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STATIC INVESTIGATION OF THE CIRCULATION=CONTROL=WING/UPPER=BURFACE-BLOWING
CONCEPT APPLIED TO THE QUIET SHORT=-HAUL RESEARCH ATIRCRAPFT
J. C. Eppel, M. D, Shovlin, D. N, Jaynes, R, J. Englar,* and J, H. Nichols, Jr.*

Amea Research Canter
SUMMARY

Fullescale static investigations have been conducted on the Quiet Short-Haul
Research Aircraft (QSRA) to determine the thrust-deflecting capabilities of the
circulation-control-wing/upper-surface~blowing (CCW/USB) concept. This scheme,
which combines favorable characteristics of both the A-6/CCW and QSRA, employs the
flow-entrainment properties of CCW to pneumatically deflect engine thrust in lieu
of the mechanical USB=flap system. Results show that the no-moving-parts blown
system produced static thrust deflections in the range of 40°-97° (depending on
thrust level) with a CCW pressure of 2,089 x 10° Pa (30.3 paig). In addiction, the
ability to vary horizontal forces from thrust to drag while maintaining a constant
vertical (or 1ift) value was demonstrated by varying the blowing pressure. The
versatility of the CCW/USB system, if applied to a STOL aircraft, was confirmed,
where rapid conversion from a high-drag approach mode to a thrust-recovering waveoff
or takeoff configuration could be achieved by nearly instantanecus blowing-pressure
variation.

INTRODUCTION

Research in powered-1ift aerodynamics to provide STOL characteristics for both
military and commercial aircraft has led recently to the development of hoth the
NASA Quiet Short-Haul Research Aircraft {QSRA), built by the Boeing Commercial Alir-
plane Co» ‘ny, and the Navy/Grumman A-6/Circulation Control Wing (CCW) flight demon-
strator aircraft (figa. 1 and 2}, In a recent concept developed by the David Taylor
Naval Ship Research and Development Center (DTNSRDC), the flow-entraining properties
of the CCW trailing edge are utilized to deflect engine thrust in a manner similar
to that in the upper-surface-blowing (USB) concept used in the QSRA and ¥C-14 air-
craft,

The concept benefits from powered-lift characteristics similar to those of the
QSRA and YC-14 aircraft, but obtaine those characteristics pneumatically instead of
mechanically, The CCW/USB concept is sahown achematically in figure ) and ia shown in
A twin-engine STOL aircraft configuration proposed by DTNSRDC in Figure 4. On the
proposed aircraft, both the outboard CCW 1ift-augmenting wing section and the

inboard CCW/USB thrust~deflecting section are composed of small, circular, no-moving-

parts traillng edges; the mechanical flaps otherwise used on the QSRA and YC-14 are
completely eliminated. Both inboard and outboard sysatems have besn investigated
atatically and dynamically tn model acale (refs, 1-4), and CCW alone has been

atrcraft Division, David Taylor Naval Ship Research and Development Center,
Betheada, Maryland.
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flllhénvorifiod (refs. 3 and 6); however, full-scale operation of the CCW/UBB con=-
figuration in the mixed flow exhaust of a turbofan sngine had not besn attempted.

The QSRA is a NASA flight ressarch facility used to develop propulsive-lift
concepts, Hence, a joint NABA/Navy static teat was undertaken, with a reprasenta-
tive CCW/USB configuration installed behind one engine of tha QSRA aircraft, which
was undergoing propulsion-system/airframe intsraction testing on static thrust
atanda at Amas Research Center., The pressnt investigation was intended to confirm
full-scale static-thrust deflection produced by CCW/USB, compare that thrust-turning
to model-scale results, and identify any problems produced by the mixed-=flow sxhaust
of a turbofan engine.

Contributiona by Patricia Nerio, design of the CCW trailing edge hardware; Henry
G. Montoya, fabrication of the CCW tralling edge hardware; Dalton L. Mountz, aircraft
operations; Michael Moniuszko, instrumentation; and Michio Aoyagi, in support of data
system development, are gratefully acknowledged.

SYMBOLS
Aj CCW slot exit area, m? (in.?)
A engine nozzle exhaust area
noz
Hj speed of sound in CCW slot exit, m/sec (ft/sec)
o "V Zbe
]

M A in?

