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SYMBOLS

Ae - nozzle axit area, in?

At - port geometric throat area, in2

A* - effective nozzle throat area, in

F - axial thrust component, 1bf

Fi - ideal isentropic gross thrust, 1bf
Fn - normal thrust component, 1bf'.

Fr - resultant gross thrust, F2 + Fﬁ, 1bf
NPR - nozzle pressure ratio, Pt,j/Pa

Pa - ambient pressure, psi

Pt,j - jet total pressure, psi

RPM - revolutions per minute, 1/min

wp - measured mass-flow rate, slugs/s
Wp/wi - discharge coefficient, no units

W, - ideal mass-flow rate, slugs/s

) - blocker angle, degrees

8 - resultant thrust vector angle, tan"1
ABBREVIATIONS

CW - clockwise

CCW - counterclockwise

conf. - configuration

M.S. - model station

ref. - reference

2-D C-D - two-dimensional convergent-divergent

i

i,
F

degrees
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CHAPTER I
INTRODUCTION

Requirements for the next generation of fighter aircraft will probably
include short take-off and landing capabilities, an expanded maneuver envelope,
and an integrated flight and propulsion control system (refs. 1-4). These
aircraft may require exhaust nozzles capable of thrust vectoring and thrust
reversing to help meet these demands. Towards achieving these goals, many
advanced exhaust nozzle models have been designed and tested to determine
internal and installed performance (refs. 5-21). These nozzle models can be
divided into two groups: advanced axisymmetric and nonaxisymmetric. Exhaust
nozzle internal performance studies indicate that nonaxisymmetric nozzles have
essentially the same level of internal performance as conventional axisymmetric
nozzles (refs. 10, 12, 13, 15, 16, 18, 19). Nonaxisymmetric nozzles have an
advantage over axisymmetric nozzles because their two-dimensional shape can more
easily incorporate thrust vectoring and reversing, providing additional capability
for the lowest weight penalty (refs. 22-28). Factors such as internal performance,
external drag, weight, cooling, and vectoring/reversing requirements become the
basis for determining the best nozzle for a particular application. Further, the
effects of the vectoring/reversing on the airframe and engine must be determined.

Before new technology can be incorporated, the effects of integrating it
into a system must be explored. Performance tests indicate that current exhaust
nozzle thrust reverser models can be designed to obtain the desired amounts of
reverse thrust but often fail to maintain the mass flow rate that would be
required by the engine to prevent engine stall (refs. 14, 19, 21, 28). The
results of an investigation to determine the internal flow characteristics of

a typical two-dimensional thrust reverser model (ref. 29) indicated that the



sonic lines in the thrust reverser ports were highly inclined. Evidence of
exhaust flow separation along the upstream port wall was also presented. These
results indicate that an effective port throat area smaller than the geometric
port throat area may be the cause of the low mass-flow rate (low discharge
coefficient) during reverse thrust'operation when compared to the normal mass-
flow rate of the nozzle during cruise.

To prevent engine stall during reverser deployment, some minimum change in
mass-flow rate (generally less than 8- to 10-percent) must be maintained. Two
options are available to the designer. Either a reverser-port variable-area
control device must be incorporated into the exhaust nozzle hardware to increase
the geometric port throat area (inversely proportional to the decrease in
effective port throat area), or the internal geometry of the thrust reverser
must be modified to increase port discharge coefficient (increase effective
port throat area). The purpose of this investigation was to determine the
effects on internal performance of first, rounding the upstream corner of the
reverser port entrance (most current configurations have sharp or angular
corners), and second, incorporating a rotating cylinder into the corner of
several thrust reverser port configurations. Except for the port corner
modifications, the nozzle hardware was identical to the model presented in
reference 28. Some configurations reported in reference 28 were retested to
insure consistency of the data for the current investigation. The tests were
conducted in the static test facility of the NASA Langley 16-Foot Transonic
Tunnel. A temperature controlled, high pressure air system was used to

simulate engine exhaust at nozzle pressure ratios up to 6.0.



