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Summary

In pursuit of an acoustically acceptable, high performance exhaust system capable of meeting
Federal Aviation Regulation 36 — Stage 3 (FAR 36 Stage 3) noise goals for the High Speed Civil
Transport application, General Electric Aircraft Engines conducted a design study to incorporate
a fluid shield into a 36—chute suppressor exhaust-nozzle system. After a full scale preliminary
mechanical design of the resulting fluid shield exhaust system, scale model aerodynamic
performance tests and acoustic tests were conducted to establish both aerodynamic performance
and acoustic characteristics. This report presents results from the aerodynamic performance
investigation conducted at FluiDyne Engineering Corporation’s Channel 14 static thrust stand.
The nozzle geometries represented an axisymmetric plug, 36 chute suppressor primary nozzle,
with three different plugs (15° solid wall, 15° ten percent porous wall, and a 18° solid wall).
In addition to the primary nozzle, four secondary (fluid shield) nozzles, with varying shield
heights (thicknesses) of 0.50, 0.60, 0.75, and 1.0 inches, and with shield wrap angles of 180 and
220 degrees, were tested. The tests were conducted at static condition, with a range of primary
and secondary nozzle pressure ratios of 1.5to 4.0 and 1.0 to 3.0, respectively. Data are presented
as thrust coefficients, discharge coefficients, chute~base pressure drags, and plug static pressure
distributions.

Nozzle static performance at design point nozzle pressure ratio of 3.2 was typically 0.95
for the shield off configurations, and was in the range of 0.88 and 0.91 at the secondary
nozzle pressure ratio of 2.2, depending con shield thickness, for the shield on configurations.
Fluid shield pressure ratio had a major negative impact on nozzle performance. This reduc-
tion in performance was due to a significant increase in chute base pressure drag with the
shield flowing. For the configurations and test conditions of this investigations, the impact
of plug geometries on the nozzle thrust coefficient was within 0.5 percent. Increasing fluid
shield thickness for the same wrap angle improved performance largely due to increased
thrust contribution from the unsuppressed shield. Reducing the fluid shield wrap angle,
while maintaining constant secondary flow area, improved nozzle performance. This is due
to fewer number of chutes being influenced by the shield flow.
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Introduction

Environmental acceptability and economic viability are crucial issues in the development
of the next generation High Speed Civil Transport (HSCT). Low noise exhaust nozzle
technology has significant impact on both issues. The exhaust system design that meets FAR
36 Stage 3 takeoff acoustic requirements and provides high levels of cruise and transonic
performance, as well as, adequate takeoff performance at an acceptable weight is essential to
the success of the HSCT program.

Takeoff performance characteristics of axisymmetric plug, multi—chute, suppressor
nozzles have long been established (References 1, 2, 3, and 4). However, due to their uncon-
ventional features, these nozzles have exhibited inefficiencies in thrust coefficient relative to
conventional nozzles. On the other hand, takeoff performance characteristics for acoustic
shield nozzles (without suppressors) have shown considerable potential (Reference 5).

GE Aircraft Engines (GEAE) has identified an axisymmetric plug, fluid shield nozzle con-
cept that incorporates the perviously demonstrated jet noise.suppression technology of mul-
ti—element suppressors (References 1,2, and 3), surrounded by a fluid shield, for reducing jet
noise during takeoff operation. The fluid shield nozzle is designed for low specific thrust
core engine cycles with jet velocities in the range of 1500 to 2400 feet per second at takeoff
flight conditions. This concept requires an extensive data base to develop an understanding
of the aerodynamic performance and the aerodynamic mixing effect of the fluid shield with
the nozzle core stream. Therefore, an ambient temperature model test was conducted to in-
vestigate the static performance of an axisymmetric plug, fluid shield nozzle concept, de-
signed by GE under the NASA Lewis Research Center Task Order Contract NAS3-25951,
Task Order #10, ”Aero—Propulsion Technology (APT) Research” program. The tests were
conducted in FluiDyne Engineering Corporation’s Channel 14 static thrust stand during the
last quarter of 1992.

Specific objectives of the performance tests were to:

e  Establish aerodynamic performance characteristics and design criteria for an axisym-
metric plug fluid shield nozzle at the take—off flight condition.

e  Quantify the effects of key geometric and aerodynamic variables on performance.

s Evaluate geometric parameter variants consistent with those of the acoustic test pro-
gram, also conducted under this contract, to understand the effects of potential noise
suppression mechanisms on aerodynamic performance.

s  Obtain data that can be used later to validate, verify, and correlate Computational Fluid
Dynamic (CFD) and other design codes for performance predictions of an axisymmetric
plug, fluid shield nozzle.
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Test Apparatus and Methods

Static Thrust Stand. Channel 14

Channel 14 is a dual passage, cold flow static thrust stand used to determine aerodynamic
performance of exhaust nozzle models. Nozzle thrust is determined from force measure-
ments with a strain-gage force balance. Model air is metered and ducted to the model
through two separate passages. Facility overviews are presented in Figures 1 and 2.

The air flows for both the primary and secondary passages of the fluid shield nozzle were
obtained from the facility 500 psi dry air storage system. Air for each passage was separate-
ly throttled and metered through a long-radius ASME nozzle, ducted to the fluid shield
nozzle, and exhausted to the atmosphere. The model assembly was supported by a strain—
gage balance and is isolated from the facility piping by two elastic seals; see schematics in
Figures 3 and 4. The balance has the capability of measuring three forces (axial and two
verticals), from which axial thrust, normal force, and pitching moments were determined.

