.82)
2
) R | L
1 2 4 6 8 10 2 40 60 80 100

Axial distance parameter, X/CnDe ‘/1 + Mj

Figure 8. - Peak axial Mach number decay of 3. 58-centimeter-diameter convergent nozzle. Configuration 7;
equivalent diameter, D,, 3.58 centimeters.

1 LAY N e
£
— 6-— Nozzle-exit jet
= - Mach number,
zF L M.
s y
T o4 0. 366
w .595
é - 784
2 1.051
= 1.179
2
E . . Calcutated (C, = 0.91)
&
1 o b ol s N
1 2 4 6 8 10 20 40 60 80 100

Axial distance parameter, X/CnDe ‘/1 + Mj-

Figure 9. - Peak axial Mach number decay of 7. 62-centimeter-diameter convergent nozzle (ref. 10). Configuration §&;
equivalent diameter, Dy, 7.62 centimeters.
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Nozzle-exit jet
Mach number,
M:

J

0.26
.458
.635
. 805

.9

1.16

Caiculated (C,=0.71)

o

Survey

s
|

dbdpoOO0

Orifice 0.318 cm thick

T

Peak Mach number ratio, MIMj
1

1 2 4 6 8 10 2
Axial distance parameter, X /D 1+ M;

Figure 10. - Peak axial Mach number decay of 5.08-centimeter by 7.62-centimeter rectangular sharp-edge slot.
Configuration 9; equivalent diameter, D, 7.03 centimeters.

Nozzle-exit jet

Mach number,

M:
]

0. 265
.4
.63

. 802
.9
1.16

Calculated (C, = 0.63)

bDhpoOO

Orifice 0.318 cm thick

Peak Mach number ratio, MIMJ-
I

) | | ||||||| , | I
1 2 4 6 8 10 2 40 60 8 100

Axial distance parameter, X/CnDe ‘/'i + Mj

Figure 11. - Peak axial Mach number decay of 5.08-centimeter by 15. 24-centimeter rectangular sharp-edge slot.
Configuration 10; equivalent diameter, Dy, 9.94 centimeters.
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Peak Mach number ratio, Mle

Peak Mach number ratio, MIMj

- Orifice 0,318 cm thick

Survey

| TR B T
2

||
4 6 8§ 10 20
Axial distance parameter, X/CnDe '/1 + MJ-

DMPODO

Nozzle-exit jet
Mach number,

M

0. 265
45
.633
. 803
.989

1.15

Caiculated (Cp, = 0.60)

Figure 12. - Peak axial Mach number decay of 3. 81-centimeter by 15.24-centimeter rectangular sharp-edge slot.

Configuration 11; equivalent diameter, D, 8. 6 centimeters.

Survey

Orifice 0.318 cm thick

bbdpoOoO

Nozzle-exit jet
Mach number,
M.
J
0. 265
. 455
.638
. 802

.99
1.158

Calculated (Cy, = 0.60)

2 4 6 8 10 2
Axial distance parameter, X/Cp,Dq Y1+ M;

Figure 13. - Peak axial Mach number decay of 2. 54-centimeter by 15. 24-centimeter rectangular sharp-edge sfot.

Configuration 12 equivalent diameter, Dg, 7.03 centimeters.
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Peak Mach number ratio, MIMj

o -
oo —

— Orifice, 0.318 ¢cm thick

Nozzle-exit jet
Mach number,
M:

}
0.455
.635
. 805
.994
1.15

— Calculated {C,, = 0.67}

DD OO

Survey

A T I IYE R R B s B
(a) Sharp edge; configuration 13.
a

0 o 04

o .63

- a .805
a4 .9

a 1.156

Calculated (C,, = 0.81)

qu

l ol b | PR 1[

[ |
2 4 6 8 10 2 L)) 60 8 100
Axial distance parameter, X/C;Dg 1+ M;
(b) Round edge; configuration 14.

Figure 14. - Peak axial Mach number decay of 1. 27-centimeter by 15. 24-centimeter rectangular slot. Equivalent
diameter, De- 4,96 centimeters.




