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THRUST PERFORMANCE OF ISOLATED, TWO-DIMENSIONAL
SUPPRESSED PLUG NOZZLES WITH AND WITHOUT
EJECTORS AT MACH NUMBERS FROM 0TO 0. 45
by Douglas E. Harrington, James J. Schloemer* and Stanley A. Skebe

Lewis Research Center

SUMMARY

A series of two-dimensional plug nozzles was tested with and without ejector
shrouds in the Lewis 8~ by 6-Foot Supersonic Wind Tunnel to determine thrust perform-
ance at takeoff conditions. These nozzles were also tested with and without chute noise
suppressors. The test nozzles were designed primarily for application to advanced
supersonic-cruise aircraft in which a dry turbojet or mixed-flow turbofan engine would
be used. Data were obtained at free-stream Mach numbers from 0 to 0. 45 and nozzle
pressure ratios from 2.0 to 4. 0.

A two-dimensional baseline plug nozzle had an efficiency of 96. 1 percent at an as-
sumed takeoff pressure ratio of 3.0 and Mach 0.36. Efficiency at the assumed takeoif
condition was essentially unchanged by the addition of sidewalls to this nozzle. The
addition of an ejector to the plug nozzle with sidewalls also had little effect on efficiency,
which was 95. 8 percent at the takeoff condition. A 12-chute suppressed nozzle with
sidewalls had a nozzle efficiency of approximately 81.0 percent (15. 1 percent below the
baseline nozzle) at the same condition. The addition of an ejector to this configuration
reduced the efficiency by approximately 2 percent (to 79.0). The thrust loss of these
suppressed nozzles relative to the baseline plug nozzle was due primarily to chute-base
pressure drag. For example, at the takeoff condition the 12-chute suppressed nozzle
with sidewalls had a chute-base pressure drag of 14 percent of ideal thrust. This per-
formance decrease represents approximately 93 percent of the total thrust loss com-
pared with the baseline plug nozzle. At a nozzle pressure ratio of 3.0, the two-
dimensional nozzles were sensitive to external flow. This was particularly true of the
12-chute suppressed nozzles. At Mach 0. 36 these nozzles experienced a thrust loss of
4 to 5 percent compared with static performance.

*General Electric Company, Cincinnati, Ohio.




INTRODUCTION

Nozzle concepts appropriate for advanced supersonic cruise aircraft must operate
efficiently over a wide range of flight conditions and engine power settings. The axisym-
metric and two-dimensional plug nozzle concepts offer the potential of good aerodynamic
performance and minimum mechanical complexity. As a consequence, tests have been
conducted (e.g., refs. 1to 14) to optimize the thrust performance, to investigate in-
stallation effects, and to determine the heat-transfer characteristics for these types of
nozzles.

In recent years increasing emphasis has been placed on the reduction of aircraft
noise. During takeoff and climb out, when the aircraft engines are at a high power
setting, the dominant noise source is usually associated with the high velocity jet ema-
nating from the exhaust nozzle. Jet noise characteristics for several types of nozzle,
including a low-~angle conical plug, were evaluated at takeoff pressure ratios in a static
test stand (ref. 15). However, takeoff and climb-out speeds associated with advanced
supersonic aircraft are relatively high (approximately Mach 0. 35). Thus, the effect of
flight velocity on jet noise must also be evaluated. Tests to evaluate the effects of flight
velocity have been conducted and are reported in references 16 to 19. Several tech-
niques to suppress jet noise are currently under investigation. One concept of interest
is the two-dimensional plug nozzle. To suppress noise this nozzle could be configured
in an over-the-wing aircraft installation. The wing would then act as a shield to reduce
some of the propulsion system noise from the ground during aircraft flyover. To fur-
ther reduce noise, multiple spoke or chute suppressors could be incorporated in this .
nozzle concept. After takeoff the suppressor would be retracted and stowed in the two-
dimensional plug. However, to properly evaluate a suppressor concept like the multi-
chute, it is necessary to study a tradeoff between high noise suppression and good thrust
performance (refs. 20 to 24).

This report presents the thrust performance of a series of two-dimensional plug
nozzles tested with and without ejector shrouds in the wind funnel. These nozzles were
also tested with and without chute noise suppressors. The test nozzles were designed
primarily for application to advanced supersonic-cruise aircraft in which a dry turbojet
or mixed-flow turbofan engine would be used. Data were obtained at free-stream Mach
numbers from 0 to 0. 45 and nozzle pressure ratios from 2.0 to 4.0. Dry air at ap-
proximately the tunnel total temperature (32° C (90° F)) was supplied to the nozzles in
this test. The angle of attack of the model was maintained at 0°. The range of Reynolds
number was from 8.01x10% to 9. 38x10% per meter (2. 44x108 to 2. 86x108/1t) at Mach
numbers from 0. 36 to 0. 45, respectively.
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APPARATUS AND PROCEDURE
Installation