Facility instrumentation was provided to calculate mass flow rates at Stations 1 and 2, and
to calculate the exit thrust produced by the fluid shield nozzle. Details are described later in
the Data Reduction Section. Data were recorded using both analog and digital data acquisi-
tion systems.

Facility checkout tests were made using a 5.5 inch diameter ASME nozzle to simulate the
model primary passage and a 4 inch diameter ASME nozzle to simulate the secondary pas-
sage. The expected performance characteristics of the ASME nozzles are defined by equa-
tions in Reference 4. Results of the facility checkout are presented in Appendix B.

Operaticnal Procedures

Nozzle model flow conditions were set by independently regulating air flow to the prima-
ry and secondary facility meters to obtain the desired Ptg and Ptjg. Typically, four data
points were acquired in a single blow, except for the very high mass flow rate cases. The
secondary nozzle (fluid shield) pressure ratio (NPRg) was held constant during a blow and
the primary nozzle pressure ratio (NPR,) was varied over the range of interest. Tests were
performed by installing a given fluid shield configuration and testing all three plug combina-
tions for the shield before changing that shield configuration.

Model station notations are shown in Figures 3 and 4 for the ASME checkout nozzles and
the fluid shield nozzle, respectively. For these tests the primary flow (model Station 8) was
fed by the upper facility meter and the secondary or fluid shield flow (model Station 18)
was fed by the lower facility meter.

NASA/CR—2005-213321 3



Model Design and‘Test Variables

The axisymmetric plug fluid shield nozzle models were designed to represent the take—off
flight condition (with noise suppressor chutes deployed) of a GEAE "Fladed Variable Cycle
Engine” (Fladed VCE). The nozzle was designed for a primary nozzle pressure ratio of 3.2
and a secondary nozzle pressure ratio of 2.2, at a flight Mach number of 6.32. The baseline
fluid shield nozzle was designed with a nominal mass flow rate split of 1.625 to 1 (primary
flow to secondary flow). To study the effect of the fluid shield thickness, wrap angle, and
mass flow rate on nozzle performance, two shield wrap angles and three shield thickness
(gap heights) were tested, see Table I. The fluid shield was varied according to exit flow
wrap and exit throat areas. All fluid shields were designed with convergent flow paths
(minimum areas at the exit plane}. The purpose for evaluating these different fluid shields is
that the results may indicate the need for a revision in the flade flow split in the engine cycle.

The close up view of the model assembly is shown in Figure 5. Photographs of various
model hardware are given in Figure 6. Figure 6a depicts the four basic shields tested and
Figure 6b illustrates the 3 plugs tested. Figure 6¢ presents a view of the suppressor chutes.
Selected test configurations are presented in Figures 7a through 7d and all of the configura-
tions are defined in Table I. A cross section of the fluid shield exhaust system model is
given in Figure 8a showing charging station instrumentation and an aft looking forward view
of the model assembly is given in Figure 8b along with a schematic of the plug static pres-
sures in Figure 8c.

The primary nozzle contained 36 noise suppressor chutes to reduce noise by dividing the
high velocity jet into smaller jets to enhance mixing and thus reducing the jet velocity in a
shorter axial length. The primary nozzle throat area remained constant at 21.99 square inches
throughout the test program. The primary nozzle flow path was convergent (nozzle throat at
the exit plane), and the suppressor area ratio (SAR) was chosen to be 2.5. SAR is defined as
the sum of the primary nozzle throat area and the chute area i.e area between the suppressor
chutes, divided by the primary nozzle throat area.

Three nozzle plugs, a 15° solid surface, a 15°, 10 percent porous surface, and a 18° solid
surface, were tested, to evaluate the effect of primary nozzle plug half-angle and surface
porosity on performance. The purpose for the porous plug surface was to weaken the shocks
generated by the primary nozzle flow as a mechanism for reducing shock associated noise.
By conducting performance tests with the porous plug surface, performance losses associated
with the increased surface roughness could be determined. The two plug half-angles were
tested to determine plug length effects on performance. A shorter plug length is viewed as a
way of reducing the overall weight of a full scale axisymmetric plug nozzle concept.

Instrumentation

The primary charging station instrumentation identified in Figure 8a consisted of 4 rakes
with 5 total pressure probes each, and 8 static pressures and 2 thermocouples to measure the
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total temperature. The circumferential locations of the total pressure rakes were 0, 90, 180
and 270 degrees. The static pressures were located on the primary duct outer wall at 10, 55
100, 145 190, 235, 280, and 325 degrees. All angles are relative to the 12’0 clock position
aft looking forward, measured clockwise.

The secondary (fluid shield) charging station instrumentation consisted of 3 rakes with 5
total pressure probes each, 5 wall pressures and two thermocouples. The total pressure rakes
were located at 95, 135 and 180 degrees. The static pressures were located on the secondary
duct outer wall at 95, 114, 136 158 and 180 degrees.