Peak Mach number ratio, MIMJ-

Peak Mach number ratio, MIMj

- Nozzle-exit jet
81— Mach number,
M.
B |
61— <o 0.64
fa .80
4 .985
4 a 1.15
Calculated (Cp, = 0. 70)
B ——H—» Survey
Orifice 0.635
2 cm thick
R I I 1
1 2 4 6 8 10 80 100

Axial distance parameter, X/C,,Dq yT+ M

Figure 15. - Peak axial Mach number decay of 2. 286-centimeter by 5.08-centimeter rectangular sharp-edge slot.

Configuration 15 (single slot of configuration 75); equivalent diameter, D,, 3.84 centimeters.

1
g Nozzle-exit jet
. Mach number,
| M.
6F— j
0.644
L . 803
.99
A 1.155
| Calculated (C, = 0.84)
Survey
L 2f—
Orifice 0,318
cm thick
4 N | an
1 2 4 6 8§ 10 20 40 60 80 100

Axial distance parameter, X/C,.,De + Mj

Figure 16. - Peak axial Mach number decay of 1. 524-centimeter by 7. 62-centimeter rectangular sharp-edge slot.

Configuration 16 (single slot of configuration 76); equivalent diameter, Dg, 3.84 centimeters.
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- Peak Mach number ratio, MIMJ-

Peak Mach number ratio, MIM,-

(=)

&H

nN

Nozzle-exit jet
Mach number,
M;

0.45
.625
185

.91
1.133

Calculated (C, = 0.63)

dhpoO

Survey

* Orifice 0.635
cm thick

F P O S R S L N T YRR T

e .

Pl

| ,
1 2 4 6 8

| 1
10 2
Axial distance parameter, X/Cp,Dg y1+ M;

Figure 17. - Peak axial Mach number decay of 2. 286-centimeter by 11. 43-centimeter rectangular sharp-edge
slot. Configuration 17 (single slot of configuration 77); equivalent diameter, Dy, 5.76 centimeters.

Nozzle-exit jet
Mach number,

¥
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A .80
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a 115
Calculated (C, - 0.67)
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Orifice 0.635
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R e A R L A
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l
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. [
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Axial distance parameter, X/CnDe '/l + Mj

Figure 18. - Peak axial Mach number decay of 1. 524-centimeter by 11. 43-centimeter rectangular sharp-edge siot.
Configuration 18 {single slot of configuration 78); equivalent diameter, D, 4.71 centimeters.




Peak Mach number ratio, MIMj

Peak Mach number ratio, MIMJ-

o

:_
] Nozzle-exit jet
B ‘Mach number,
L6 Mj
| 0.65
. 805
A ‘%9
1.155
- Survey
Calculated (C, = 0.59
2 Orifice 0.318
cm thick
1 o IV'I'_|,||||| | 1 . |||I.
1 2 -4 6 8 10 20 . [ 60 80 100
Axial disig'nce parameter, x/e‘;,lué YTFmg s L

Figure 19. - Peak axial Mach number decay of 1. 02-centimeter by 11. 43-centimeter _fectangular sharp-edge
orifice. Configuration 19 (single slot of configuration 79); equivalent diameter, Dg, 3.84 centimeters.
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Figure 20. - Peak axial Mach number decay of 1. 524-centimeter by 6. 99-centimeter rectangular convergent nozzle.
Configuration 20 (single nozzle of configuration 90); equivalent diameter, Dy, 3.68 centimeters.
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Figure 21. - Peak axial Mach number decay of 1. 524-centimeter by 8. 25-centimeter rectangular convergent nozzle.
Configuration 21 (single nozzle of configuration 89); equivalent diameter, Dg, 4.00 centimeters.
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Figure 22. - Peak axial Mach number decay of round-end rectangular nozzle. Configuration 22 (core nozzle of
configurations 114, 115, 116, and 117); equivalent diameter, D, 5.32 centimeters; aspect ratio. AR. 4.76
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Figure 23. - Peak axial Mach number decay of 1. 524-centimeter by 20. 32-centimeter rectangular convergent nozzle.
Configuration 23 (single nozzle of configurations 72, 73, and 74); equivalent diameter, D, 6.28 centimeters.
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Figure 24. - Peak axial Mach number decay of 1. 524-centimeter by 20. 32-centimeter rectangular convergent
nozzle with 159 end plates. Configuration 24 (same basic nozzle as configuration 23); equivalent diameter,
D¢, 6.28 centimeters.
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Figure 25. - Peak axial Mach number decay of 6. 75-centimeter by 6. 75-centimeter square convergent
nozzle. Configuration 25; equivalent diameter, D, 7.62 centimeters; wall divergence angle, B, 00
(From ref. 10; nozzle 5.}
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Figure 26, - Peak axial Mach number decay of 4. 775-centimeter by 9. 55-centimeter rectangular nozzle.
Configuration 26; equivalent diameter, Dy, 7.62 centimeters; aspect ratio, AR, 2 wall divergence
angle, B, 30° (From ref. 10; nozzle 7.)
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Figure 27. - Peak axial Mach number decay of 3. 02-centimeter by 15, 1-centimeter rectangular nozzle,