CHAPTER I1
APPARATUS AND PROCEDURES

Facility Description

The tests were conducted in the static test facility associated with the
NASA Langley 16-Foot Transonic Tunnel. Engine exhaust was simulated by a high
pressure air system with a heat exchanger to control air temperature. The
nozzle exhaust was vented to atmosphere out a large door or towards a high
ceiling depending on the nozzle configuration. A remotely located control
room contained the air control valves and a closed circuit television monitor
focused on the model. Data were recorded on a 96 channel, magnetic tape, data

acquisition system.

Propulsion Simulator

The propulsion simulator used for this investigation was a single-engine
air-powered nacelle model shown in the sketch of figure 1 with a typical thrust
reverser port model installed. The body shell forward of model station (M.S.)
20.50 was removed for these tests. High pressure air maintained at an approxi-
mately constant temperature of 532° R was ducted into a high pressure plenum in
the nonmetric (not on the balance) portion of the model. From the high pressure
plenum, the air was discharged radially through eight equally-spaced sonic
nozzles into the metric (on the balance) low pressure plenum. This syStem was
designed to minimize the forces due to axial momentum when transferring the air
from the nonmetric to the metric portion of the model. The flexible metal
bellows shown in figure 1 were used as seals between the nonmetric and metric
parts and compensated for axial forces caused by pressurization (ref. 30).
Near the aft end of the low pressure plenum, the transition was made from a

round duct to a rectangular passage cross-section. The air then passed through



a choke plate, an instrumentation section, and into the nozzle configuration at

M.S. 41.13.

Nozzle Design

The model hardware downstream of M.S. 41.13 (see fig. 1) was used through-
out the tests and simulated the upper half (one reverser port) of a two-dimensional
convergent-divergent (2-D C-D) nozzle thrust reverser. Typically, a 2-D C-D
nozzle thrust reverser is designed to reverse the flow upstream of the cruise or
forward thrust mode throat (refs. 9, 11, 14-16, 18, 19, 23, 25). During thrust
reverser deployment, the normal aft exhaust flow path is blocked and thrust
reversing ports are opened on the upper and 1owgr surfaces of the nozzle. The
model hardware was designed to simulate only one reverser port in order to facil-
itate measurement of the normal component of thrust. Normal force of a symmetri-
cal 2-D C-~D thrust reverser with two reverser ports would equal zero. Measuring
the normal force allowed straightforward calculation of resultant thrust (Fr)
and thrust vector angle (§). In order to simulate more closely the flow pattern
of a 2-D C-D thrust reverser with two reverser ports, a splitter plate (leading
edge at M.S. 42.33 and upper surface at nozzle centerline) was used to simulate
the centerline of a thrust reverser restricting the exhaust flow to the flow
path of a reverser with two ports.

Sketches of representative configurations of the three major port corner
types tested (solid, rotating cylinder, and self-propelled rotating cylinder)
are shown in figure 2. A1l configurations had a constant flow path width down-
stream of M.S. 41.13 of 4.00 inches. Most current nonaxisymmetric nozzle thrust
reverser port designs have sharp or angular corners on the upstream port wall
(refs. 14-16, 19). The purpose of the rounded port corner and the rotating
cylinders shown in figure 2 was to eliminate the flow separation at the upstream

port corner discussed in reference 14, 19 and 29. A representative solid round



corner configuration is shown in figure 2(a). Except for the rounded port
corner, this design is typical of current 2-D C-D blocker type thrust reversers.
A sketch of a typical 2-D C-D blocker type thrust reverser with a driven
rotating cylinder located at the port corner is shown in figure 2(b). This
sketch shows the sidewall location of the two motors used to drive the

cylinder on many of the test configurations. Flexible metal couplings-were
used to connect the motors to the cylinder. The couplings corrected for any
small misalignments between the cylinder and the motor shafts. Two precision
bearings separated by a spacer were pressed into each nozzle sidewall. A
magnetic sensor attached to the motor mount of the air driven motor was used

to determine the revolutions per minute (RPM) of the rotating cylinder. The
electric motor was a direct current motor with a maximum rotational speed of
approximately 10,000 RPM when no load was on the cylinder. By reversing the
direct current to the motor, cylinder rotation could be changed from the normal
counterclockwise (CCW) direction (when model is viewed from the left side) to

a clockwise (CW) direction. The air driven motor had an RPM range of 10,000 to
100,000 with no load on the cylinder. Because of problems associated with loads
on the rotating cylinder during thrust reverser operation, no data were obtained
with the cy]inder driven by the air motor alone. A discussion of the cylinder
rotational speeds obtained during the tests is contained in the Appendix.