The test nozzles were strut mounted in the test section of the Lewis 8- by 6-Foot-
Supersonic-Wind-Tunnel (ref. 25) as shown in figure 1. The support system consisted
of a strut (0° sweep angle) with a thickness to chord ratio of 0.036 and a forebody with a
maximum diameter of 21. 59 centimeters (8.5 in.). For the test nozzles, which were
16. 828 centimeters (6.625 in.) high and 21. 896 centimeters (8.656 in.) wide, a transi-
tion section was required to mate the 21. 59-centimeter (8. 5-in. ) support forebody diam-
eter to the 16. 828- by 21. 986-centimeter nozzle cross section. This transition was
2. 22 nozzle hydraulic diameters long. Nozzle hydraulic diameter d; was based on the
test nozzle cross-sectional area and perimeter. (See appendix.) A two-dimensional
section downstream of the transition was 4. 74 nozzle hydraulic diameters long and
should have been sufficiently long to reestablish ambient flow conditions. The thrust-
minus~drag of the exhaust nozzles was determined from the force- and flow-measuring
section located just downstream of the transition section.

The internal geometry of the model showing the details of the force~ and flow-
measuring section is shown in figure 2. Nozzle weight flow was determined using a
choked, long-radius ASME nozzle with a diverging section. Because the metering noz-
zle was choked, it was necessary to measure only the total pressure and temperature of
the airflow. Total pressure P1 upstream of the flow-metering nozzle was measured
using a four-tube, area weighted rake. Total temperature T1 was measured by two
shielded thermocouples. To determine the actual weight flow of the test nozzle, it was
necessary to calculate a meter discharge coefficient. In addition, real gas effects were
accounted for in the determination of weight flow (ref. 26).

The metric part of the model was cantilevered directly from the diverging section of
the flow-metering nozzle (fig. 2). Two strain-gage links were used to measure the axial
force between the metric and grounded parts of the model. A flexible seal at the throat
of the flow-metering nozzle was used to separate the metric and grounded sections. The
actual thrust-minus-drag of a test nozzle was then determined from the momentum en-
tering the throat of the flow-metering nozzle, a balance force obtained from the two
strain gage links, and various pressure-area terms. When testing with external flow,
the thrust-minus-drag of the test nozzle (calculated by the method just given) was modi-
fied to exclude the friction drag on the surface from the metric break to the beginning of
the test nozzles. The beginning of the test nozzles was approximately 3.3 nozzle hy-
draulic diameters upstream of the end of the nozzles (i. e., plug tip).

Downstream of the choked venturi the nozzle airflow passed through a series of
choke plates and screens to provide uniform flow at station 7. The station 7 nozzle total
pressure Pn was determined by four two-tube rakes. Nozzle total temperature Tq




as calculated by subtracting the temperature drop between stations 1 and 7 from Tl'
'_‘_AJ/This temperature drop, due to Joule-Thomson throtiling of a real gas, was calculated

" using a curve fit of tabulated properties of air from reference 27. The model pressures,
except the high total pressure P, were determined from a scanner valve system. The
pressure P1 was determined using four individual pressure transducers.

The procedure during a test run was to set a free-stream Mach number and then go
through a variation in nozzle pressure ratio. Since, for a given free~stream Mach num-
ber, tunnel static pressure was constant, variations in nozzle pressure ratio were ob-
tained by changing nozzle total pressure P7.

NOZZLE GEOMETRY

The geometric details of the various nozzles tested are presented in figure 3, and
pertinent area ratios are listed in table I. Each of these nozzles had a 15° half-angle,
two-dimensional plug. The test results of the baseline plug nozzle (see fig. 3(a)) pro-
vided a reference with which to compare the other nozzles. The design pressure ratio
of this nozzle, based on its internal expansion area ratio, was 3.2. The baseline plug
nozzle with sidewalls is shown in figure 3(b). The sidewalls could effectively inhibit
sideline jet noise propagation. Figure 3(c) shows the ejector plug nozzle that was tested
to determine the effect of the ejector on thrust performance. The ejector had a small-
radius leading edge and was parallel to the plug surface. An ejector could be used with
this nozzle to promote the mixing of the low-velocity external air with the high-velocity
nozzle flow; thus providing a possible reduction in jet noise. In a full-scale version,
the sidewalls and ejector could be treated to provide a further reduction in jet noise.

To further investigate techniques for suppressing jet noise, a 12-chute suppressed
nozzle was tested with sidewalls (fig. 3(d)). The chutes were installed with their trailing
edges oriented normal to the plug surface. The chutes were open and had a V-shaped
cross section (view B-B, fig 3(d)). The geometric area ratio (AR) geo of this sup-
pressed nozzle was approximately 2. The geometric area ratio is defined as the ratio
of the rectangular flow area with chutes retracted to the geometric flow area with the
chutes deployed. As a means of increasing the ventilation region downstream of the
chute-exit plane, sidewall slots were opened in the suppressed nozzle to form another
nozzle configuration (also shown in fig. 3(d)).