Configuration 27; equivalent diameter, D, 7.62 centimeters; aspect ratio, AR, 5; wall divergence
angle, B, 5% (From ref. 10; nozzle 8.)
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Figure 28. - Peak axial Mach number decay of 3. 02-centimeter by 15. l—ceqtimeter rectangqlar nozzle.
Configuration 28; equivalent diameter, Dg, 7.62 centimeters; aspect ratio, AR, 5; wall divergence
angle, B, 30°. (From ref. 10; nozzle 9.)
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Figure 29. - Peak axial Mach number decay of 2 74-centimeter by 16. 55-centimeter rectangular nozzle,”

Configuration 29; equivalent diameter, D, 7. 62 centimeters; aspect ratio, AR, 6; wall divergence
angle, B, (°. (From ref. 10; nozzle 6.}
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Figure 30. - Peak axial Mach number decay of 3-centimeter by 65-centimeter rectangular nozzle. Con-
figuration 30; equivalent diameter, De- 15.75 centimeters; aspect ratio, AR, 21.7. (From ref, 8.)
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Figure 31. - Peak axial Mach number decay of 5.08-centimeter by 7. 62-centimeter triangular sharp-edge
orifice. Configuration 31; equivalent diameter, D, 4.96 centimeters.
e Nozzle-exit jet
B Mach number,
- M
- ]
- O 0.275
a .46
B < .63
| & .805
4 .99
a 1.158
B Cal =0
5.08cm <i>—> Survey alculated (Cp, = 0.63)
- l15.24 cm——l
Triangular orifice 0. 318 cm thick
L ! R N
1 2 4 6 8 10 20 40 60 80 100

Axial distance parameter, X/CnDe '/1 + Mi

Figure 32 - Peak axial Mach nUmber decay of 5,08-centimeter by 15, 24-centimeter triangular sharp-edge
orifice. Configuration 32 equivalent diameter. Dy, 7. 03 centimeters.

123



I— Nozzle-exit jet
8 Mach number,
L Mj

— (w] 0.45

= .6

s B o .63

s A .80

Y 4 -9

B L:l> - Survey a L

€ L I Calculated (Cp, = 0. 67)