F : calculated or measured force, N (1h)

: a a 3
Geuel fuel volume used, m” (gal)

] acceleration due to gravity, m/sec” (ft/sce’)

nominal unpressurized Gl slot height

nem

hj CCW slot height, w (in.); actual pressurized CCW slot height
I initial force or loading measured at load pad, N (1lbh)
Ka’ Kb balance temperature sensitivities, 1/°C (1/°F)

Kx‘ K7 first-order balance sensitivities, 1/N (1/1b)

Kx 2 Koo sccond=-order linear balance sensitivities, N/N (1b/1b)

] [ |

gecond=order nonlinear balance sensitivities, L/N (1/1b)

I. measurcd load or force at each load pad, N (1b)
MU%B engine exhaust mach number near CCW slot
M CCW slot Mach number
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Subscripts:

LT T T

w/g slot mass flov rate kg/sec (aluga/sec)
strain~gage balance output, V

fan sapaad

pressure, N/m? (1b/in.?)

standard day atmospheric pressure, 1lb/in,?
univeraal gas constant; Rair = 53.3 %ﬁﬁ%%
temperature, °C (°F)

atandard day atmcspheric temperature, degrees

calibration temperature of flexure beam, °C (°F)

balance temperature at static measurement, °C (°F)

installed e gine thrust, including flap, nozzle, nacelle, and
vortex generator losses

resolved engine thrust after turning

hbalance temperature during load measurement, °C (°F)
velocity, m/msec (ft/sec)

balance excitation voltage, V

weight of fuel, N (1b)

USR flap deflection angle

1bs

slot weight flow rate: (m)(R): (sec

resultant force angle (see fig. 17), rad (deg)
wind angle to aircraft body axis, rad (deg)
fuel density, kg/m® (1b/gal)

%2; ratio of specific heats. Air at atd, cond., vy = 1.4
v

air
duct: CCW plenumi total pressure or temperature
1,2,3; atation location (see fig. 17)

Jet

PR

—




Pu. P

ORIGINAL PAGR 18
OF POOR QUALITY

R rasultant

W wind

X horizontal

A vertical

© free stream, ambient

AIRPLANE DESCRIPTION

The QSRA is shown making a carrier approach in figure 1, and the aircraft's
general configuration is shown in figure 5. The fuselage is that of a deHavilland
c-84 Buffalo with structural reinforcement in the aft section and new fairinge at the
wing=-body intersection. The C-8A empennage was used without structural or aaero-
dynamic modification, but the landing gear was modified to increase the sink rate
capability; of the aircraft,

The QSRA wing, designed and fabricated by Boeing, has a wingspan of 22.4 m
(73.5 ft), a wing area of 55.74 m2 (600 £t2), and quarter chord sweep of 15°. The
center section of the wing is sealed to form two integral fuel cells which contain a
total of 4535.9 kg (10,000 1b) of Jet A-l (JP-5) fuel. The fixed leading-edge flaps
are slotted in order to provide boundary-layer control aerodynamically. The trailing
edge on either side of the centerline consists of two USB flaps, a double-slotted
flap, and a drooped, blown aileron. (Additional aircraft descriptive information is

contained in ref. 7).

PROPULSION SYSTEM

A e 4

? The QSRA propulsion system consists of four AVCO-Lycoming YF-102 (QSRA) engines

; mounted in above-the-wing nacelles. These prototype engines, acquired from the USAF

d " A-9A program, are geared fan jets with a bypass rario of six to one; they are similar
to the AVCO-Lycoming ALF=302L commercial engine or the General Electric TF~34 engine.

] The engine weighs 53,412 N (1,215 1b), has a basic diameter of 1.077 m (42.4 in.),
and an overall length of 1.62 m (63.8 in.), including the fan spinner; the fan has a
diameter of 1.024 m (40.3 in.). Although the rated thrust of the engine 1s 33,361 N
(7,500 1b), the standard-day value of installed chrust ie about 27,801 N (6,250 1b).
Detailed information on the engine performance characteristics and the propulsion

system design 1s given in reference 8,

ak ot am . micha - SRRl

QSRA PROPULSIVE-LIFT SYSTEM

! The external nacelle (fig. 6) of the QSRA is composed of two main assemblies.
The structural cowl and nozzle assembly is attached to the wing front spar and the
engine build-up assembly is mounted to this structure. An inlet is attached to the
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engine as shown in figure 6; it serves as hoth the inlet and outer nacelles, Tire
protection is provided behind the nacelle by an sxternal heat shield attached to the
upper surface of the wing, together with the use of heat~resistant materials in the
wing flaps and trailing edge.

Nozzle Deaign

The exhaust aystem is a confluent-flow design with both primary and fan streams
discharging through a common D-ghaped exit nozzle having an aspect ratio of 3.5, As
indicated in figure 6, the core exhaust diffuses as it panmses through the primary
nozzle and then mixes with the gurrounding fan stream before exiting through the
p-shaped USB nozzle. The core nozzle is canted upward 9.4° relative to the engine
centerline to minimize heat effects on the wing.