The third type of port corner configuration utilized a larger port corner
cylinder (see fig. 2(c)) and was designed to be self-propelled. Two different
cylinder designs were tested. One cylinder had fins (similar to a waterwheel)
located on the model centerline and the other cylinder had two sets of fins
located at the ends of the rotating cylinder (see fig. 2(c)). The total surface
area of the fins for the two cylinders was equal since the width pf single set
was the same as the total of the double set. A magnetic sensor located in the

port corner over the cylinder fins (note alternate location for side fins,
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fig. 2(c)) was used to determine the self-propelled rotating cylinder speed. The
large cylinder port corners were designed to determine the effect of a self-
propelled cylinder on the internal performance of the reverser port.

Geometric details of the port corner configurations tested are shown in
figure 3. Details of the port corner configurations are summarized in Table I.
A11 of the configurations were designed to obtain a geometric reverse thrust
vector ;ngle of 120 degrees. The blocker face. (except for several alternate
configurations) and the port upstream and downsfream walls (port flow path)
were all angled 120 degrees. Resultant thrust vector angle § was measured from
the horizontal reference line and § = 0 degrees represented the cruise or
forward thrust operating mode. Theoretically, a geometric reverse thrust angle
of 120 degrees will provide a 50-percent component of resultant gross thrust
(Fr) in the axial reverse thrust (F) direction (F = Frcoslzo = "SFr)' A1l
configurations tested were designed to have the same port throat area (At)‘
Physical port throat dimensions were measured during the tests to determine the
actual At (see Table I) for each configuration. Measured values of At were used
in the data reduction procedures.

The solid round corner configurations (fig. 3(a)) and their rotating cylinder
equivalents (fig. 3(b)) represented two types of thrust reverser internal
geometry. Configurations 1 and 4 simulated a thrust reversing port located
downstream of a constant area duct similar to those reported in references 16
and 19. Configurations 2, 3, and 5-7 represented thrust reverser ports located
in the convergent portion of a nozzle and resembled those reported in reference
14. Each port corner (or cylinder) had a radius of 0.109 inches. Configurations
5 and 7 were used to investigate the effect of port passage length. The large
cylinder port corners (see fig. 3(c) and 3(d)) all used cylinders with a radius

of 0.250 inches. The parameters that varied for the large cylinder configurations



included cylinder fin location (see fig. 2(c)), downstream exit wall height, and

internal blocker angle g.

Instrumentation

Jet total temperature and jet total pressure were measured by a single
total-temperature probe and nine total-pressure probes located in the instru-
mentation section of the propulsion simulator (fig. 1). The nine tota]-pfessure
probes were attached to three rakes which were all located in the same passage
cross-sectional plane. An area-weighted average of the individual probe total-
pressure measurements was used to compute average jet total pressure. Pressure
and temperature measurements in the high pressureép]ehum were used in the cal-
culation of mass-flow rate. Details for this procedure can be found in reference
30. Forces and moments acting on the metric portion of the model were measured
by a six-component strain-gage balance (ref. 30). Static pressure tubes were
fixed to the upper external surface of the nozzle model during the entire test
program to monitor possible recirculation effects due to the proximity of the

reverse thrust exhaust flow to the simulation hardware.

Test Procedure

A11 of the solid port (nonrotating) configurations were tested over a
nozzle pressure ratio range of 1.5 to 6.0. The self-propelled configurations
were also tested over asimilar nozzle pressure ratio range (up to 5.0).
Rotating cylinder port corner configurations were tested over a range of RPM
from 0.0 to 10,000 at nozzle pressure ratios of 1.5, 2.0, and 3.0. For all
configurations, data were taken in ascending order of nozzle pressure ratio.
Rotating cylinder data were taken by setting a constant nozzle pressure ratio
and driving the port corner cylinder through the required rotational speed

range.



Data Reduction

A data point consisted of 50 samples taken over a time period of
approximately 5 seconds. The data were recorded on a magnetic tape using
the data acquisition system dedicated to the static test facility. Averaged
data were then used in the data reduction process.