2 254cm L—lS. 24 cm—J

£

=}

= L Triangular orifice 0. 318 cm thick

2 .2

&
. L Lot l N
1 2 4 6 8 10 20 40 60 80 100

Axial distance parameter, X/CnDe'/l + Mj

Figure 33. - Peak axial Mach number decay of 2 54-centimeter by 15. 24-centimeter triangular sharp-edge
orifice. Configuration 33; equivalent diameter, D, 4. 96 centimeters.
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Figure 34. - Peak axial Mach number decay of flat-end trapezoidal nozzle. Configuration 34 (single nozzle
of configuration 9); equivalent diameter, Dy, 3.19 centimeters.
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Figure 35. - Peak axial Mach number decay of flat-end trapezoidal nozzle. Configuration 35 (single
nozzle of configuration 95); equivalent diameter, D, 3.125 centimeters.
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Figure 36, - Peak axial Mach number decay of flat-end trapezoidal nozzle. Configuration 36 (single nozzie
of configuration 96). equivalent diameter, D,. 2. 20 centimeters,
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Figure 37. - Peak axial Mach number decay of round-end trapezoidal nozzle. Configuration 37 (single
nozzle of configurations 97, 98, 99, 100, 101, and 102); equivalent diameter, De, 3,81 centimeters,
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Figure 38. - Peak axial Mach number decay of a Y-shape sharp-edge orifice. Configuration 38; equivalent
diameter, De. & 40 centimeters.
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Figure 39. - Peak axial Mach number decay of 1.016-centimeter-wide sharp-edge annulus 13.21 centimeters in out-
side diameter by 11. 18 centimeters in inside diameter. Configuration 39 (used on configurations 108, 109, 110,
111, 112, and 113); equivalent diameter, Dy, 7.05 centimeters. (Inner surface (jet) pumped subatmospheric for
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Figure 41. - Peak axial Mach number decay of bypass-nozzle convergentannulus only, 10.23 centimeters in
outside diameter by 7. 92 centimeters in inside diameter. Configuration 41 (used on configurations 118, 119,
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Figure 42 - Peak axial Mach number decay of 0-6-0 multitube nozzle with spacing ratio sy/d; of 0. 345. Configuration 42;
equivalent diameter, Dy, 2 36 centimeters.
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Figure 43, - Peak axial Mach number decay of 0-6-0 multitube nozzle with spacing ratio s)/dy of 0.613. Configuration 43;
equivalent diameter, De, 2. 36 centimeters,
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Figure 44. - Peak axial Mach number decay of 0-6-0 multitube nozzle with spacing ratio sy/d; of 1. 152 Configuration 44:
equivalent diameter, D, 2 36 centimeters.
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Figure 45. - Peak axial Mach number decay of 0-6-0 multitube nozzle with spacing ratio sy/dy of 1.825. Configuration 45;

equivalent diameter, Dy, 2. 36 centimeters.
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Figure 46. - Peak axial Mach number decay of 0-6-0 multiorifice (round edge) nozzle with spacing ratio s)/d; of 1.064. Configu-
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Figure 47, - Peak axial Mach number decay of 0-6-0 multiorifice (sharp edge) nozzle with spacing ratio slldl of 1. 064.

Configuration 47; equivalent diameter, D, 2. 46 centimeters.
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Figure 51. - Peak axial Mach number decay of 0-6-6 multiorifice (sharp edge) nozzle with spacing ratios rplsy=0.0304 and sy/d; - 1.0.
Configuration 50; equivalent diameter, Dg. 2.54 centimeters,
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Figure 52, - Peak axial Mach number decay of 0-6-6 multiorifice (sharp edge) nozzle with spacing ratios rolsy = 0.111 and syldy = 1.0.
Configuration 51; equivalent diameter, De, 2.54 centimeters.
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Figure 54. - Peak axial Mach number decay of 0-6-6 multltube nozzle with spacing ratios rofs, = 0. 204 and s)/dj = 0 345. Configuration 53;
equivalent diameter, D, 2.36 centimeters.
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Figure 55. - Peak axial Mach number decay of 0-6-6 multitube nozzle with spacing ratios rols, = 0.222 and s/dy - 1.152. Configura-
tion 54; equivalent diameter, D, 2.36 centimeters.
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Figure 56. - Peak axial Mach number decay of 0-6-6 muititube nozzle with spacing ratios rolsy=0.349 and sp/dy = 1.152. Configuration 55;
equivalent diameter, De, 2.36 centimeters.
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Figure 57. - Peak axial Mach number decay of 0-6-12 multitube nozzle with spacing ratios rolsg=0.938 and sy/d) = 1.152. Configuration 56;
equivalent diameter, Dy, 2.36 centimeters. '
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Configuration 57; equivalent diameter, Dy, 2.54 centimeters; spaces between orifices pumped subatmospheric.
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tion 58; equivalent diameter, Dg, 2.36 centimeters.
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Figure 64. - Peak axial Mach number decay of 1-6-6 multitube nozzle with spacing ratios ry/sy =1.0 and sy/dy = 0.613. Configuration
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Figure 70. - Peak axial Mach number decay of 1-6-12 multitube nozzle with spacing ratios ry/s; =1.0 and sy/d; = 1.152. Configuration 68;
equivalent diameter, Dy, 2.36 centimeters.
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nozzle axis. Configuration 71; equivalent diameter, Dg, 6.96 centimeters (center slot).
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Figure 74. - Peak axial Mach number decay of three-slot convergent nozzle with spacing ratio sy/w = 2.83. Configuration
72 (single element, configuration 23); equivalent diameter, Dy, 6.27 centimeters.
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Figure 75. - Peak axial Mach number decay of three-slot convergent nozzle with spacing ratio sy/w = 4.17. Configuration
73 (single element, configuration 23); equivalent diameter, Dy, 6.27 centimeters.
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Figure 76. - Peak axial Mach number decay of three-slot convergent nozzle (configuration 73) with hemispherical afterbody flush with nozzle