The flow areas in the fan duct and core-nozzle exit plan (mixing plane) were
sized to provide adequate performance without affecting engine stability. The main
control on atabhility margins and engine-match, however, is provided by the final exit
area of the D=nozzle. The exit 18 designed to spread the exhaust into a thin sheet,
which is then turned, in accordance with the Coanda effect, over the USB flaps, thus
providing propulsive 1ift. The efficiency of the jet sheet in providing this pro=
pulsive lift is highly dependent on the design and shape of the D-nozzle exit. For
the QSRA, this flow spreading is enhanced, especially with one engine inoperative, by
a cutout that opens toward the adjacent nacelle.

Jet Spreading

Figure 7 shows the cutout in the right inboard engine nozzle. In normal circum=-
stances, this cutout improves wing and flow-turning efficiency by inducing a spanwise
component of flow and spreading the thin jet sheet over some portion of the adjacent
USB flap during engine-out operation. For this test, however, this spanvise compo-
nent of flow induced the jet gheet to extend beyond the physical boundaries of the
CCW trailing edge and thereby slightly decreased its turning potential.

Jet Mixing and Rotation

Two other characteristics of the QSRA powered-lift system may also have had an
adverse effect on the CCW trailing edge performance; they are the vortex generators
and exhaust vanes.

Vortex generators = There are two rows of vortex generators located behind each
engine (flg. 7). The forward row is designed to improve the mizing and turning of
the primary flow and to energize the boundary layer. The aft row was developed to
maximize 1ift at low angles of attack with an engine inoperative during flight.
Although the effect of these vortex generators on the CCW tralling edge is not known,
they do increase flow turbulence, cspeclally in the USB-jet boundary layer. This
tncreased turbulence may induce a higher than normal mixing between the USB jet and
CCW~-jet sheet, thereby reducing fts turning potential.

Exhauat vanes — Another characterlstic of this propulsion aystem is that the
engine was designed for the A=9A application and has a aet of turning vanes in the
primary nozzle that maximize thrust at high power settings but introduce a rotational
component in the primary flow at low power settings. This leads to significant
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rotational velocity components in tha USB jet at low to intermediate power aettings.
These rotational flow components are known to affect apreading and to cause the jet
to move in a spanwise direction when the jet is deflected (ref., 8). The net effect
of this flow movement is to reduce the effective turning angle of tha USB flaps;
hence, it would alac decraease the turning potential of the CCW trailing edge at low
to intermediate power mettings, This effect ia partially offset by the vortex gene-
rators.

CCW TRAILING EDGE DESIGN

This investigation was intended primarily as a full-scale static proof of con-
cept. Therefore, the teat configuration was developed as a simple bolt~on conflgura-
tion to be installed behind one inboard QSRA engine only., Since no flight teating
was intended, the configuration was not designed to be airworthy, and the air supply
to the CCW trailing edge a8 provided from external ground air-start carts instead
of from engine bleed. The test configuration (fig. 8) is based on CCW parameters
supplied by DTNSRDC and found effective in past development, The rather large-
diameter circular pipe was based on the trailing edge teasted in reference 3, and was
installed to assure adequate CCW jet attachment and engine thirust turning, Smaller
diamaters are being investigated in model-scale. Ames Research Center was respon-
slble for confipuration desipgn, construction and installation of the CCW device, teat
setup, lnstrumentation, and data reduction.

Mechanical Design

Aluninum was chosen as the design material becauso of {ts avallability and light
welglit., The CCW device could not be mounted directly at the trailing edge of the
USB flap because the flap bracket fatrings protruded aft of the flap and slightly
above it; this necessitated the long plate leading up to the no:zzle, as shown In
figure 9, The CCW was to be mounted on a series of existing brackets located on the
under surface of the flap, which had been used for other test hardware; hence, the
requirement for 1light welght. TFurther calculations showed that the air-hose con-
nections (fig. 10) and the 1ift that would be gencrated on the CCW trailing edge with
high USB thrust levels oxceeded the strength of these existing brackets. As a result,
the flap support wis redesigned so that the loads were transmitted directly from the
CCW tratting edge to the main landing gear by a support atrut (fig. 11).

CCW trailing vdge -+ The ond view of the CCW trailing edge (fig. 9) shows its
major components: (1} the 0.254-m (10-in.) dia. tube, which provided both the turn=-
ing surface and the air supply inlet; (2) the welded plenum chamber; (3) the plate,
which {s also the adjustable nozzley and (4) the air-supply-cart hose connections.

Turning surface — A standard 0,245-m (10-in.) din, tube was chosen in order to
provide the required CCW radius with a high degrec of precision., As shown in fig-
ure 9, two alr-supply-cart hose fittings were fanstalled on the lower surface approx-
imately 3,14 rad (180°) from the adjustable nozzle. A series of holes between the
pipe and plenum assure even distribution of alr with Tow Mach Number (less than 0.2)
event at the maximum alr=flow rate of 1,82 kg/see (4 lh/sec).