The basic parameters used to quantify the internal performance of the
2-D C-D thrust reverser port configuration were resultant gross thrust ratio
(Fr/Fi)’ resultant thrust vector angle (8), axial thrust ratio (F/Fi), and
discharge coefficient (wp/wi). Resultant gross thrust ratio (Fr/Fi) is the
ratio of measured resultant gross thrust to ideal thrust and is a measure of
nozzle internal performance (or efficiency). Resu]taﬁt gross thrust (Fr) is
determined from the corrected axial and normal force thrust components (see
Symbols section) which are obtained from strain gage balance measurements.
Balance measurements are first corrected for weight tares and balance inter-
actions. More corrections determined for the tests account for the additional
jet-off force and moment interactions existing between the bellows flow transfer
system (fig. 1) and the force balance. In addition, momentum tare corrections,
which result from the imperfect transfer of the high pressure air between the
nonmetric and metric portions of the model, are also applied to balance
measurements. The procedure for determining these corrections is reported in
reference 30. Resultant thrust vector angle (§) is alse calculated using
corrected axial and normal force thrust components (see Symbols section) and is
measured from the horizontal reference line such that 6 = 0 degrees represents
cruise or forward thrust nozzle operation. Axial thrust ratio (F/Fi) is a
measure of the axial thrust (F) generated as a fraction of the gross thrust (Fi)
available. A negative value indicates reverse thrust. Discharge coefficient

(wp/wi) is the ratio of measured mass-flow rate (wp) to the ideal mass-flow rate



(wi) and is a measure of the ability of a nozzle to transfer mass flow.
Values of wp/wi Tess than unity result from momentum and vena contracta

Tosses.



CHAPTER III

RESULTS AND DISCUSSION

The basic performance data for each thrust reverser port configuration
tested during this investigation are presented in figures 4-8. Discharge
coefficient (wp/wi), resultant gross thrust ratio (Fr/Fi)’ axial thrust ratio
(F/Fi), and resultant thrust vector angle (8) are presented as functions of
nozzle pressure ratio (NPR) in figures 4, 6, and 8. In figure 5 the same
parameters are shown as they vary with port corner cylinder revolutions per
minute (RPM). Figure 7 shows the measured variation of port corner cylinder
RPM with nozzle pressure ratio (NPR) for four self-propelled, rotating cylinder
configurations (confs. 10, and 12-14). As shown in Table I, three additional
self-propelled, rotating cylinder configurations (confs. 8, 9, and 11) were
tested. However, because of air loads on the cylinders, the port corner
cylinders for these configurations did not rotate (RPM = 0.0). Data for these
configurations are shown in figure 6 as a function of NPR. Tﬁese configurations

are treated as solid port corner configurations in the remainder of this paper.

Solid Rounded-Corner Port Internal Performance
The port configuration with a solid corner of 0.109 inch radius and

Tocated in a constant area duct (conf. 1, see fig. 3(a)) had peak internal
performance (Fr/Ri) at an NPR of approximately 2.0 (fig. 4(a)). The fact that
peak internal performance occurs at such a low NPR indicates that the port
throat is near the port exit and little exhaust flow expansion occurs in the
port passage. This characteristic was expected since all port configurations
of the current study were designed with a constant area exit passage which
should have its throat, under normal circumstances, at the passage exit due to

boundary layer build-up along the passage walls. ‘An ideal convergent nozzle
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(throat coincident with exit) reaches peak internal performance at a nozzle
pressure ratio of 1.89. The short passage length (0.137 inches) also caused
poor flow turning ability (less than 120 degrees) at most NPRs as well as Tow
levels of reverse thrust (F/F_i greater than -.50). For typical cruise or
forward-thrust mode nozzles, discharge coefficient (wp/wi) usually becomes
nearly independent of nozzle pressure ratio for NPR greater than 2.0 and
attains a value from about 0.96 to 0.99. As shown in figure 4(a), the short
passage conf. 1 never becomes independent of NPRV(for the range of NPR tested)
and only reached a value of 0.883 at NPR = 6.0. These characteristics indicate
not only that the port effective throat area (A*) is significantly less than
the port geometric throat area (At) from which wi‘is computed, but also that
its magnitude is varying throughout the NPR range tested. The most probable
cause of these data trends is exhaust flow separation around the port corner.
This separated flow region evidently extends to the port exit since, as
discussed previously, the port throat and port exit for this configuration
(conf. 1) are nearly coincident. The variation in discharge coefficient is
probably caused by a change in the amount of flow separation as NPR is changed.