exits. Configuration 74; equivalent diameter, Dy, 6. 27 centimeters.
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Figure 77. - Peak axial Mach number decay of four-siof, sharp-edge-orifice nozzle with spacing ratio sy/w = 2.0. Config-
uration 75 (single element, configuration 15); equivalent diameter, Dg, 3. 85 centimeters.
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Figqre 78. - Peak axial Mach n umber decay of four-slot, sharp-edge-orifice nozzle with spacing ratio sy/w = 2.0. Configuration 76
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Figure 79. - Peak axial Mach number decay of four-slot, sharp-edge-orifice nozzle with spacing ratio sy/w = 2.0. Configuration 77 (single

element, configuration 17); equivalent diameter, D¢, 5.76 centimeters.

l —
B Nozzle-exit jet
8 Mach number,
I o oM
£ o 0.5
= - () .45
s o .63
® A A .80
g 4 .984
E L U U U U a 1145
2
5 Four slots 1. 52 cm wide by Calcul?ted
= ol _ 11.43 cm high; space be- (Cp = 0.56)
et tween slots, 3.05cm
8 element -
o.
1 N I B e L |
1 2 4 6 8 10 2 0 . 60 80 100 200

Axial distance parameter, X/Cp,Dg y1 7+ M;

Figure 80. - Peak axial Mach number decay of four-slet, sharp-edge-orifice nozzle with spacing ratio s;w = 2.0. Con-
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Figure 81. - Peak axial Mach number decay of four-slot, sharp-edge-orifice nozzle with spacing ratio syfw = 2.0, Configuration 79 (single
element, configuration 19); equivalent diameter, Dy, 3.85 centimeters: spaces between slots pumped subatmospheric at 0. 32-centimeter
and 2. 54-centimeter survey stations.
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2.0; wall divergence angle, B, 15% nozzle-exit jet Mach number, Mj, 1.05. (From ref. 11.)
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Figure 85. - Peak axial Mach number decay of six-slot ventilated convergent nozzle. Height-width ratio, hiw, 5.42; radial
spacing, ry, 3.81 centimeters. Configuration 89 (single element, configuration 21); equivalent diameter, Dy, 4.00 centi-
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Figure 86, - Peak axial Mach number decay of six-slot ventilated convergent nozzle. Height-width ratio, hiw, 4.58; radial
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Figure 87. - Peak axial Mach number decay of two-lobe triangular convergent nozzle with circumferential spacing ratio
syfwy of 3.08 centimeters. Configuration 91; equivalent diameter, Dy, 5.40 centimeters. (From ref. 10,)
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Figure 89. - Peak axial Mach number decay of 12-lobe triangular convergent nozzle with circumferential spacing ratio
sylwg of 3. 98. Configuration 93; equivalent diameter, Dy, 2. 20 centimeters. (From ref, 10.)
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Figure 91. - Peak axial Mach number decay of six-lobe, flat-end trapezoidal nozzie with circumferential spacing ratio sj/wy of 1.014,
Configuration 95 (single element, configuration 35 equivalent diameter, Dg, 3.15 centimeters.
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Fig_ure 9?. - Peak. axial Mach number decay of 12-lobe, flat-end trapezoidal nozzie with circumferential spacing ratio, sy/wp of 1.14. Con-
figuration 96 (single element, configuration 36); equivalent diameter, Dg, 2.18 centimeters.
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Figure 93. - Comparison of calculated peak axial Mach number decay of multi lobed flat-end trapezoidal nozzles.
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Figure 94. - Peak axial Mach number decay of two-lobe, round-end trapezoidal nozzle - both lobes at 0° to nozzle axis.
Configuration 97 (single element, configuration 37); equivalent diameter, Dg, 3.81 centimeters.
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Figure 95. - Peak axial Mach number decay of four-lobe, round-end trapezoidal nozzle - all lobes at 0° to nozzle axis.
Configuration 98 (single element, configuration 37); equivalent diameter, Dg, 3.81 centimeters.
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Figure 96. - Peak axial Mach number decay of eight-fobe, round-end trapezoidal nozzle with 10° conical afterbody - all lobes at 0° to nozzle
axis. Configuration 99 (single element, configuration 37); equivalent diameter, De, 3.81 centimeter.
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Figure 97. - Peak axial Mach number decay of eight-lobe, round-end trapezoidal nozzle - four lobes at 0° and four alternate lobes at 5°