All of the three nozzle plugs were identically instrumented with 22 static pressure taps, as
shown in Figures 8b and 8. These were divided into two rows, with one row of 10 pressure
taps located axially aligned behind a chute base and one row of 12 pressure taps between
chutes, in the primary stream. The actual locations of the pressure taps as measured from the
suppressor exit plane are given in Table II.

Test Conditions

The primary nozzle pressure ratio varied from 1.5 to 4.0, and the secondary (fluid shield)
nozzle pressure ratio varied from jet—off (NPRy=1.0) to 3.0. Total model flow rates varied
from 15.5 to 52.8 pounds—mass per second (lby/sec). The primary flow rate varied from
10.0 to 29.0 lby/sec depending on the test conditions. Model air flow temperatures were
maintained near room temperature conditions of 68°F.

Data Reduction

All data from the instrumentation of the axisymmetric plug fluid nozzle nozzle model and
from the Channel 14 facility were recorded and down loaded to a VAX micro computer.
Average values of the rake data were used to compute standard performance parameters
(e.g., Crgr, Cy, etc.), mass flows, and pressure ratios.

The static axial thrust of an exhaust nozzle is defined as the axial exit momentum of the
exhaust flow, plus the difference in exit pressure relative to ambient pressure times the exit
area, shown in equation form as:

Fyx = mve + (Pe —Pa)A.

The static thrust measurement used in evaluating the nozzle performance was determined
by applying the momentum equation to the control volume shown in Figure 4. The analysis
of the forces applied to the control volume includes the entering stream thrusts due to the
secondary and primary flows, the balance force corrected for tare forces (By), various pres-
sure—area terms, and the axial exit stream thrust.

Summing the axial forces results in the following equation:
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F, = mgvi + P1A; + Py(Ay — Ay) + mygvyr + PriA + Pra(Ap — Ay — Pa(Ag + App) - By

In the above equation, from continuity the mass flow at station I equals station 8 and the
mass flow at station 11 equals station 18. The velocities and pressures at station 1 and 11
correspond to that of a choked long radius ASME nozzle throat.

The vertical thrust, Fy, was obtained from the vertical balance force measurements.
Fy =By

The resultant thrust, F,, was calculated as the vector sum of the axial thrust, Fy, and the verti-
cal thrust, Fy. The nozzle resultant gross thrust coefficient is defined as the ratio of the resul-
tant thrust to the ideal thrust of the primary flow (expanded to ambient) and the ideal thrust
of the secondary flow (expanded to ambient), and is shown as;

2 21/2
F, (F2 + FH/

Cig, = =
mg Vig + myg Vg mgVig + mgVyg

The ideal thrust (mv;) is calculated from the actual mass flow and the dimensionless ideal
thrust function based on nozzle pressure ratio.

The resultant thrust vector angle, a, was determined as:
a = tan H(Fy/Fy)

The sign convention for positive values of thrust components and vector angle is defined in
Figure 4.

The discharge (flow) coefficient of the nozzle is defined as the ratio of actual flow rate
through the nozzle, to the ideal isentropic mass flow rate at the overall nozzle pressure ratio.
Overall all nozzle pressure ratios were calculated as NPRp=P/P, and NPR=Pg/P,. For
the present tests (exhausting to atmosphere), P, equals atmospheric pressure.

The discharge coefficients were calculated as:

Cgp = mg/mg; Cqgs = myg/mysg;

Detailed data reduction equations and procedures are further discussed in Reference 1.
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Results and Discussions

Tabulated performance data are presented in Appendices B and C. Data from this test
program are also compiled and documented in Reference 4.

Nozzle Performance Data

The resultant gross thrust coefficients, Cfg; , are shown in Figure 9, for the three plug
configurations tested with varying shield thickness and wrap. Results are presented as a func-
tion of primary nozzle pressure ratio, NPRy, , for constant levels of shield pressure ratio,
NPRg . The static performance at design point (NPR, = 3.2) was typically 0.950 for the
shield off configurations (NPRg = 1.0), and was in the range of 0.880 to 0.910, depending on
shield thickness, for the shield on configurations. With the shield off, the observed thrust
coefficient levels and trends are consistent with previous chute suppressor piug nozzle test
results, Reference 1. However, with the shield operating, NPR > 1, thrust coefficients de-
crease significantly by about 4 to 6 points.

The effect of shield parameters on the nozzle performance is illustrated in Figure 10,
where thrust coefficients for the 159 solid plug are presented as a function of shield pressure
ratio. Fluid shield pressure ratio had a major negative impact on nozzle performance, for all
of the shield configurations tested. However, at all primary nozzle pressure ratios, for the
same wrap angle, increasing the fluid shield thickness improved the performance, as indi-
cated by the 2200 shield characteristics. This is primarily due to the higher total thrust con-
tribution (higher mass flow) from the unsuppressed shield. Both the 0.6 inch 1800 shield and
the 0.5 inch 220 shield had the same shield flow area. A comparison of these two shields
indicate that, reducing the fluid shield wrap angle, while maintaining constant flow area, im-
proved nozzle performance. This is due to fewer number of chutes being influenced by the
shield flow. The 180 shield performs better than the 0.5 inch and 0.75 inch 2200 shields at
all primary nozzle pressure ratios tested. At a primary nozzle pressure ratio of 3.2 (simulated
takeoff power) nearly identical performance is obtained by the 2209, 1.0 inch shield and the
1809, 0.6 inch shield. The 180Y, 0.6 inch shield influenced fewer suppressor chutes while the
2209 1.0 inch shield has higher shield thrust contribution.