See sketch below.
A* A* < Ay

(1 P
> ¢ A*~Ae

§ < 120

The port configurations located in a convergent duct (confs. 2 (fig. 4(b))
and 3 (fig. 4(c)) had peak internal performance at nozzle pressure ratios near
4.0. Nozzles which have peak performance at NPR greater than 2.0 generally
require some internal expansion in the‘nozzle (a convergent-divergent nozzle).
As previously mentioned, the ports of the current investigation were designed
with constant area passages and should exhibit convergent nozzle performance

11



characteristics. One possible cause for the convergent-divergent nozzle
performance characteristics exhibited by the reverser ports located in a
convergent duct (confs. 2 and 3) is exhaust flow separation around the port
corner and subsequent reattachment to the upstream port wall which would form

a separation bubble in the port passage. As indicated in Table I, confs. 2

and 3 had a longer port passage length than conf. 1. An increased passage
length could allow exhaust flow reattachment to occur. A separation bubble

in the port passage would cause the effective throat area (A*) to be less than
the port exit area (Ae) and thus some internal expansion would occur in the
port passage. Exhaust flow separation in the port passage would also cause the
effective throat area (A*) to be less than the géometric throat area (At) and
result in low values of discharge coefficient. This result is confirmed by

the discharge coefficient data for configurations 2 and 3. The maximum discharge
coefficients for the ports located in a convergent duct are significantly lower
than for the port configuration located in a constant area duct (conf. 1). The
lower discharge coefficients for configurations 2 and 3 are probably caused by
more severe port corner flow separation since the exhaust flow must turn
through a larger angle to enter the port passage for these configurations
{(compare geometry of confs. 2 and 3 with conf. 1 in fig. 3). The extent of
exhaust flow separation for configurations 2 and 3 apparently stablizes at an
NPR of about 3.0 since discharge coefficient is nearly constant for NPR greater

than 3.0. The longer passage lengths of these configurations (see fig. 3(a)) provided

A* < At
A*
- *
A* < Ae
§ > 120

reverse thrust levels of -0.50 or higher at NPR greater than 1.5. A more

negative value of F/Fi indicates larger reverse thrust (-F) levels. Because of

12



the Tonger passage, the flow turning ability of confs. 2 and 3 exceeded that of
the short length passage configuration 1 and also the geometric design angle of
120 degrees. The probable cause for measured resultant thrust vector angles (§)
greater than design is an inclined effective throat area in the passage. ‘An
inclined throat would not only tend to turn the flow but also create unequal
port wall lengths downstream of the throat and effectively the port would become
a single expansion ramp type nozzle. Single expansion ramp nozzles are known to
have larger thrust vector angles than design because of unopposed pressures act-
ing on the longer length ramp (refs. 10, 12, 31, and 32). This fact would also
explain the larger than design levels of reverse thrust. The increased passage
length between configurations 2 and 3 of 0.160 improved the peak internal
performance (Fr/Fi) of the port by about 2-percent but had only small effects
on the other performance parameters.

The 0.109 inch radius, rotating cylinder port corner configuration (confs.
4-7) at RPM = 0.0 exhibited the same performance trends with NPR as the solid
rounded port corners discussed above. As shown in figure 5 rotating the
cylinder at RPM up to 10,000 (2.5% of desired RPM, see Appendix) had no effect
on Fr/Fi’ The variation of F/Fi and resultant thrust vector angle seen at NPR
equal to 1.5 is not a real effect of cylinder rotation. The actual corrected
force balance variations for the constant NPR fell well within the accuracy of
the balance. No effect on reverse thrust ratio or thrust vector angle was
noted at NPR greater than 1.5. The effect of cylinder rotation on port discharge

coefficient will be discussed in a later section.