The last two configurations tested were the suppressed ejector nozzle and the sup-
pressed ejector nozzle with sidewall slots. These two models were the same, except for
the sidewall slots, and their geometric details are presented in figure 3(e). Both noz-
zles incorporated all the hardware used in the preceding suppressed nozzles, including
the long side plates and the 12-chute suppressor. In addition, the ejector used for the
ejector plug nozzle (fig. 3(c)) was used. The position of the ejector shroud relative to
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the sidewalls and the plug was the same as that of the ejector plug nozzle.

Instrumentation

Static-pressure instrumentation for the two-dimensional test nozzles is presented in
figure 4. The axial reference point (X= 0) for these nozzles (both suppressed and unsup-
pressed) was located at the maximum height of the plug.. Locations of the base pres-
sures of the chutes of the suppressed nozzles are tabulated as a function of the dimen-
sionless height parameter H. Forces on the various nozzle components were deter- %
mined by a pressure-area integration and do not include friction drag. Ejector instru-
mentation details for the two-dimensional ejector plug nozzle are shown in figure 5. An
attempt was made to estimate the entrained external flow for this configuration using two
total-pressure rakes and four static-pressure taps.
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RESULTS AND DISCUSSION

Nozzle performance of the two-dimensional plug nozzles (without suppressors) is
presented as a function of nozzle pressure ratio in figure 6. The baseline plug nozzle
had a nozzle efficiency of 96. 1 percent at a takeoff pressure ratio of 3.0 and Mach 0. 36
(fig. 6(b)). Efficiency at the takeoff condition was essentially unchanged (96. 3 percent)
with the addition of sidewalls to the baseline nozzle. The addition of an ejector to the
plug nozzle with sidewalls also had little effect on efficiency, which was 95.8 percent at
the takeoff condition. For static conditions (fig. 6(a)) the ejector plug nozzle had the
highest nozzle efficiencies at pressure ratios less than 3.0. The peak efficiency of this
configuration was 97. 9 percent at a nozzle pressure ratio of 2. 5. However, with exter-
nal flow (figs. 6(b) - (d)) the ejector plug nozzle generally had lower performance than
either of the other two plug nozzle configurations at pressure ratios less than 3.

Over the Mach number range investigated the level and shape of the nozzle efficiency
curves for the plug nozzle with and without sidewalls were the same through a nozzle
pressure ratio of 3.0. Between nozzle pressure ratios of 3.0 and 3.5, the addition of
sidewalls reduced nozzle efficiency 1 to 1.6 percent. But the plug nozzle with sidewalls
recovered to a nozzle efficiency level equal to or greater than that of the baseline plug
nozzle at a nozzle pressure ratio of 4. 0.

Nozzle efficiencies of the 12-chute suppressed nozzles, with and without an ejector
shroud and sidewall slots, are presented with the efficiency of the baseline plug as a
function of nozzle pressure ratio in figure 7. The efficiency curves of the four sup-
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~ pressed configurations monotonically increased with nozzle pressure ratio. The sup-
pressed nozzle with sidewalls had the highest nozzle efficiency of the four suppressor
configurations. At the takeoff condition (fig. 7(b)) this nozzle had an efficiency of

81.0 percent. The addition of an ejector reduced efficiency by approximately 2 percent
(to 79.0). These efficiencies represent a decrease in nozzle performance of 15.1 and
17. 1 percent, respectively, compared with the baseline plug nozzle. At the takeoff con-
dition the addition of slots in the sidewalls of the 12-chute suppressed nozzles had rela-
tively little effect on efficiency. For example, the opening of the sidewall slots in the
suppressed nozzle with sidewalls (no ejector) caused a reduction in efficiency of ap-
proximately 0.6 percent (to 80. 4).

The integrated plug pressure forces for the plug nozzle configurations without sup-
pressors are presented in figure 8. The pressure integration extended from the throat
to the trailing edge of the plug; the resulting thrust component is presented as a fraction
of nozzle ideal thrust. The plug thrust component for the baseline plug nozzle (fig. 8(a))
was insensitive to Mach number and amounted to approximately 2 percent of ideal thrust
at pressure ratios above 2.5.

Adding the sidewalls (fig. 8(b)) and the ejector (fig. 8(c)) made the nozzle more sen-
sitive to external flow and reduced the plug thrust at pressure ratios above 2.5. In
addition, the nozzle plug force for the ejector plug nozzle was negative (a drag). But it
can be inferred from the relatively high nozzle efficiency for this nozzle (fig. 6) that a
favorable ejector action must have occurred.

The chute-base pressure drag, as a fraction of nozzle ideal thrust, for the suppres-
sed nozzle with and without the ejector shroud and sidewall slots are presented in fig-
ure 9. This nozzle thrust loss was reduced significantly with increasing nozzle pressure
ratio. However, this reduction was due primarily to increasing nozzle ideal thrust
rather than decreasing chute-base pressure drag (as will be verified in a later figure).
The thrust loss of these suppressed nozzles relative to the baseline plug nozzle was due
primarily to chute-base pressure drag. For example, at the assumed takeoff condition
the 12-chute suppressed nozzle with sidewalls had a chute-base pressure drag of 14 per-
cent of ideal thrust (fig. 9(a)). This performance loss represents approximately 93 per-
cent of the total thrust loss when compared with the baseline plug nozzle. The addition
of the ejector shroud to the suppressed nozzle with sidewalls (fig. 9(c)) increased the
chute-base pressure loss to 17. 4-percent of ideal thrust at the takeoff condition. As
might be expected from the results of figure 7, the addition of slots to the sidewalls of
these nozzles had little or no effect on chute-base pressure drag (figs. 9(b) and (d)).