The loss in thrust with shield operating is primarily due to the significant increase in the
suppressor chute base drag, which is strongly influenced by the shield flow. This is shown by
Figure 11 where chute base drag, as a fraction of the ideal gross thrust, is plotted as function
of shield pressure ratio, for a primary pressure ratio of 3.2. These data were derived for
GEAE Celi41 acoustic tests of the 159 porous plug model, conducted under APT Task Order
9. Drag was calculated from static pressure taps installed in the base of the suppressor chutes.
Figure 11 indicates that the static pressure on the backsides of the chutes are being pumped
down by the shield flow. Also, note that the 1800 shield had the lowest total drag, due to the
fact that fewer suppressor chutes are influenced by the shield flow. This suggests that signif-
icant improvements in thrust coefficients for this type of noise suppression concept would
require that the suppressor chutes be designed to facilitate turning of the shield flow into the
base region, e.g., reducing the chute base angle. However, this would have a major impact on
the system mechanical design and may not be a practical solution.
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The effect of plug configuration is shown in Figure 12, where thrust coefficients from 159
solid, 159 porous and 18Y solid plugs are compared for various shield flows. As can be seen,
for the same plug angle, porosity had about 0.5 points negative impact on performance at all
flow conditions tested. The effect of plug angle was also similar and the 189 solid plug had
slightly lower performance than the 150 solid plug. Caution, however, should be exercised in
drawing conclusions on the effect of plug angle on installed performance based on static data
alone, i.e., drag at flight conditions, especially with the suppressor chutes stowed, could be
influenced by plug angle. In summary, for the configurations tested, the impact of plug ge-
ometry on the nozzle thrust coefficient was within 0.5 percent.

Primary nozzle flow coefficients (Cdp) are shown in Figure 13 for all of the configurations
tested. In general, at primary nozzle pressure ratios less than choking, there is a significant
increase in primary flow coefficient with shield flow on relative to the cases with no shield
flow. However, for primary nozzle pressure ratios higher than 2.5, the 0.5 inch shield has no
effect on the primary nozzle flow coefficient, for all of the three plugs tested. The cases with
shield height greater than 0.5 inches indicate moderate suppression due to shield flow for all

of the three plugs.
The secondary nozzie flow coefficients (Cds) are presented in Figure 14. The secondary

flow coefficient levels increased with increasing fluid shield thickness, and were insensitive
to both plug angle and primary nozzle pressure ratio.

Static Pressure Data

Static pressure measurements were made along the plug surface for all the fluid shield
nozzle configurations. These pressure distributions are presented in Figures 15 through 18.
All data are presented as functions of X/L, where X is the distance from the chute exit plane
(station 127.242) and L is the plug length (see Figure 8c). Static pressure data are shown as
values of P/Pa, the measured local static pressure non—dimensionalized by the measured am-
bient static pressure. Two rows of static pressure taps were mounted on the nozzle plug sur-
face equally distributed axially (at locations X) from the chute exit plane to the plug tip. One
row of static pressures was aligned behind a primary chute base, and one was aligned be-
tween chutes, as shown in Figure 8b.

Figure 15 presents plug static pressure distributions for shield flow off cases. In general,
these indicate an initial over expansion (lower than ambient) as the flow expands at the chute
exit and then a gradual re—compression as the flow continues along the plug. The expansion
and compression are well behaved functions of nozzle pressure ratio.

Figure 16 shows plug static pressure distributions with the various shields operating. As
can be seen, shield pressure ratio has a strong influence on plug pressures, especially at sec-
ondary pressure ratios NPRs > 1.5, indicating a significant interaction between the two flows.
Multiple expansions and compressions are evident at high shield and primary pressure ratios.
In general, plug static pressure remain above ambient and indicate that the plug is producing
positive thrust.
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Figure 17 compéres design pressure ratic plug pressure distributions for all configurations.
Typically, the 180 plug exhibited the highest level of re—~compression. Plug porosity appears
to have very little effect at these conditions. Trends are similar for all shield configurations.

Figure 18 directly compares plug pressure distributions aligned behind the chute base and
between chutes, again at design point conditions. Small differences are seen just downstream
of the chute exit, however the two distributions rapidly merge indicating a uniform circum-
ferential pressure distribution.

NASA/CR—2005-213321 9



Conclusions

An investigation was conducted in The FluiDyne Engineering Channel 14 static thrust
stand facility to determine the effects of fluid shields and plugs on the aerodynamic perfor-
mance of an axisymmetric plug fluid shield exhaust system. This investigation was con-
ducted at static conditions with varying primary and secondary pressure ratios. Data are
presented as thrust coefficients, discharge coefficients, chute base pressure drags, and plug
static pressure distributions.

The results of this investigation indicated the following:

1. Nozzle static performance at design point primary nozzle pressure ratio of 3.2 was
typically 0.950 for the shield off configurations, and was in the range of 0.880 and
0.910 at the secondary nozzle pressure ratio of 2.2, depending on shield thickness, for
the shield on configurations.

2. Fluid shield pressure ratio had a major negative impact on nozzle performance. This
reduction in performance was due to a significant increase in chute base pressure drag
with the shield flowing.