Large-Cylinder Port-Corner Internal Performance
The large cylinder port corner performance data presented in figure 6 will
be used as the baseline data for comparison with the self-propelled cylinder

configurations which rotated. The configurations presented in figure 6 (confs.
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8, 9, and 11; see fig. 3(c)) were designed to be self-propelled but during
actual test conditions the cylinders did not rotate and these‘configurations
will be considered as solid corner configurations for the remainder of this
paper.  Since these configurations were designed to have a coincident ﬁort
throat and port exit (no internal expansion), performance behavior similar to

a convergent nozzle was expected. Instead internal pekformance (Fr/Fi)
resembled a convergent-divergent nozzle with beak performance near an NPR

of 3.0 (fig. 6). This behavior may be caused by the surface of the cylinder
above the port exit acting as an external expansion ramp surface, thus pro-
ducing internal performance characteristics similar to a single expansion ramp
nozzle (refs. 10, 12, 31, 32). Resultant thrust vector angle and axial thrust
ratio (reverse thrust) levels fell well below the design values of 120 degrees
and -0.5 respectively. Results presented in reference 28 indicate that the
effect of blocker angle on reverser port performance is small for a 120 degree
port. Based on this result, a comparison of configurations 8, 9, and 11 can be
made without consideration of the differences in blocker angles. The only para-
meter considered for this comparison is the increased length of the downstream
port wall (see fig. 3(c)) on configuration 11. Lengthening the aft wall
increased thrust vector angle 4 degrees, and increased the level of reverse
thrust ratio for all nozzle pressure ratios tested. It should be noted that
discharge coefficients for the large cylinder port corner configurations were
significantly higher than those presented in figures 4 and 5 for the small
radius port corner configurations. The discharge coefficients for the large
cylinder port corners approach the Tower level of discharge coefficients
expected for normal cruise or forward-thrust mode nozzles and indicate reduced
flow separation in the port passage.

Two possible causes for the failure of some of the self-propelled configura-

14



tions (confs. 8, 9, 11) to rotate are proposed. The first problem was a
misalignment of some of the model hardware which caused the cylinder to rub
against the port corner. The second problem may have been the fin design.

The cylinder always reached a static equilibrium with a fin just at the

lowest point of the cylinder in the port, thus failing to capture any exhaust
flow along the model top wall. To help correct the second problem, troughs

with a width equal to fin width were cut into the model top wall at an angle
which produced a trough depth of 0.2 inches at the cylinder surface (fin length
js also 0.2 inches) as shown in figure 3(c). Configurations 10, and 12-14 were
modified in this manner and, as shown in figure 7, autorotation of the self-
propelled cylinders did occur, especially for those configurations with cylinders
having side located fins (confs. 12-14). Results from reference 29 indicate that
exhaust flow along the sides of the duct may be less steady than the flow along
the centerline and this may have aided cylinder autorotation. The modified
centrally located fin configuration (conf. 10) achieved only very Tow levels of
rotational speed (fig. 7) and the internal performance of this configuration
(fig. 8(b)) is nearly identical to that measured for configuration 11 (fig. 6(c))
which did not achieve cylinder autorotation. This result tends to confirm the
results of reference 28 which indicated that blocker angle had only small effects
on port performance (conf. 10 has a blocker angle of 90 degrees whereas conf. 11
has a blocker angle of 75 degrees). Configuration 13 (fig. 8(c)), the side
located fin counterpart of conf. 10, reached cylinder rotational speeds of
40,000 RPM at a nozzle pressure ratio of 3.5 (fig. 7). The effects of port
corner cylinder rotation were to decrease resultant gross thrust ratio, and to
increase resultant thrust vector angle (compare parts (b) and (c) of fig. 8).

A slight increase in discharge coefficient can also be noted for configuration

13 (RPM 40,000) at NPR above 3.0. The reduction in Fo/Fs probably results from
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the energy extracted to turn the cylinder. The majority of the energy
extraction losses are apparently in the normal thrust component since axial
thrust ratio levels are nearly identical to those of conf. 10 (low RPM case). .
Configurations 12, and 14 had measured cylinder autorotational speeds of
34,000 to 85,000 RPM (fig. 7) at NPR above 2.7. Port corner cylinder rotation
increased resultant thrust vector angle slightly but again reducedyFr/Fi.
(compare confs. 12 and 14 at high RPM with conf, 11 at RPM = 0.0), probably

because of energy extracted to turn the cylinder.