to nozzle axis. Configuration 100 (single element, configuration 37); equivalent diameter, Dg, 3. 81 centimeters.
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Figure 98. - Peak axial Mach number decay of eight-lobe, round-end trapezoidal nozzle - four lobes at 0° and four alternate lobes at 10° to
nozzle axis. Configuration 101 (single element, configuration 37); equivalent diameter, De, 3.8l centimeters.
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Figure 99. - Comparison of effect of canting alternate lobes of eight-lobe, round-end trapezoidal nozzle.
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Figure 100. - Peak axial Mach number decay of seven-lobe, round-end trapezoidal nozzle - eight-lobe nozzle with four
lobes at 0°, three alternate lobes at 10°, and one lobe plugged. Configuration 102 (single element, configuration 37);

equivalent diameter, D,, 3.81 centimeters.

159



Peak Mach number ratio, MIMJ-

160

ol radius. Eightorifices 2 54-cm diam

| T N T 1

Nozzle-exit jet
Mach number,

M

0.217
.4
.632
. 802
.988

1.14

Calculated (C, - 0.83)

L - Il‘l
DADPOOO

Eight tubes 1. 59-cm o.d. by 1.41-cm
i.d. by 10.16 cm long on 4.06-cm

on 6.67-cm radius. Single
element /
(primary}~

(a) Without screens in secondary orifices; configuration 103.

Nozzle-exit jet Ratio of bypass
Mach number, to core flow exit

Mj Mach number,

MbIMJ-

I o] 0.2 0.73
- ] 4 . 667
81— O .63 .635
= A .80 627
- a .9 . 657
a 1.15 .696

Calculated (Cp, = 0.83)

element /'
{primary)~

T N e [

1 2 4 6 8 10 2 0 60 8 100 200

Axial distance parameter, X/Cp.D, yT + W
{b) With screens in secondary orifices; configuration 104.

Figure 101. - Peak axial Mach number decay of nonplanar multielement nozzle - primary, eight tubes; secondary, eight round-edge ori-
fices. Equivalent diameter (primary), Dg, 1.41 centimeters.
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Figure 102. - Peak axial Mach number decay of planar multielement nozzle - primary, eight sharp-edge orifices; secondary, eight sharp-edge
orifices. Configuration 105; equivalent diameter (secondary), De. 2.54 centimeters.
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Figure 104. - Peak axial Mach number decay of nonplanar bypass nozzle - primary, eight tubes; secondary, 1.02-centimeter-wide

sharp-edge annulus. Equivalent diameter, D, 1.41 centimeters.
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Figure 105. - Peak axial Mach number decay of nonplanar bypass nozzle - primary, three tubes; secondary, 1.02-centimeter-wide sharp-
edge annulus. Equivalent diameter, D,, 2.36 centimeters.
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Figure 106. - Peak axial Mach number decay of nonplanar bypass nozzle - primary, 4.76-aspect-ratio slot nozzie (configu-
ration 22); secondary, 1.664-centimeter-wide round-edge annulus. Equivalent diameter, Dy, 5.32 centimeters.
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Figure 107. - Normalization of effect of secondary-flow Mach number on bypass-nozzle peak axial Mach number decay.