3. For the configurations and test conditions of this investigations, the impact of plug

geometries on the nozzle thrust coefficient was within 0.5 percent.

4. Increasing fluid shield thickness for the same wrap angle improved performance
largely due to increased thrust contribution from the unsuppressed shield.

5. Reducing the fluid shield wrap angle, while maintaining constant secondary flow
area, improved nozzle performance. This is due to fewer number of chutes being in-
fluenced by the shield flow.

This test program has provided an enhanced data base for an advanced jet noise suppressor
concept. Results will be helpful in the design of next generation fluid shield jet noise sup-
pressor concepts.
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Appendix A
Definition of Symbols

Cross—sectional area, in? -
Balance Force, lbs

Discharge (Flow) coefficient, ratio of measured mass—flow rate to the ideal
mass—flow rate

Gross thrust coefficient, ratio of the measured nozzle thrust to ideal nozzle
thrust

Chute-base pressure drag, ib¢
Thrust, Ibs
Fluid shield height (thickness), inches. See Figure 8b

Plug length measured from primary nozzle exit plane to plug vertex, inches
(see Figure 6b)

Mach number

Mass flow rate, slugs/sec
Nozzle pressure ratio, Py/P,
Pressure, psia

Suppressor area ratio — (A7 + Acp)/Ay, Where A7 is primary nozzle throat
area and Ay, is the area between the suppressor chutes at suppressor exit

Temperature, R

Velocity, ft/sec

circumferential extent of fluid shield, degrees (see Figure 8b.)
Axial distance down stream of the primary nozzle exit, inches
Thrust vector angle, degree

Incremental quantity
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Subscripts

a Ambient or free—stream

ch Suppressor Chute

e Nozzie Exit

i Ideal

p Primary flow

r Resultant

$ Secondary flow

t Total conditions

X Axial

y Vertical

1 ASME flow measuring Nozzle Throat (Primary Flow)
2 Primary Flow Flexible Seal

8 Test Nozzle Primary Flow Throat

i1 ASME flow measuring Nozzle Throat (Secondary Flow)
12 Secondary Flow Flexible Seal

18 Test Nozzle Secondary (Fluid Shield) Flow Throat
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Appendix B
ASME Checkout Nozzle Test

PRIMARY ONLY TEST DATA
5.5 inch ASME Nozzle (6070-076)

Data Point # NPR, Cegp Cap
PRE —~ TEST
804.01 3.994 0.9818 0.9921
804.02 3.988 0.9818 0.9921
804.03 3.997 0.9818 0.9929
803.01 3.180 0.9901 0.9918
803.02 3.193 0.9900 0.9918
803.03 2.991 0.9914 0.9922
802.01 2.492 0.9953 0.9912
802.02 2.495 0.9952 0.9912
802.03 2.487 0.9948 0.9915
801.02 1.993 0.9951 0.9908
801.03 1.992 0.9949 0.9907
801.04 1.982 0.9944 0.9913
800.01 1.493 0.9926 0.9885
800.02 1.495 0.9528 0.9888
800.03 1.486 0.9915 0.9893
POST -~ TEST
815.01 3.996 0.9816 0.9924
815.02 3.999 0.9818 0.9925
814.01 3.196 0.9897 0.9917
814.02 3.194 0.9900 0.9920
813.01 2.496 0.9947 0.9910
813.02 2.501 0.9951 0.9911
812.01 1.992 0.9944 0.9908
812.02 1.993 0.6949 0.9908
811.01 1.496 0.9923 0.9886
811.02 1.497 0.9943 0.9892
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DUAL FLOW TEST DATA

5.5 inch ASME Nozzle (6070-076) — primary
4.0 inch ASME Nozzle (6051-4232) — secondary

DataPoint#  NPR, NPR, Cre Cap Cas
PRE - TEST
809.01 3.991 4.018 0.9813 0.9923 0.9923
809.02 3.995 4.019 0.9815 0.9924 0.9922
808.01 3.002 3.014 0.9910 0.9921 6.9920
808.02 2.994 3.012 0.9912 0.9915 0.9917
807.01 2.503 2.513 0.9942 0.9912 0.9908
807.02 2.499 2.510 0.9944 0.9912 0.9911
806.01 1.998 2.007 0.9943 0.9908 0.9908
806.02 2.000 2.006 0.9943 0.9907 0.9906
805.01 1.502 1.503 0.9913 0.9890 0.9902
805.02 1.501 1.504 0.9912 0.9887 0.9900
POST — TEST
555.01 2.002 1.998 0.9951 0.9911 0.9906
820.01 3.994 4.024 0.9816 0.9926 0.9925
819.01 2.993 3.020 0.9911 0.9917 0.9918
818.01 2.493 2.519 0.9941 0.9912 0.9913
817.01 1.997 2.010 0.9940 0.9910 0.9907
816.01 1.497 1.505 0.9914 0.9893 0.9901
555.02 1.996 2.051 0.9947 0.9906 0.9910
820.02 3.981 4.022 0.9813 0.9923 0.9927
819.02 2.986 3.014 0.9909 0.9917 0.9918
818.02 2.484 2.511 0.9937 0.9911 0.9913
817.02 1.983 2.010 0.9934 0.9902 0.9906
816.02 1.490 1.506 0.9899 0.9884 0.9896
820.03 3.987 4.019 0.9811 0.9925 0.9921
819.03 2.984 3.019 0.9909 0.9917 0.9915
818.03 2.491 2.511 0.9943 0.9911 0.9909
817.03 1.989 2018 0.9941 0.9501 0.9901
816.03 1.489 1.509 0.9915 0.9881 0.9893
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Appendix C
Tabulation of Nozzle Performance Data
Primary Only Tests