In figure 10 the effect of external flow on nozzle efficiency at the takeoff pressure
ratio of 3 is presented. Nozzle efficiency for the plug nozzles (without suppressors) was
sensitive to external flow, and at Mach 0. 36 these nozzles experienced a thrust loss of
approximately 1 to 2 percent when compared with their static performance (fig. 10(a)).
The 12-chute suppressed nozzles were more sensitive to external flow than their unsup-



pressed counterparts (fig. 10(b)). At Mach 0. 36 the suppressed nozzles experien
thrust loss of 4 to 5 percent when compared with their static performance.

Entrained ejector flow rate was measured for the ejector plug nozzle and is pre- ’L.\
sented in figure 11 as a function of primary nozzle pressure ratio. The entrained flow
parameter is defined as the ratio of entrained flow to primary flow. Statically, the en-
trained flow rate was approximately 11.5 percent of the primary flow in the nozzle pres- N
sure ratio range from 3.0 to 4.0. At the takeoff condition the entrained flow ratio was
about 23 percent.

Mean nozzle discharge coefficients of the two-dimensional test nozzles are presented
in figure 12 as a function of nozzle pressure ratio. Standard deviation was calculated
and then used to develop a 95-percent confidence band.

For the plug nozzles (without suppressor, fig. 12(a)) the scatter in discharge coef-
ficient was on the order of +0. 5 percent at the confidence level of 95 percent. In addi-
tion to the random scatter in the discharge coefficient, the mean discharge coefficient
increased approximately 0. 5 percent over the nozzle pressure ratio range of 2 to 4. It
is believed that this occurred because of an increase in nozzle geometric throat area
A8 at the higher pressure levels, thus causing an error in the calculated ideal mass
flow. However, this error in no way affects the validity of the nozzle thrust data pre-
sented. Nozzle efficiencies were based on measured nozzle mass flow, which was de-
termined by using the choked metering nozzle at station 1.

For the 12-chute suppressed nozzles (fig. 12(b)) the scatter in discharge coefficient
was on the order of x1.1 percent at the confidence level of 95 percent. In addition to the
random scatter in the discharge coefficient of the suppressed configurations, the mean
discharge coefficient increased approximately 1 percent over the nozzle pressure ratio
range of 2 to 4.

Internal and external static pressure distributions are presented in figures 13 to 15.
Distributions are shown at pertinent Mach numbers and nozzle pressure ratios. Of par-
ticular interest are the chute-base pressure distributions presented in figure 15. For
all configurations tested chute-base pressure drag levels were about the same at nozzle
pressure ratios of 2 and 4. This would seem to verify the discussion of figure 9, which
pointed out that the reduction in chute-base drag (as a fraction of nozzle ideal thrust) was
due primarily to an increase in ideal thrust with increasing pressure ratio.

SUMMARY OF RESULTS

A series of two-dimensional plug nozzles was tested with and without ejector
shrouds in the Lewis 8- by 6-Foot-Supersonic-Wind-Tunnel to determine thrust per-
formance at takeoff conditions. These nozzles were also tested with and without the
chute noise suppressors. The test nozzles were designed primarily for application to



‘” advanced supersonic-cruise aircraft in which a dry turbojet or mixed-flow turbofan en-
gine would be used. Data were obtained at free-stream Mach numbers from 0 to 0. 45
and nozzle pressure ratios from 2.0 to 4. 0. Dry air at approximately tunnel total tem-
perature (32° C (90° F)) was supplied to the nozzles in this test. The following results
were obtained:

1. A two-dimensional baseline plug nozzle had a nozzle efficiency of 96. 1 percent
at an assumed takeoff pressure ratio of 3.0 and at Mach 0.36. Efficiency at the takeoff
condition was essentially unchanged with the addition of sidewalls to this nozzle. The
addition of an ejector to the plug nozzle with sidewalls also had little effect on efficiency,
which was 95. 8 percent at the takeoff condition.

2. A 12-chute suppressed nozzle with sidewalls had a nozzle efficiency of approxi-
mately 81. 0 percent at the takeoff condition. The addition of an ejector reduced the ef-
ficiency by approximately 2 percent (to 79.0). These efficiencies represent a decrease
in nozzle performance of 15. 1 percent and 17. 1 percent, respectively, compared with
the baseline plug nozzle.

3. The thrust loss of these suppressed nozzles relative to the baseline plug nozzle
was due primarily to chute-base pressure drag. For example, at the takeoff condition
the 12-chute suppressed nozzle with sidewalls had a chute-base pressure drag of 14 per-
cent of ideal thrust. This performance decrease represents approximately 93 percent
of the total thrust loss when compared with the baseline plug nozzle.