Primary, 4.76-aspect-ratio slot nozzie (configuration 22); secondary, 1.664-centimeter-wide round-end annulus;
equivalent diameter, Dy, 5.32 centimeters.
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ure 108. - Peak axial Mach number decay of nonplanar small bypass nozzle - primary, 3.58-centimeter-diameter circular

convergent nozzle; secondary, 1.15-centimeter-wide convergent annulus. Equivalent diameter, D, 3.58 centimeters.
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Figure 108. - Concluded.
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Figure 109. - Normalization of effect of secondary-flow Mach number on small-bypass-nozzle peak axial Mach number decay
Primary, 3. 58-centimeter -diameter circular convergent nozzle (configuration 7); secondary, 1.15-centimeter-wide con-
vergent annulus; equivalent diameter,,De, 3.58 centimeters.
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Figure 109. - Concluded.
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Figure 110. - Peak axial Mach number decay of nonplanar large bypass nozzle - primary, 5.18-centimeter-diameter circular
convergent nozzle; secondary, 1.60-centimeter-wide convergent annulus. Equivalent diameter, Dg, 5.18 centimeters.

173



Nozzie-exit jet  Ratio of bypass
Mach number, to core flow exit

Mj Mach number,
Mb, av'Mj
0 0.45 0.69
(o4 518 . 675
A .803 .675
4 .99 677
a 1.155 125

Calculated (Cy, = 1. 45) using
ideal decay curve for primary
nozzle

Lol Lo ]

Peak Mach number ratio, M/Mj

(b} Configuration 122; nominal MyM; 0. 69.

8] 0.45 0.9
o 575 2995 | -
A .80 997 (0
a 986 2999

Calculated (C, = 1.53) using ideal
decay curve of primary nozzle

| T N |

174

4 6 8 10 2 1] 60 8 100
Axial distance parameter, X/CnDe‘/l M

{c) Configuration 123; nominal My/M;~1.0.

J
Figure 110. - Concluded.
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Figure 111. - Normalization of effect of secondary-flow Mach number on large-bypass-nozzle peak axial Mach number decay.
Primary, 5.18-centimeter-diameter circular convergent nozzle; secondary, 1.60-centimeter-wide convergent annuius;
equivalent diameter, D, 5.18 centimeters.
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Figure 112, - Jet-induced Mach number ratios between tubes of multitube nozzles. Nozzle-exit jet Mach

number, 0.64< Mj <1.15.
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APPENDIX A

JET MACH NUMBER DECAY CONTOURS

The nozzle-exit jet Mach number profiles are given for all the configurations re-
ported in figures 115 to 218. The configurations are presented in the same order as
they are discussed in the text and listed in tables I to III.

The Mach number decay contours of all the configurations have been nondimen-
sionalized for both velocity and axial downstream distance. Lines of constant ratios of
downstream local Mach number M, to nozzle-exit jet Mach number M. are shown as
a function of axial distance divided by the equivalent diameter of a single element of the
nozzle. The contours are all for a nominal M, of 0.99.

These contours can be used to estimate the jet profile at downstream distances of
interest.
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Figure 115. - Configuration 1. Nozzle-exit jet Mach number, M:, 0.825; equivalent diameter,
Dg. 2.36 centimeters; exposed tube length, 1.27 centimeters.
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Figure 119. - Configuration 5. Nozzle-exit jet Mach number, M, 0.985; equivalent diameter, Dy, 7.62 centimeters.
184




16 —

14—

10—

Distance, XDy
o
!