Instrumentation — Static-pressurc and temperature fnstrumentation was installed
in the plenum chamber at the center of the plenum between the supply pipes and at the
outhoard cnd of the plenum. This fastrumentation was so installed that the pressure
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and temperature measursmenta wers made at the lavel of the row of aupply holes into
the plenum and thum could give an indication of the uniformity of tha plenum air flow,

Problem Areas

Aluminum was chosen for strangth based on some preliminary sstimates of the aire
aupply temperature. During the initial proof test it was found that the temperature
of the air in the air-supply ground carta was running about 30°C to 40°C higher than
anticipated; the reault was a significant reduction in material strength and atruc-
tural 1ife. A second problem area involved the effect of this design on the CCW
jet's static turning efficiency. It was noted that air leaks at the plenum edge,
combined with edge effects, resulted in reduced turning over approximately the 0.05-
to 0.07-m (2-3-in,) length from each end., In addiction, theres was a reduction in
turning in the vicinity of the air-start ground=cart hose inlets. Both of these
effects were noted qualitatively during the pruof tests, but quantitative measure-
ments of loss of static turning could not be made. Although the influence of these
effects on the installed CCW-USB turning cannot be determined, it may be assumed that
turning would be alightly less than predicted from previous tests. :

GROUND TEST

Aircraft Force Measurements

The 1ift and thrust forves and, hence, turning angle, acting on the QSRA were
determined by summing the axial and normal forces acting on the landing gear. These
axial and normal forces were measured at cach gear station by a load pad, using a
calibratued strain-gage flexure beam. These load pads, originally developed by Boeing
for QSRA ground tests, are bolted to steel anchor plates inatalled on one of the
aircraft run-up areas at the Ames Research Center V/STOL Test Site. The main land-
ing gear and nose gear load pads are shown in figure 12, and the aircraft is shown
mounted on the load pads in figure 13. The airplane wheels are firmly clamped to a
plate mounted on top of the load pads, and the airplane is leveled with respect to
the horizontal. Plywood shiclds are located behind the main gear pads to prevent hot
gas impinging on the load pads during engine operation wit high flow turning angles.
The load pads are electrically heated to minimize strain-gage temperature fluctua-
tions and to keep moisture off the flexure beam and the strain-gage terminal stripa.
The load=-pad temperatures and strain-gage excitation voltapes were manually recorded
before and after each run and the strain-gage outputs were channeled into the alr-
craft's flight data systew and ry orded continuously. The stralu-gage hridges are
excited by the regulated power supplics built into the ajrcraft's data system,

Alrcraft Data Sysatem

The QSRA 18 cquipped with a high-speed data syatem composed of transducers,
aignal conditioning equipment, a telemetry transmitter, and a tape recorder, Thia
aystem makes measurements, telemetera data in real time to a ground data facility,
and recorda signiticant airplane and ground instrumentation parameters jor post-teat

analyaia,

Data from the transducers are transmitted to the analog and digital network
panels, which provide the necessary aignal conditioning. The conditioned data then
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pass to tha remote multiplexer=digitiser unit (RMDU), which adjusts the gains to &
programmed level, provides analog to digital conversion, and sncodes the data in a
pulse~code modulated serial bit stream, The data from the RMDU are recorded on a
standard lé-track, airborne, magnetic tape recorder; they are also telemetered via
L-band transmission to a ground station for real-time data monitoring, The aircraft
data system contains a time-code ganarator, which furnishas corrslation for the data,
SBeparate, pracision low=voltage powar aupplies located in the pircraft's analog
network panels furnish tranaducer excitation power whare required. A mors detriled
description of syatem elements is given in refarence 7.

Meteorological Measurements

The aircraft is equipped with instrumentation that accurately measures atmo-
spheric conditions in £light; however, most of these sensors are of limited use
during ground testing. In order to have an accurate assessment of the wind speed and
direction, air temperature, humidity, and barometric pressure, a Met One weather
station was installed on the test site. This station (fig. 14) was located several
hundred feet from the aircraft at about wing level, This location was chosen so
that the atmospheric readings would be representative of those at the aircraft but
would not be influenced by it or the ground-support equipment. The meteorological
data are converted to both direct readout and to analog signals by the Met One
weather station, The direct readcut was used as an aid by test personnel at the
site, and the analog signals were channeled into the aircraft data system, giving a
continuous record of atmospheric conditione during the taat.

Test Procedures

The data are telemetered to a ,round station for recal-time procesaing and are
also vecorded for post-test analysis, The test is directed from the ground atation
with radlo communication links batween the test site, aircrafe, and the ground
station.