Summary of Mass Flow Characteristics

The primary objective of this investigation was to determine the effect of
thrust reverser port design and, in particular, the effect of a rotating cylinder
at the port corner on the mass-flow .characteristics (discharge coefficient) of
thrust reverser ports. Summary plots showing the effects of severa1 design
parameters, including rotational speed of a cylinder located in the portkcorner,
on discharge coefficient are given in figures 9, and 10. A1l of the configurations
of the current investigation had the same design minimum cross-sectional area or
geometric throat area. Table I shows measured or actual throat area (At) for
each configuration tested. If port throat area, jet tot?1 pressure, and jet
total temperature are the same for two configurations, then comparison of dis-
charge coefficients is equiVa]ent to a comparison of mass-flow rate since ideal
mass-flow rates would be identical. A comparison of mass-flow rates yields
important information because jet engines require mass-flow rates within a cer-
tain range in‘Order to opekate. The F-100 engine‘used in the F-15 airplane, for
exémp]e, has an upper thérance(éngine0verspeed) corresponding to a 20-percent
over area (fOo‘mUCh maéééf10w) and a 10Wer tolerance (sta]f margih) corresponding
to ah‘8¥ﬁékééﬁt:ﬁnder’éreé (too Tittle mass flow) (ref. 21). These tolerances

are based on an ehgihefoperating optimally at a discharge coefficient of

16



approximately 1.0 (measured mass-flow rate equals the ideal mass-flow rate).
Typical cruise or forward-thrust mode nozzles generally have discharge
coefficients of 0.96 to 0.99.

The baseline configurations used in the current study for evaluation of
the effects on discharge coefficient of rounding the reverser port corner and
then replacing the port corner with arotating cylinder are the sharp corner
(radius = 0.0) thrust reversing ports reported in reference 28. These sharp
port corner configurations were tested on the same exhaust port model hardware
used in the current investigation. A summary of the discharge coefficient data
is presented in figure 9 as a function of nozzle pressure ratio. As shown in
figure 9, the sharp corner ports of reference 28 have very low port discharge
coefficients with the maximum value of 0.78 occurring only at the highest NPR
tested with the port located in a constant area duct (fig. 9(a)). Discharge
coefficients of this low a magnitude indicate severe exhaust flow separation in
the port passage and an effective throat area much smaller than the geometric
throat area. Rounding the port corner increased the mass-flow rate (discharge
coefficient) of the reverser port significantly, regardless of port passage
length or location. Replacing the rounded port corner with a rotating cylinder
(RPM = 8000) did not affect mass-flow rate for the range of cylinder RPM tested.
The differences in discharge coefficient shown in figures 9(b) and 9(c) between
the solid rounded corner and the corner including the cylinder may be the result
of deformation of the cylinder towards the port corner during testing changing
the shape of the port corner (increasing the entrance to the port passage) and
possibly reducing flow separation thus improving discharge coefficient. A
comparison of discharge coefficients with rotating self-propelled and nonrotating
large cylinders located in the port passage is shown in figure 10. A very small
(within data accuracy) increase in discharge coefficient is indicated for the
rotating cylinder configuration.

17



CHAPTER IV

CONCLUSIONS

The effects on port internal performance of rounding and the incorporating

a rotating cylinder into several thrust reversing exhaust port corners have been

investigated at static conditions. The port configurations were tested at

nozzle pressure ratios up to 6.0 in the static test facility of the NASA-Langley

16-Foot Transonic Tunnel. Results of this study indicate the following conclu-

sions:

1.

Replacing a sharp corner in the upstream port wall of a reverser
with a rounded corner significantly improved discharge coefficient.
Incorporating a rotating cylinder into the upstream port wall
showed no further improvement in discharge coefficient for the
range of cylinder revolutions per minute achieved (surface velocity
of cylinder = 2.5% of duct velocity).

Reverser ports located in constant area ducts had higher discharge
coefficients than reverser ports located in convergent ducts. This
probably results from less severe exhaust flow separation around the
port corner since total flow turning angle is less for a given
design reverser angle.