18

Lo— Ratio of downstream
= r’a ‘ local to nozzle-exit
- jet Mach number,
2 MM
€
2 o] 0
5 -8 O 1
2 F (o 2
< JF A 3
= a 4
SN a 5
5 5 o 6
g 4 (o] 7
3F 1 | | ¢ 8
[ 0 .9
6 4 2 2 4 6 [N 1.0
Radius, R, cm + Single peak
values as noted
L} A 4 (]l A AN O ] /
\O\ L @ PAN /] Y] A O ] Q’
\C\ L] & AN /l 2] AN e, ] p
)Y
Q ) > DAY Vd 2] 2\ S [ §§
‘o\ L & b4 2 A\ S [ 4
~,
Q4 Q 2 2 A s o o
f
b O Q Q Va 2 A O O o)
\, yd
Q & N o d a4 s S H 0
\(Q L] Q A VA | 4] VA o [] OI
\Q Q& A 49 4 A +++ O Ad A o p
\ 0.950.960.95 ¢
Q O Q D 24 A4 4+ 4+ Qeaan $ 0
. 0.95 0.987 0.95 e
Survey Q OQ N2A4090 O+ +Q AYRAAA S 1 O
N 0.95 0. 993 0 95
\Q\ A 2 2160008 OOV A L Q
Convergent nozzle \T1{ ]o.95 0 993 0 995 0.9 ‘ ’
7.62-cm i.d. with \ “i " 0.95 .6995 04;)93 0 {\. ;/‘/ O
0.079-cm-thick fip SO Q.. : .\‘m o
~0.95 0_.'_99 0. 95—’ s
0.99 0.99 0.99~
150
I I I I I I I I | | I | I I I | |
16 14 12 10 8 6 4 2 ¢ 2 4 6 8 10 12 14 16
Radius, R, cm

Figure 120. ~ Configuration 6. Nozzle-exit jet Mach number, MJ, 0.985; equivalent diameter, Dy, 7.62 centimeters.
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Figure 157. - Configuration 50. Nozzle-exit jet Mach number, Mj, 0.985; equivalent diameter, Dy, 2.54 centimeters.
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(b) Survey across top row of tubes.

Figure 176. - Concluded.
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Figure 198. - Configuration 103. Nozzle-exit jet Mach number, Mj, 0.99; equivalent diameter, Dy, 1.41 centimeters; ratio of bypass (secondary) flow

exit Mach number to core (primary) flow exit Mach number, Mble, 1.0.
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APPENDIX B

e

SYMBOLS

T

area of secondary (bypass) nozzle, c'm2

. 2
area of primary (core) nozzle, cm

*~.area of single nozzle element, cm2

{otal nozzle area, cm2

aspect ratio, h/w or h2/area

"nozzle (or orifice) normalizing coefficient

equivalent diameter of circular nozzle with exit area equal to that of noncir-
cular single element (D A for circular nozzle equals nozzle diameter), cm

equivalent diameter of circular nozzle with exit area equal to total nozzle-

exit area, cm

hydraulic diameter of nozzle element, 4(area)/perimeter, cnﬁ

"analytical displacement parameter, dimensionless

circular element diameter or annulus height, cm
noncircular element height, cm

nozzle axial length; or thickness of orifice plate, cm
downstream peak Mach number

bypass flow (secondary) exit Mach number
nozzle-exit peak jet Mach number

downstream local Mach number

induced flow Mach number determined from surface or stream static pres-
sures

ratio of bypass (secondary) flow exit Mach number to core (primary) flow exit:
Mach number

nozzle-inlet total pressure, kN/m? gage
stream or surface static pressure, kN/ m2
atmospheric pressure, kN/ m2

radius, cm



overall nozzle radius, cm

centerline radius of first ring of tubes

Nl

centerline radius of second ring of tubes; or inside radius of an
annulus, cm

r local jet radius, cm

Tmax jet radius where downstream local Mach number Ml equals zero

ry, Ty actual radial spacing between adjacent jets (including nozzle wall
thickness), cm

4589 actual circumferential spacing between adjacent jets (including noz-
zle wall thickness), cm

W, - nozzle mass flow rate, kg/sec

w ” noncircular element width, cm

W, | '~ larger width of variable-width element, cm

W smaller width of variable-width element, cm

WS/WZ ratio of smaller width to larger width of a variable-width (trape-
zoidal) nozzle element

X axial distance downstream of nozzle-exit plane, cm

X axial distance parameter
C De 1+ MJ

Z@ value of axial distance parameter X / (CnDe ‘/ 1+ Mj) at departure

point of coalescing core from single-element decay curve

B wall divergence angle (refs. 10 and 11), deg
Subscripts:

av average

b bypass

i inner

id ideal

o outer

0,1,2 center, first ring, second ring, respectively (table II)
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