Test plan — The general plan cousisted of advancing the left inboard engine
power settings (fan speed) in even 5% iucrements from pround idle to maximum power
and then decreasing the settings in the same manner. TFach setting was held for 30
sec before proceeding to the next condition., A list of the individual test condi~
tions is given in table T. Static measurcmonts were made before and after each data
run in order to verify data system operation and to provide the loada~history
required for analysis,

Because the CCW trailing edge waa installed before the beginning of the test,
the firast run was made with the CCW nozzle gap set at 0.102 ¢m (0.040 in,) with
no air flow through the nozzle, This test condition set a baseline thrust and
turning-angle measurement versus fan speed and also allowed the CCW device to heat
gradually without being under pressure. For the next run the engine was shut down and
the CCW mlot was gapped to the nominal 0.102 cm (0,040 in.) size. Figure 15 mhows two
techniclana adjusting the nozzle gap.  The CCW plenum was then operated at maximum
pressure and temperature unt{l all preasures and temperatures In the CCW trailing edge
were stable,

Based on the results ot this run, it wi: decided that testing would continue
with the nominal gap., (When hot, the CCU norzle gap was about 102 greater than at
the cold settings, and it {ncreased approxinntely 70% to 75% when hot and under
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30,93 x 10" Pa (44 paia) preasure to about 0,170 om (0.067 in.). The next two runs
were made, respectively, with two air carts and with one air cart providing air to

the CCW tratling edge while the engine was operating. The next two runs were made with
the CCW trailing edge nozsle gapped to 0,052 em (0,020 in.) cold; again the runs ware
made firat with two air carts and then with one air cart providing air to the slot,

Operational problams — In addition to supplying air for the CCW plenum, the air-
start carta also supply electrical power to the aircraft, During the test there ware
several power interruptions to the aircraft electrical system that runs the data
system and powers the mansora., These interruptions were caused by the aircraft's
frequency protection devices activating in response to the speed fluctuations in the
air-start cart's power unit during preasurirzation of the CCW. Although these power
interruptions were not serious from an operations standpoint, they did reset the
fuel totalizers to zero and thus affected the real-time lift calculations,

Because of the uncertainty that these power interruptiona introduced into the
real-time data and because the slot height had not been measured with the CCW device
both hot and under pressure, the test was repeated the next day with the larger gap
setting. Toward the end of the teat series the CCW pressure began dropping; on
{nepection, it was noted that the adjusting screws were working loose, which caused
the nozzie slot to grow non-uniformly. After repairing the nozzle upper plate and
adjusting screws, the teat was run again; the pressure then held steady during the
entire test series.

Baseline measurement ~ Upon completion of the CCW test series the CCW assembly
was removed and the USH flap restored to its original configuration. Then an addi-
tional test series was run following the identical procedure in the CCW teat plan in
order to provide a baseline thrust and turning~angle measurement for the USB flap.

Real-time data processing — The data were telemetered to the ground station for
real-time data processing. The telemetered data stream was decoded, converted to
engineering units, and each measured parameter was sampled five times a second.
Because of equipment limitations, hard-copy updates of the entire parameter list were
only obtained every 4 sec, Real-time processing was used to provide a check of the
results to determine the validity of selected parameters that were dimsplayed con-
tinuously on strip charts and also on alpha-numeric television displays. These
parameters included the CCW temperature and pressure; engine apeeds, temperatures
and pressures; atmospheric conditions; load pad axial and normal forces at each
landing gear location; and calculated values of the net lift, thrust, flow=turning
angle, and CCW slot jet velocity,

The load=pad force calculations were simplified for real-time processing by only
accounting for the first-order linear components from the balancea (see Analysis
section). The net thrust was calculated by summing the axial forces from the landing
gear load pada, The net 1ift was abtained in a similar manner from the sum of the
load pad normal forces; however, it had to be corrected for the weight of the air-
plane. The weight of the airplane was calculated by subtracting the weight of fuel
used during testing from the initial airplane weight, as recorded by the load pads.
Thia fuel weight was obtained from the aircraft's fuel totalizera, which record the
amount of fuel used by each engine. Finally, the resultant thrust was calculated by
taking the vector sum of the 14ft and axial forcea; the turning angle was the angle
between the resultant and the horizontal forces,
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External Force Measuraments

The axial and normal forces at each landing gear location ware measurad with a
calibrated flexure beam, instruminted with a met of orthogonal strain-gage bridges.
The primary effects on these bridge outputs were the leval of force, axisl or normal,
in the direction the bridg. was dasigned to measure, and the value of input excita-
tion voltage to the bridge. Bemides these primary effects, several secondary effacts
also had to be considered to accurately calculate the input loads from the strain-
gage outputs, The two moat important of these effects were the temperature variation
of the flexure beam during the test veraus its calibration temperature, and the
interaction of axial and normal force through the flexure beam.