Config. Data NPRp Crgr Crex Crgy a Cap
Point degrees

PRIMARY ONLY TEST

111 12.01 3.993 9537 9537 00067 04 9661
12.02 3.189 9569 89569 0004 02 9635
12.03 2492 9544 9544 0003 02 9610
12.04 1.497 9385 9385 0006 03 9571

211 18.01 3.998 9499 9499 -0003 -.02 9672
18.02 3.185 9527 9527  -.0003 -.02 9641
18.03 2.487 9507 9507 0004 02 9614
18.04 1.495 9356 .9356 .0004 .03 9562

311 22.01 3.998 9514 8514  -.0003 -.02 .9664
22.02 3.202 5545 9548  -0004 -.03 9641
22.03 2.503 9531 9531 -.0002 -.01 9614
22.04 1.508 9374 9374 -.0013 -.08 .9596

MID - TEST

312 35.01 3.983 9523 9523 0000 .00 9651
35.02 3.192 9555 9555  -.0010 -.06 9625
35.03 2.495 9536 9536 0017 -.10 9593
35.04 1.500 9366 9366 0004 -02 9570

312 36.01 3.986 9526 9526  -.0003 -02 9653
36.02 3.194 9560 9560 -.0012 =07 5630
36.03 2.497 9539 9539  -.0010 -.06 9598
36.04 1.500 9371 8371 -.0012 =07 9574

POST - TEST

324 61.01 4.013 9529 9529  -.0002 -01 5630
61.02 3.213 9564 9564  -.000% -.05 .9605
61.03 2.509 9548 9548  -.0011 -07 9576
61.04 1.518 9375 9375  -.0003 -.02 .9546
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Tabulation Of Nozzle Performance Data

Dual Flow Tests
Config. Data NPR, NPR; Cgy Ceax Crey v Cap Cas

Point degree

111 13.01 3.973 3.001 9058 9051 .0348 220 9661 9777
13.02 3.187 3.002 .8927 .8917 .0416 267 9639 9781
13.03 2489 3.003 .8834 8320 .048% 3.18 9609 .9789
13.04 1.498 3.000 8814 .8786 .0706 459 9798 9792
10.01 3980 2204 9105 9101 .0255 161 9659 9765
10.02 3.187 2201 .8991 .8986 .0299 191 9535 9767
10.03 2.487 2200 .8892 .8884 .0377 243 9612 9770
10.04 1494 2201 8713 8691 0615 405 9789 9776
11.01 3.981 1.503 .9251 9250 0144 .89 9660 .9539
11.02 3.187 1497 9190 9188 0183 1.14 9635 9539
11.03 2491 1499 9067 9064 .0245 1.55 9611 .9543
11.04 1494 1.501 8651 .8640 .0451 299 9739 9549

211 1501 3.980 3.018 .9028 .9022 .0335 2.i3 9661 .9780
15.02 3.189 2995 .8886 .8877 .0392 253 9632 9783
1503 2485 2998 8771 .8759 0465 3.04 9604 9784
1504 1.498 2997 .8765 .8737 0704 461 9792 9788
16,01 3980 2208 9068 9065 .0249 158 9663 9762
16.02 3.182 2205 .8943 .8938 0286 1.83 9634 9766
16.03 2491 2201 .8831 .8834 0354 230G 9608 9769
1604 1500 2206 .8657 .8635 0616 4.08 9780 9775
17.01 3981 1.507 9214 9213 0136 0.85 9668 9541
17.02 3.181 1.501 9156 9154 0168 1.05 9637 .9540
17.03 2486 1.500 9026 9023 .0231 147 9609 9544
17.04 1495 1500 .8597 8585 .0445 297 9736 9551

311 19.01 3.993 3013 5038 .9029 .0387 245 9666 .9782
19.02 3.196 3.011 .8000 .8888 .0463 298 9646 .9787
19.03 2.501 3.012 .8782 8765 .0550 3.59 9616 .9788
19.04 1.504 3.011 .8767 .8731 0801 524 9812 .9791
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Tabulation Of Nozzle Performance Data
Dual Flow Tests — Continued {(continued)

Config. Data NPR,; NPRy Cgy Ceox  Crgy a Cap Cgs

Point degree

311 20.01 3992 2202 9083 9078 0290 1.83 9664 9767
2002 3.196 2210 .8963 8957 .0329 2.1t 9644 9769
2003 2501 2207 8855 8846 0419 271 9618 9771
2004 1504 2202 8672 .8644 0695 460 9806 9774
2101 3995 1.503 9227 9225 0i61 100 9664 9543
21.02 3200 1504 9165 9163 0190 1.19 9642 9547
21.03 2499 1.501 9044 9041 0261 1.65 9619 9549
21.04 1499 1.503 .8626 8612 .0487 324 9758 95533