4. The addition of slots in the sidewalls of the 12-chute suppressed nozzles had
relatively little effect on efficiency at the takeoff condition.

5. At the takeoff nozzle pressure ratio of 3.0, the two-dimensional nozzles were
sensitive to external flow. This was particularly true of the 12-chute suppressed noz-
zles. At Mach 0. 36 these nozzles experienced a thrust loss of 4 to 5 percent when com-
pared with static performance.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, December 30, 1975,
505-11.
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APPENDIX - SYMBOLS

cross-sectional or projected area

effective area ratio; ratio of annular flow area with chutes retracted to
effective flow area with chutes deployed

geometric area ratio; ratio of annular flow area with chutes retracted to
geometric flow area with chutes deployed

nozzle discharge coefficient

pressure coefficient, (p - pO)/qo
pressure drag

total external drag (viscous and pressure)
diameter

hydraulic diameter, 4(cross-sectional area of nozzle/perimeter of noz-
zle)

nozzle gross thrust

plug axial force

nozzle efficiency

height parameter, (h - hpl)/(hsh - hp.l)

vertical distance measured from bottom surface of plug

vertical distance measured from bottom surface of plug to top surface of
plug at nozzle geometric throat (X = 0)

vertical distance measured from bottom surface of plug to outer-shroud
internal surface at nozzle geometric throat (X = 0)

plug length; measured downstiream from maximum height of plug
Mach number

total pressure

static pressure

dynamic pressure

total temperature

velocity

entrained mass flow rate (due to ejector pumping)

nozzle mass flow rate

Sty
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axial distance downstream of plug maximum height

distance normal to two-dimensional ejector shroud

Subscripts:

ch
i
m
pl
sh

0 g = O ™

10

chute

ideal (based on actual weight flow)
model

plug

shroud

total

boattail

free stream

flow-measuring station
nozzle-inlet station

nozzle-throat station

-
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TABLE I. - PERTINENT AREA RATIOS?

NASA TN D-2565, 1965.

Circ. 564,

nozzles

Nozzle AB/Am A8/Am AL/An Apl/Am (AR)geo (AR) o5 Cps
_ () (nominal)

Two-dimensional baseline { 0.084 | 0.293 | ----- 0. 650 -—— ———- 0. 970

plug nozzle
Two-dimensional baseline . 119 .293 | ~---- .616 ———— ———— . 970

plug nozzle with side-

walls, and ejector plug

nozzle
All 12-chute suppressed .074 .191 0.188 . 554 2.02 2.07 . 975

2A1l areas are projected on a plane normal to the nozzle axis (except AB’ which is the ac-

tual geometric throat area).
ba includes sidewall boattail area but not ejector boattail area.

B
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— Nozzle air

7~
< Tunnel ceiling

1
Model support strut —~

/~ Force and flow
/ measuring section

S F-———T—

Transition section —~ \

Typical test nozzie -

ya Tunnel floor

7
Vi

Figure 1. - Model installed in 8- by 6-Foot Supersonic Wind Tunnel.
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Flow-metering
nozzle total-
pressure rake —
N

e

3.3dy
Skin friction
drag included
. Nozzle total-
<, How-metering pressure rakes—
\\ Qiozzle \ N
N\ \

\ \ \
m/ STerere 77z \
T s E) /

0 !
Wmﬂm AL il ’ . s
7 X ? 2oz
£ Screens AN \_ Strain gage ‘__“__ W Lscreens ;
\\ balanceg(a@p ) \ \\ L Typical test
. N
Flow-metering nozzle “Metric \\\_ Choke lat nozzle
total-temperature rake break o elp ates
! !
! !
Station 1 Station 7
Figure 2. - Model internal geometry and thrust measuring system.
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17, 526 (6. 900}

— f=— 2. 223 (0. 875)

1270
(0. 500) i
P 16.253 | 228
Y 16.828 (6.399)|
ol rad. 15.723
_ 6.625) 3.315 Lo rad. (6. 190)
: a.3) (1.934) [/ 4 .
rad.
_—
10,391 (4. 091) 4,585
(1.805)

Detail A

P
0.645 10. 678
{0.2%4) (4.204)
rad.
21.986
{8.656)
I
10.678
4. 204)
rad,

~—j |3 439 (1. 350

Top view

17, 526 (6. 900) —=
L/—See detail A

16.253 - |
6.39 | ] w

9.733

6.832 b 30’0* 5.034 25,860

(2 372) (1. 982) (10181
- rad, § L v rad.
b 2077777 / 777 3 f
-~
4,699 (L850 — 5.969 g Yo os
L = 45.616 (17.959)

(a) Baseline plug nozzle. Note: Detail A also applies to piug nozzle with sidewalls and ejector plug nozzle (pts. (b) and (c)).