Calculation procedure - The procedure for determining the load-pad forces con-
sisted of two operations: calculating the initial loads under static conditions and
using the outputs of the strain-gage bridges in conjunction with'the static loads to
determine the actual test axial and normal forces. Since the equations for each load
pad are similar (except for different constants), this discussion will only show the
procedure for determining the loads from one load pad. Because the load equations
contain interaction terms, the normal procedure is to start with a value based on no
interactions, and then to iterate the equations, using the previnus solution in each
succeseive iteration. This procedure is continued until the di:..erence between
iterations is less than 0.005%.

Static load calculation — The atatic loads are calculated in the following
manner.

The initial loads iteration:

L - mvy
vk (1 + K (¢, =t )]
and
1, - nv,
v K [1 4 K (t,-t )]
Subsequent loads iterations:
1, = X SR, T, 4 (LR -t) R T 1)
X vxkxll + Ka(tl'tc)] 1Y T 4 1 e x,X2 X "2
and
1, = Ak - (K I +[1+ K, (e -t 1K I, 1,1
Z szz[l + Ka(tl'tc)l z,x X 1 ¢ g,x2 X "2
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The initial or static loads are calculated for each data point over a 10-sec period
and then an average is taken for the entire sample of approximatsly 150 points.

Theae initial or static loads along with their average load=-pad temperatures and
excitation voltagea are recorded for later ume in determining the test loads and also
in chacking the load pads' strain-gage stability,

Test loads calculation -~ Once the initial loads have been datermined, the bal=
ance loads during a teat condition are completed in the following mannar,

The firat iteratious!

L . AmVx - Bx
X
vxxxtl + Ka(tz-tc}]
and
L. Anwz - Bz _
4
VoK [1 + K (8=t )]
where
By = VgK (K (6t )] [Ty + K T,!
and

By = VK, IR (et I T, + K, 1y)
The terms A mvy and A mv, are defined as the difference between the strain-gage

bridge output at the test point and the average of the bridge output during etatis
loading., For the second and subsequent load iterations:

A mvx - Bx |
L, = + K I + (1 4+ Kb(t -t ) K 1
X ) Xy 2 ®,X2 X 2
vxxxll + Ka(tz-tcn
x'z(lzﬂz) - [1 + Kb(t -t )] Kx m +Ix)(1.z+tz)

and

A mv, = Bz
L, & oS e KB [+ R (et )] K, ,xz Ix !

A - Zy,% X X2
veR (14 K (t,-t )]
Kz.x(Lx+Ix) - [1+ Kb(:2-tc)]Kz.xz(Lx+Ix)(Lz+xz)

Theme forces are calculated for each data point over a 3I0=sec period and then an
average is taken for the entire sample of approximately 150 pointa. Each test
rample {8 begun only after all of the aircraft and CCW operating parameters

have attained a stable condition. Although these aircraft parameters and hence

11
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the loads are not truly atatic, the variation is small during the sample period,
This procedure of averaging the large number of data points acquirad during the

sample paviod has yielded results that are generally rapeatable within +0.05% of the
maximum measured forces.

Data system resolution - The data syatem divides the range of each parameter
into 1,024 parts, or counts, in order to digitally tranamit the analog signals from
its individual measuring devices., The effect of this digitization is to create dis-
crete increments in the transmitted value of each parameter that are a constant
percentage of ite full-scale range. Since the input signal may cover any value in
the parameter's range, the incoming signal often will be between discrates or counts,
and, hence, the next higher or lower value will be output into the data stream. In
the case of the load pads during the current test, this discrete increment was about
222 N (50 1b). Averaging a statistically mcaningful sample of data tends to
minimize the error introduced by these fluctuations, particularly under truly static
conditions., For example, it was possible to tell if the aircraft crew members were
at their proper stations (static measurements were not accomplished until they were).
In addition, aircraft weight calculations based on load-pad readings were compared

with weight readings measured with standard weight scales and were found to corre-
late wicnin 0.10%.

Small loads -~ Although the load pads and data system give highly accurate
results with large loads, some problems occurred when the loading was very low. When
the loads are approximately the same level as the increment value, 222 N (50 1b),
the recorded values can vary by approximately :100% from the true value., This has a
varying effect that depends on the type of load input and direction of loading. The
major effect of this problem on the present program was that it made it impossible to
measure CCW trailing edge turning without the USB engine running; as a result, no
baseline CCW trailing edge data are presented.