Highest levels of discharge coeffiéient (approaching cruise or
forward mode performance) were obtained with large, rounded cylin-

drical shaped surfaces in the upstream port wall.
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APPENDIX

DISCUSSION OF DRIVEN ROTATING CYLINDER SPEEDS

In an attempt to provide a wide range of RPM to the powered rotating
cylinder configurations of the current investigation, two motors were utilized.
One was an electric motor with an RPM range of 0 to 10,000 and the other was an
air-turbine motor with an RPM range of 10,000 to 100,000. Both motors were
regulated from the control room. The maximum desired RPM for each rotating
cylinder configuration was chosen as the RPM needed to impart a cylinder surface
velocity equal to the local exhaust flow velocity in the duct upstream of the
corner. Data for the calculation of surface velocity were obtained from
reference 29. For NPR from 2.0 to 5.0 static to total pressure ratios of 0.93
to 0.95 were measured in the duct upstream of the reverser port for a geometri-
cally similar nozzle thrust reverser model. These static pressure ratios
correspond to duct velocities on the order of 300-350 ft/s. The required
cylinder rotational speeds to obtain this velocity were 400,000 for the small
cylinder (0.109 in. radius) and 80,000 for tﬁe large cylinder (0.250 in. radius).
Calculation of cylinder natural frequencies limited the small cylinder rotation
to. 130,000 RPM (well below desired RPM) and the large cylinder to 290,000 RPM
(well above desired RPM). Within the resources available, the maximum RPM
obtainable during this investigation was 100,000 (with the air-turbine motor).
Although 100,000 RPM was substantially less than the desired range for small
cylinder rotation, it was still somewhat above the desired range for the large
cylinder configurations and it was believed that cylinder surface velocity equal
to duct exhaust-flow velocity would be achieved with the large cylinder. However,
due to small deviations from design, the as-built model had small misalignments
between the cylinder and other model hardware. Almost all of the configurations
tested required adjustments during model build-up to present the cylinders from

binding. Even with careful model buildup, the air-turbine motor still

A9



could not rotate the cylinders. The exhaust flow loads on the rotating cylinder
were apparently too great for the air-turbine motor to overcome. Thus all powered
rotating cylinder configurations of this investigation utilized only the electric
motor to drive the rotating cylinder and the max imum cylinder rotational speed
was limited to less than 10,000 RPM (depending on shaftiloads which were
configuration and NPR dependent). Cylinder rotational speeds of 10,000 RPM

were well below the desired maximum RPM (surface ve]ocity) for both cylinder
sizes and may account for the general overall in;ensitivity of port internal
performance to cylinder rotation. It should be noted that for a full-scale
application to this concept, the required maximum cylinder RPM (to match

exhaust flow velocity) would be significantly less than was required for the
subscale model used in this investigation. For a given surface exhaust flow
velocity_(which is independent of hardware scale), required RPM is inversely

proportional to rotating cylinder radius.
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SECTION A-A

(a) Typical solid rounded corner configuration.

Figure 2. Sketch of thrust reverser exhaust ports. All
dimenions in inches except as noted.
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SECTION A-A

(b) Typical rétating cylinder port corner configuration.
Figure 2. Continued.
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(c) Typical self-propelled rotating cylinder port corner configuration.
Figure 2. Concluded.
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Figure 3. Sketches of thrust reversing port details. All
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Figure 3. Continued.
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Figure 4. Variation of discharge coefficient(wp/wi), resultant
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and thrust vector angle(s) with nozzle pressure
ratio(NPR).
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Figure 6. Continued.
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(a) Constant area duct.

Figure 9. Effect of corner shape and cylinder rotation on discharge
coefficient(wp/wi). *

48



—— ref. 28 sharp corner, convergent duct

O conf. 2
O conf.5 RPM=0.0
<O conf. 5 RPM = 8000.0

.88 g :
i
.84 i
.80
.76
W/ ¥ i
72
.68
.64
.60 ‘
e
.56
] 2 3 4 5 6 7
NPR

(b) Convergent duct, 0.491 inch port passage length.
Figure 9. Continued.
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(c) Convergent duct, nominal port passage length of 0.66 inches.

Figure 9. Concluded.
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Figure 10. Effect of cylinder rotation on discharge coefficient(wp/wi)
for a self propelled, rotating cylinder configuration.
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