Figure 3. - Geometric details of the two-dimensional piug nozzles (without suppressors), (All dimensions are in cm (in.).)
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21.986
(8. 656)

16.828
6.625)

e {
~N
~o .LO. 076
“—Sidewall (0. 030)
-~—10.678
(4. 204)
oesns rad.
I —3.439
f 7 (L350
Top view
— Sidewall
;  (typical of 2)
/
58, 230 (22. 925) //
1/
/i 15.019
36. 490 (14. 366)
7 (5.913)
—

16. 253

6. 399)

&

77
0. 239 (0. 094) wide by

0. 157 (0. 062) deep groove
(used for ejector assembly)

(b} Plug nozzle with sidewalls.

Figure 3. - Continued.
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40, 704 (16. 025}

—r

W/

16. 828
(6.625)

ANNNNN

(c) Ejector plug nozzle. rad,
Figure 3. - Continted
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_~Sidewall stet

o

%
,
R TIETTRT
_~Sidewall 0.076 i g1 I
e (0. 030) LTI L T
-~ E —
Y W ey — T N — *_
- Section A-A
e 21..986 (8. 656)———={
21.986 4,064
{8,656 |-10.678 '
w02
rad, By v il ] -A
450 0.645 }: ;}U }
(0.254) &
"= 0,419 10. 165) stot = ) |-0.836 (0. 329)
s S S =y T P J L1 6s6
- 3 0.742)
(1350} 62
Top view Section B-B.
B B
5,969 ~ .
2 3501 150 L Sidewall slot (typical of 2)
) 27 A
6.525
e
"‘} // ////// \\
T \QX\‘\\\\\\\\
6.025 \\\\\\-§ /
2370 N
N -
\\\\\\\\ NS 7777
With sidewal! siots
4,064
(16001,
A
- 1
15° 4 56
16.828
{6, 625)

< (2,593)

\\ “. 15
/ Ly,
6. 455)

Ly,

- 0.559 I////,,,,

rad, 0,220 ‘i
IIIIIIIIIIIIIII I 77

[LHLILLTTITEH T LT L
Without sidewall slots

\“\\\ ‘}}.‘)IIIIIIIIIIIIIIIIIIII

(d) 12-Chute suppressed nozzle with sidewalls (with and without sidewall slots)
Figure 3, - Continued,
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16.828
(6. 625}

X

T

(e} 12-Chute suppressed ejector nozzle with and without sidewall slots. (Note: See pt. (d) for sidewall-slot details. )
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Figure 3, - Concluded.



Orifice | Orifice tocation | Type of | Orifice | Orifice tocation | Type of
xt | yio | pressure XL | yiL | pressure
1 <0.215 | 0.227 | Externat 35 1] 0.241 Plug
2 -.054 | .2z shroud 36 .031] .363
3 0 27 37 L031] .2
4 054 | .2z 3 .034 | .28
5 .081 | .363 39 L108 | 119
6 081 | .27 40 .08 | .24
7 071 .25 41 L1931 L2
8 L102 | 119 42 .26 ] .363
9 .108 | .084 43 L6 | .21
10 .108 1 . 241 44 L300 ) .41
1 -.108 | .241 | Internal 45 34 U119
12 -0 | .21 shroud | 46 .34 | L2l
13 0 .363 a7 .408 | .41
14 0 . 241 48 462 | .363
15 .05 | .28 49 462 | .21
16 -077 | .0 | Sidewali®| 50 516 | .21
17 0 51 .5%69 | .119
18 .058 52 L5609 | 281
19 107 53 L6231 .21
20 . 192 54 677 | 363
21 . 286 55 L6717 | .28
22 .34 56 B E) )
23 462 57 .785 | . 119
24 569 58 L7851 .21
25 .677 59 .839 1 .21
26 .185 60 .893 | .363
27 .893 61 .893 | 241
28 1. 000 62 .646 | 281
29 -0.185 | .241 Plug 63 1000 | .119
30 - 131 .41 64 1.000 | .24
31 - 077 | .41
32 -.023 | .33
33 -023 ) .21
1143:\\ k"] 0 .19
\ 0rifices 20 to 28 do not apply to the baseline plug nozzle.
Orifice 1 2 \3 4 278 10 A

L =45.616 (17.959)

(a) Two-dimensional plug nozzles.
Figure 4 - Static-pressure instrumentation for two-dimensional nozzles.

60,762 {63,
61 64
L
A~

\

Boattail surface -
\

LY o

Plug surface —
AN

o\

N
\

-y

'k.m...l.l.. ~*

Section A-A.
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Orifice ) Orifice location | Type of || Orifice | Orifice location | Type of
TR pressure ¥iL ] yiL pressure

1 0.108 | 0.060 | External 2% 0.246 | 0.363 Plug
4 J108 y 241 shroud 25 .26 | .21

3 L159 | 060 % L300 | .21

4 159 | LA a .34 | 119

5 -017 ] .014 | Sidewal! 8 .354 | .41

6 0 <] .408 | .41

7 . 058 30 .462 ] .363

8 107 31 462 | .41

9 192 32 .516 | .241
10 .26 33 .59 | .119

1 .3 k) .569 | .21

12 462 35 623 | .21

13 . 569 3% 677 | 363

)t 677 31 677 | .41

15 .185 38 731 .41

16 . 893 39 .785 ) .119

v | rLoo| 0 | 15|

18 122 o4 Plug 41 .839 | .1

19 A9 | .28 42 .893 | .363
20 19| 018 43 893 | .41
21 L9 .2 4 J946 | . 241

22 L1491 116 45 1000 .119

23 L1931 46 1000 | .201

o Static-pressure orifice
4,
Orifice 3 Bi A=y

Chute

Orifice—1b4

number

1 2

w

L = 45,616 (17.959)

22

N

Section A-A

Chute-base stalic pressures

Orifice | Chute Height
parameter,
H

1.000
.875
750
.626
. 501
316
. 252
27
004

0N B W RN
S oo ~Naun s wN

View B-B. Chute-base static pressures.
(b) Suppressed nozzles.