CCW TRAILING EDGE CALCULATIUNS

The individual pressures and temperatures from the CCW plenum and the USB
trailing-edge pressure were sampled by the aircraft data system, displayed in real-
time, and recorded for later processing. These parameters were sampled for 30 sec
after they were stabilized on a test condition, at a sample rate of five points per
second,  The individual plenum temperatures and pressures were averaged for the data
analysis,

LCW Jet velocity -~ the Jet velouity was calculated assuming an isentropic expan-
slon from CCW plenum total conditions to free-stream static conditions:

\’1‘8

FENYZ
1/2 ‘ X Pa) ¥ )
R O A 2 el LI £

)

It 18 realized that expansion to local static conditions at the jet exit gives a far
more realistic value of V, and that expansion to free-stream smtatic pressure
underestimates V,; and M;.” Howcver, local exit conditions are functions of local
geometry — and thus a comparison of two blown airfoils of unlike trafling~-edge geom~
etry hut with identical slot areas, plenum pressures, and temperatures — would yield

12
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j unlike values of momentum coefficiant., The momentum cosfficient based on expansion
: to free-stream conditions im thus acceptad as a more "universal' parameter for com-
parison of blown ayatems.

1

ﬁ . CCW slot masa flow — The mams flow to the CCW slot was provided by two aircraft

' ground-air-supply carts. Because these carts are used daily for aircraft servicing,

' ic was not possible to modify them to accurately maasure their mass flow, Hence, \
the mass flows used in this analysis were calculated for isentropic conditions as

followa:

Choked flow:

v+l
Nom _y_ (2 \2(y-1)
mj AdeJRgTd (Y'*‘l) ’ Pd/Pw > 1.89

Unchoked 'flow:
|2

2
h o= AP, |—2Y (fﬂ';) I (p_“*)’r
17 | &1 reT, |\ Py P, ;

This mass calculation requires values of expanded slot height as a function of plenum
pressure in order to accurately determine the CCW nozzle area, A;, This slot height ]
is a function of bcth the plenum temperature and pressure, as noted earlier. Based ﬁ
on limited measurements, an extrapolated variation of the nozzle slot height ia shown

in figure 16 for the two nominal cold slot heights of 0.102 cm (0,040 in.) and 0.051
em (0.020 in.), respectively. The slot height values from this curve were used to
make the momentum flux calculation contained in this report.

LN

AIRCRAFT EQUATIONS

The locations and directions of the forces acting on the aircraft are shown in ]
figure 17. 3

Net axial force — The net axial force is the sum of the axial forces measured by 3

the load pads, corrected by the wind ram drag. '
&a

- Lxl +Lx, + Lx, + ry Vw cos 8y,

i

Fy

Note: 1If 0, is greater than 90° or less than =90° then the ram drag term is set
equal to zero, t,
\

Net 1ift — The net 11ft force on the aircraft is the sum of vertical forces as
measured by the load pads corrected for the fuel used. |

[ USSR N P S S B

F, = Lzl + Lzz + LZS -

A “fuel

where

Wevel ™ Cfuel "fuel

ot e L
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Resultant force — The resultant force is

| 1/2
| - 2 2

| Fp (Fz +F, )

F and the resultant angle is

BR m tan~! (Fz/Fx)

! Referred parameters — The measured forces and engine parameters are corrected or
i referred to sea level standard day values in order to permit direct comparisons with
; other data from previous tests. The measured forces are corrected by the ratioc of
ambient barometric pressure to standard day sea level pressure; hence, the referred
force = measured force/(Pw/Pref). Similarly, the measured fan speed is corrected by

the square root of the ratio of the ambient temperature to standard day temperature
expressed in degrees Kelvin or Rankine:

T

L]

Ny = N, /8! where 0 =
referred measured T

ref

RESULTS AND DISCUSSION

Data from references 1-3 imply that CCW/USB thrust deflection is primarily a
function of engine thrust level and characteristics of the CCW jet (principally jet

pressure and momentum), These parameters were thus of prime concern in the present
investigations.

Thrust level — Figures 18 and 19 present resultant thrust levels, produced by
different amounts of CCW hlcwing, as functions of engine installed thrust and power
setting (percent fan rpm). In these data, installed thrust is the static thrust of
the YF-102 ongine as installed in the QSRA nacelle on the wing, with D-nozzle and
vortex generators, and USB flaps sct at zero deflection, and as recorded during run 6
(pts 110-129) or the present investigation. Resultant thrust is determined from
vertical and horizontal balance readings only, since the side~force component cannot

be measured on the load pads. Thus, spanwise thrust components are not included in
i installed or resultant thrust measurcments,