112 32.01 3998 3.008 9144 9134 0441 2.76 9628 9883
32.01 3.185 3.009 9052 9037 .0507 321 9602 9886
32.03 2489 3.009 9053 9035 0573 363 9577 9883
3204 1498 3.009 9081 9054 .0705 445 9771 9891
33.01 3986 2.212 9108 9102 .033% 2.13 9627 9866
33.02 3.187 2206 .8999 .8990 .0383 244 9603 9872
33.03 2495 2205 8964 .8953 0459 294 9576 9869
33.04 1.501 2.203 .8935 .8911 .0659 423 9761 9874
3401 3.990 1.506 9239 9237 0194 1.20 9630 .9644
3402 3.186 1.503 9170 9167 0243 1.52 9604 9645
3403 2492 1.502 9068 9063 .0320 2.02 8579 9645
3404 1496 1.503 8813 .8796 .0546 3.55 9720 9653

212 31.01 3978 3.020 9099 9089 0436 2.74 9657 9876
31.02 3.184 3.609 8996 8983 0498 3.17 9636 9883
31.03 2490 3.019 8980 8980 (0561 3.57 9604 9886
31.04 1497 3.012 9048 9021 0701 444 9799 9890
30.01 4012 2209 9073 9067 0330 208 9667 .9867
30.02 3207 2207 .8952 .8945 (0372 238 9643 98709
30.03 2.505 2209 .8902 8891 0441 2.84 9613 9871
30.04 1.503 2206 .8899 8875 0657 423 9787 9874
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17




Tabulation Of Nozzle Performance Data
Dual Fiow Tests (continued)

Config. Data NPRp, NPR; Cggy Crex Crgy o Cap Cys

Point degree

212 29.01 3994 1.507 .9204 9202 .0193 120 9659 9648
29.02 3,190 1.502 9135 9132 0241 151 9632 9644
29.03 2495 1.504 9031 9026 0309 196 9609 .9649
29.04 1496 1.502 8768 8752 .0534 349 9750 9650

312 23.01 4000 3.082 9115 9102 0494 3.11 9655 9878
23.02 3.194 3.008 9029 9012 0562 357 9633 9884
23.03 2498 3.009 9012 8989 0644 4.10 9610 9885
23.04 1.511 3.019 9037 9004 G772 490 9801 9887
2401 3994 2211 9081 9073 0381 241 9661 9853
24.02 3200 2204 8973 8963 0428 2.74 9643 986l
24.03 2497 2.206 8922 .8907 0517 332 9618 9862
24.04 1.508 2204 .8892 8863 .0729 4.70 9805 9866
25.01 4.028 1505 9216 9213 0227 141 9680 .9640
25.02 3219 1504 9140 9136 .0275 1.73 9657 9645
25.03 2.519 1.502 9041 9034 0363 230 9627 .9645
25.04 1.515 1501 8781 .8760 .0603 394 G766 9647

113 47.01 3.999 3012 9124 9112 0448 2.82 9641 9978
48.01 3.211 3.021 9062 9048 0513 325 9616 .9977
47.02 2.504 3.008 9086 9071 .0521 329 9584 9983
4902 1.509 3.017 9128 911l .0544 342 9767 9984
46.01 4.004 2210 9165 9157 0381 238 9632 9960
46.02 3.205 2.205 9068 9057 .0440 278 9604 9963
46.03 2509 2211 9052 9038 0500 3.17 9581 9963
46.04 1506 2.211 9062 9039 0639 4.04 9760 9965
45.01 3.998 1.506 9249 9246 0246 143 9624 9740
4502 3202 1.504 9193 9188 .0305 190 9607 9740
4503 2.505 1.503 9114 9106 .0388 244 9578 9741
4504 1503 1.501 .8950 .8930 .0585 3.74 9725 9743
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Tabulation Of Nozzie Performance Data

Dual Flow Tests {continued)

Config. Data NPR, NPR; Cgy Crex Crgy v Cap Cas

Point degree

213 4461 4.013 3.018 9076 9066 .0443 2.80 9647 9970
43.01 3.214 3010 9031 9016 0514 3.26 9612 9976
4402 2.506 3.009 9056 9042 0512 324 9593 979
4302 1509 2991 9103 9086 0551 347 9770 .9981
4201 4005 2205 9127 9119 0376 236 9642 9963
4202 3209 2211 9034 9024 0429 2772 9621 9964
42.03 2.508 2.210 9002 .8989 0486 3.09 9593 9962
42.04 1505 2.218 9049 9027 0631 400 9772 9970
41.01 4007 1509 9218 9214 0248 1.54 9643 9749
41.02 3206 1.505 9154 9149 0299 1.87 9616 .9750
41.03 2.501 15064 9075 9067 .0374 236 9590 9755
41.04 1504 1.504 8912 8894 0574 369 9739 9755

313 3801 3992 3.0i8 9098 9085 .0502 3.16 9655 9977
38.02 3.191 3.005 9031 9012 0580 3.68 .9629 9982
39.01 2500 3.008 9051 9032 .05%94 376 9592 9978
3502 1.506 3009 9100 9081 .0586 3.69 9799 .9988
37.01 3.983 2208 9149 9138 0430 269 9646 9964
37.02 3.189 2207 9050 9036 .0493 312 9625 9965
37.03 2497 2206 9023 9006 .0563 3.58 9600 9970
3704 1500 2208 9042 9014 Q0702 445 9802 9973
4001 4.006 1.506 9227 9222 0284 1.76 9653 9747
40.02 3.203 1508 9160 9153 .0350 2.19 9629 9750
40.03 2.504 1.505 9085 9075 0435 2.75 9604 9748
4004 1503 1503 .8926 .8902 .0651 4.18 9763 9750