Figure 4. - Concluded.




Nozzle efficiency, (F - D/F;

Tube Distance
from ejector,
Zg
cm in.
1 0,3370.13
2 | Ls0) .59 =
3 | 267105 1
4 38115 ® Static-pressure orifice 2
5 | 4.98}1.% Zg
3
4

Typical of 2~ __

=~ Ejector total-pressure rake, 5
typical of 2 {See detail A) Detail A

Figure 5. - Ejector instrumentation for ejector plug nozzle.

O Baseline plug nozzle
03 Plug nozzle with sidewails
A Ejector plug nozzle

8

" 3

.92

.88

2 3 4 5 2 3 4 5 2 3 4 5 2
Nozzle pressure ratio, P/pg

(a) Free-stream Mach number, 0.  (b) Free-stream Mach number, (c) Free-stream Mach number, (d) Free-stream Mach number,

0. 36. 0. 40. 0. 45.

Figure 6. - Comparison of performance of two-dimensional plug nozzles without suppressors.
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bDepOOo

Baseline plug nozzle

Suppressed nozzle with sidewalls

Suppressed nozzle with slotted sidewalls
Suppressed ejector nozzle

Suppressed ejector nozzle with slotted sidewalls

1.00

.96 ¢

L\

/)/“

.92

.88

WL

.84

R

.16 J

| ;

.12

¢

=

.68

v
/

L0,

.64
2

{a) Free-stream Mach number, 0.

Ratio of plug pressure force to
ideal thrust, FpllF|

{b) Free-stream Mach number,
0.36.

3 4 5 2 3 4
Nozzle pressure ratio, P7/pg

0. 40.

{c) Free-stream Mach number,

J o

0.45.

Figure 7. - Comparison of performance for baseline plug nozzle and 12-chute suppressed nozzles.

.04
o Thrust & Thrustd Thrust-
W\
0 —r
“Mg=0.45
[ Drag—# J[ A ? Drag— "/§ Drag—
Mg =0
o4 Mo ™\ %
083 3 4 5 2 3 4 5 2 3 4 5

(a) Baseline plug nozzle.

Nozzle pressure ratio, P7lpg

{b) Plug nozzle with sidewalls.

{c) Ejectar plug nozzle.

Figure 8. - Plug pressure force for two-dimensional plug nozzles without suppressors.

(d) Free-stream Mach number,

Free-stream

opOdo

Mach
number,

Mo

0
.36
.40
N
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Ratio of chute-base pressure drag to nozzle ideal thrust,

DefFi

(a) Suppressed nozzle with

sidewalls.

Nozzle efficiency, (F - Dy)iF;

Nozzle pressure ratio, P7/pg

{b) Suppressed nozzle with

slotted sidewalls.

{c) Suppressed ejector nozzle.

T T 1
Free-stream _ |
Mach .
.24 number, _| f .
Moo | | 3
o 0 -
0 a .3% i ) \ |
] o & é\ \\
.16 1’} > ‘E&
RN\ TN \ \
W\ W\
.08 \ \ \ 2 ]
B R P P
.04 D \
2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5

(d) Suppressed ejector nozzle
with slotted sidewalls.

Figure 9. ~ Nozzle thrust loss from chute-base pressure drag for 12-chute suppressed nozzles.

1.00
é B
®
.96 - Fa
E\i ) 7
.92 O Baseline plug nozzle N
0 Suppressed nozzle with sidewalls
A Suppressed nozzle with slotted  _|
| sidewalls
.88 <& Suppressed ejector nozzle -
0O Suppressed ejector nozzle with
slotted sidewalls -
.84 | B
O Baseline plug nozzle _ ¢
O Plug nozzle with sidewalls -
.80 A Ejector plug nozzie — \'L
.76
0 A .2 3 4 ] A .2 .3 .4 .5

Free-stream Mach number, My

(a) Plug nozzles without suppressors.

{b) 12-Chute suppressed nozzles.

Figure 10. - External flow effects on two-dimensional nozzle performance. Nozzle pressure ratio, 3.0.
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Free-stream

h
=N ,4? rmﬁber,
;m 4 X MO
s R o
: \ﬁ\\: -
3 40
s .2‘5\ ]\

g E(

1 D
2 3 4 5
Nozzle pressure ratio, P7/pp

Figure 11. - Entrained ejector flow for two-
dimensional ejector_p|ug nozzle.

1.00
8 g
S - I — T S —
Z 5 96 N — === 1
ﬁ = "~ 95 Percent R %95 Percent i
238 confidence band confidence band
g2 I R L1 1
3 4 5 2 3 4 5
Nozzle pressure ratio, P;/pg
(@) Plug nozzles (without {b) 12-Chute suppressed nozzles.
suppressors).

Figure 12. - Effect of nozzle pressure ratio on two-dimensional
nozzle discharge coefficient. Free-stream Mach number,
0to 0. 45.
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Ratio of local static pressure to free-stream static pressure, p/pg

0

A i T
A Y l . Nozzle pressure ratio, rﬂ
@ ! P7Ip0 Ud]
g 2.02 A g A
r-.-Esg—t.'.L.n..‘.U.a.“.:.H:Ab DA dls . Uy .‘..:.'......HLA—Q—.;
Aﬁ s R
A i
{ Stati'c-presE're
h A 2.98 A A tap location 29
o o] 4 Plug
&P P o Internal shroud
i} O External shroud
0 Internal sidewall
o] A o A
A 3 A
L I L P ol O |8 .
"21‘;‘{1 a2 gp 7 ° AMATK B g 8 [5°
h B 4.06 A 4.02
a} 0
—1,0 e'_."
ﬁﬂ i}
9 g 34
4 Od e 4 al 08 glo A
 § 4
. A 4 4 04 a | @ :
91900 ﬁ A )y A — 00 R LS jﬁA o
A B A B
-2 0 .2 .4 .6 8 1.0 -.2 0 .2 .4 .6 .8 1.0

Fraction of plug length, x/L
(a) Baseline plug nozzle; free-stream Mach number, 0. (b} Baseline plug nozzle; free-stream Mach number, 0.36.

Figure 13. - Surface pressure distributions for two-dimensional plug nozzles (without suppressors).
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(c) Plug nozzle with sidewalls; free-stream Mach num-

ber, 0.

F‘raction of plug length, x/L
(d) Plug nozzle with sidewalls; free-stream Mach num-

ber, 0.36.

Figure 13. - Continued.



Ratio of local static pressure to free-stream static pressure, plpn

(e) Ejector plug nozzle; free-stream Mach number, 0.

FEaction of plug length, x/L

Figure 13. - Concluded.
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(f} Ejector plug nozzle; free-stream Mach number, 0. 36.
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2 1§ T
g Nozzle pressure ratio, 0 & 0
P4ip ) 2.01
) 7100 0
L 2.02 4
1 o 9 MW&M{
0 N -
> i |
& L ¢tg 2.98 0 4 0 Static-pressure 2.9
= tap location
3 ) o0 |2 Plg
2 2 0 Internal sidewall
1 o External shroud
o - A
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£ % As 4 aa
g 1 NN B WWEWWE LA AA84gse A
7 b 9850
8 Ld Ad
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5 0
8
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g 4.07 4.03
g
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s
o
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2
0
\"4 A [4) o e
Fl4 8 Bia
. 4
40 Ad
0
-2 0 .2 .4 .6 .8 1.0 -2 0 .2 4 .6 .8 1.0
Fraction of plug length, x/L
{a) Suppressed nozzle with sidewalls {no slotsk {b) Suppressed nozzle with sidewalls {no slots)
free-stream Mach number, 0. free-stream Mach number, 0. 36.

Figure 14. - Surface pressure distributions for two-dimensional 12-chute suppressed nozzles.
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Ratio of static pressure to free-stream static pressure, plpg

{c) Suppressed nozzle with siotted sidewalls; free-

stream Mach number, 0.

I;raction of plug length, x/L

stream Mach number, 0. 36.

Figure 14. - Continued.
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(e) Suppressed ejector nozzle without sidewall slots;

free-stream Mach number, 0.
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F;'action of plug length, x/L

{f) Suppressed ejector nozzle without sidewall slots;
free-stream Mach number, 0. 36.

Figure 14. - Continued.



Ratio of local static pressure to free-stream static pressure, p/pg

0 T T . :, :
é 0 Nozzle pressure ratio, 0 % o 2.02 &
0 Privg "
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& s |, i
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{g) Suppressed ejector nozzie with slotted sidewalls; (h} Suppressed ejector nozzle with slotted sidewalls;
free-stream Mach number, 0. free-stream Mach number, 0.36.

Figure 14, - Concluded.

33 =



43

Height parameter, H
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Lc;cal static pressure to free-stream stz;tic pressure, i)lpo .

(c) Suppressed nozzle with slotted sidewalls; free-stream Mach number, 0.

{d) Suppressed nozzle with slotted sidewalls;

Figure 15. - Chute-base pressure distributions for two-dimensional, 12-chute suppressed nozzles.

free-stream Mach number, 0.36.
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(g} Suppressed ejector nozzle with slotted sidewalls; free-stream Mach number, 0.

Figure 15. - Concluded.

stream Mach number, 0. 36.

(h) Suppressed ejector nozzle with slotted sidewalls; free-
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