124 50.01 3998 3.0i4 9188 8176 0454 284 9624 9889
50.02 3.197 3016 5077 9063 0522 329 9603 .9895
5003 2503 3.009 9034 9013 0619 393 9578 .9899
50.04 1502 3011 9016 .8976 .0857 545 9725 9900
5101 4001 2212 9172 9166 0334 208 9631 .9868
51.02 3.196 2204 9072 9064 0383 242 9612 9872
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Tabulation Of Nozzle Performance Data
Dual Flow Tests {continued)

Config. Data NPR, NPR; Cgy Crex Crgy o Cap Cas

Point ‘ degree

124 51.03 2.4% 2204 9003 .8990 .0483 3.07 9586 .9876

51.04 1498 2.209 .8827 .8793 0771 501 9736 988l

52.01 4.012 1.507 .9296 9294 0177 1.09 9628 .9677

52.02 3212 1.506 .9242 9239 0224 139 9609 9676

52.03 2500 1.505 9133 9128 0304 191 9583 9678

52.04 1.501 1.505 .8797 8779 .0568 3.70 9685 9682

224 5401 4.006 3.025 9149 9139 0440 2.76 9627 .9887

5402 3.208 3.013 9031 9017 .0501 3.18 9605 9893

5403 2.510 3.024 .8964 .8945 0589 377 9577 9897

54.04 1.505 3.019 .8968 .8928 .0843 540 9718 9897

55.01 4.013 2213 9235 9130 .0325 204 9627 .9877

55.02 3.214 2213 9024 9017 0369 235 9609 9876

55.03 2.509 2.215 .8940 .8928 0453 291 .9583 9877

55.04 1.504 2211 8771 8738 0756 494 9723 9832

57.01 3963 1500 9256 9254 0175 1.09 9630 .9676

57.02 3.169 1499 9204 9202 0217 135 9609 9677

5703 2481 1499 9092 9088 .0295 1.86 9584 9678

57.04 1494 1.500 8731 8713 0565 371 9695 9683

324 58.01 4.000 3.016 9163 9149 0506 3.16 9628 9892

58.02 3.201 3011 5046 . 9027 0588 3.72 9607 9895

58.03 2.506 3.011 .8985 .8958 .0701 447 9582 9894

58.04 1.514 3.013 .8975 8923 .0965 6.18 9729 9901

59.01 4.013 2209 9145 9137 0371 233 9623 9875

59.02 3.210 2214 9039 9029 .0432 2.74 9607 .9877

59.03 2.508 2.207 8962 8946 .0531 340 9581 .9877

59.04 1.511 2208 8775 8734 0843 551 9719 9881

60.01 4.011 1.505 9263 9261 0198 1.23 9622 .9670

60.02 3216 1504 9210 .9207 .0242 151 9606 .9673

- 60.03 2511 1502 9105 9099 .0330 2.08 9578 9676

60.04 1514 1.503 .8750 .8728 .0620 4.06 9684 9680
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Table I. — Axisymmetric Plug Fluid Shield Nozzle Test Configurations

Primary Shield Shield Shield Throat | Primary
Configuration | Nozzle Throat | Flow Area Wrap Height, fid ht Plug
Area, Agin® | Ajg in® | Angle, deg in
11t 21.990 12.080 220 0.50 15° Solid
211 15° Porous
311 189 Solid
112 21.990 18.375 220 0.75 15° Solid
212 15° Porous
312 180 Solid
113 21.990 24.596 220 1.00 15° Solid
213 15° Porous
313 189 Solid
114 21.990 11.785 186 0.60 15° Solid
214 15° Porous
314 18° Solid
NASA/CR—2005-213321 22




Table II — Plug Static Pressure Locations

15 deg Plug I8 deg Plug
L=151631in L=12502in
Primary Secondary Primary Secondary

X/L X/L X/L X/L
0445 0445 0546 0546
1082 1082 1196 1196
1718 1718 1844 1844
2355 2355 2492 2492
2990 2990 3141 3141
3627 3627 3790 3790
4264 4264 4439 4439
4899 - 5088 -
5536 5536 5737 - 5737
6173 - .6386 -
.6809 .6809 7035 7035
.8082 .80082 .8333 .8333

l TOP 0° REFERENCE

o L —

Section B-B

NASA/CR—2005-213321

View AFT Looking Forward
(See Figure 8b)
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b} ASME Checkout Nozzle .

Figure 2. Channel 14 Model Test Setup.
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Fluid Shield |

Figure 5. Fluid Shield Nozzle with Porous Plug
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: A e v i e SRR

a) Nozzle with 150 solid plug, 0.75” — 2200 fluid shield (configuration 112)

b) Nozzle with 130 porous plug, 0.75” — 2200 fluid shield (configuration 212)

Figure 7. Selected views of fluid shield nozzle test configurations.
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d) Nozzle with 159 solid piug, 0.60” — 1800 fluid shield (configuration 124)

Figure 7. Concluded.
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