E Deflection angle - The resulting chrust-deflection angles as functions of the
installed thrust for a nominal CCW slot height of 0.102 cm (0,040 in.) are compared
with the convantional USB flap at zero deflection in figure 20, Trailing-edge
camber produced by addition of the CCW device, with no blowing, vielded increases

in thrust turning-angle, over the basic flap, of from 7° to 20°, depending on thrust
level, The addition of blowing produced thrust deflection angles up to 97° at low

; thrust settings, and 40° at maximum thrust, The same data are plotted in terms of

b resultant thrust for h = 0,102 em (0,040 in.) in figure 21, and h = 0.051 cm
’ (0,020 in.,) (n figure 22,

Figure 19 implies that the resultant thrust at a constant power setting is
reduced with increas{ng blowing pressure, However, as can be seen from figure 20,
the USB jet 18 also being turned through a greater angle as hlowing preasure

14
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i increases, This USB jet is not a uniform thin sheat, but is actually three-

- dimensional, with varying thickness and velocity both along and above the ccw

: span, There is usually some loss in efficiency when turning this jet, with

S losses increasing with angle for the conventional USB flap. It is assumed that
- a similar mechanism is affacting the CCW/USB jet turning. This thrust loss could
o : prove advantageous on STOL approach, where reduced thrust at high 1ift allows

- steeper glide slopes, but may have an adverse effect under flight conditions that

require maximizing thrust (waveoff).
figures 21 and 22 shows increasing thrust-turning

however, slot helght variation produces relatively
ed to produce a glven momentum as slot

CCW _jet momentum — Combining
with increasing CCW Jet momen tum;

1ittle effect, other than in the pressurée requir
area changes. These curves are nearly 1inearized by plotting against engine exhauat

Mach number near the CCW glot instead of resultant thrust, as shown in figures 23 and
24, Figure 23 is a croas plot of figure 21 and shows thrust-turning, as a function
of the momentum required to produce it, in terms of a percentage of installed thrust.
Figure 25 is an indication of engine bleed requirements for an installed on-board

system that would replace the air-start carts.

DA Gl

|
i
1
q

- O FETETeTA

e i

The potential for officient STOL operation of the CCW=-USB system is shown in
figure 26, where the horizontal and vertical thrust components are plotted for
various blowing levels. Addition of aerodynamic 1ift and drag would convert these
to lift=drag polars, ghifting all curves upward and to the left {or drag) side of
the plot. Operation in fiight at a constant vertical (or 1ift) force could be main-
tained, while horizontal force was being converted from low- to high=-thrust recovery
by decreasing blowing, thus representing conversion from a landing to a wave-off
mode, These operations are possihle without change in angle of attack, and require

no deflections of moving parts in the high=11ft system.

e e Ak e S it B B s

A visualization of the CCW flow-turning is provided in figure 27, where the flow
fleld on the surface of the CCW trailing edpe is mapped bv tufts. These tufts are
seen to turn to a nearly horizontal position, heading forward. fyidence that large
portions of the eng lne exhaust werc ontrained to large deflections was observed in
motions of the grass behind the aircraft: it waved violently in the exhaust when
blowing was off, but hecame atill as blowing increased. At higher blowing, objects
on the ground below and ahead of the CCW trailing edge became violently disturbed.

compares thrust-turning results from figure 21

with predicted rosults based on model-scale data taken from reference 3. These model

results were scaled up based on the parameters T{nstalled/Angz and V4 /Anozs wWhere

{s the engine D-nozzle of foctive exhaust ared. The predicted thrust=turning

angle 1s salightly greater than that measured for the higher blowing case, hut less

than that measured at lower blowing. geveral factors relative to this performance,

noted during the investigations, will provide guidance {n the development of future
configurations, The CCW slot upper 1ip did not produce a jet alot that excited tan- ‘
gentially to the round tratling edge, but instead intersected the radius ahead of and .
below the tangency point. Thir can cause loss of jet static pressure differential

and less than optimum jet entrajnment and turning. FExperience has shown that at

higher pressures, complete detachment of the jet can occur if the geometry 1is auffi-

clently misatigned. Secondlv, the full-scale CCW/USB bolt-on aluminum assembly was
distorted wnen 1t was exposed to starter-cart supply temperatures of 177°C-188°C
(350°F=370°F), as measured {n the plenum, This distortion of the very thin upper

glot Vip counld have produced a aon-uni form spanwise slot height distribution, as well

as slot heiphts larper than anticipated, Reference 9 indicates that large slot

heights at high Jet pressures can produce serious deflciencies in jet turning, or

Thrust comparison - Figure 28

——

Anoz
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even cause complate jet detachment. Both of these factora imply that full-scale

turning was penalized by trailing-edge geometry at higher blowing prolaurn.* Based
on the lower pressure data, {t would appear that full-scals thrust deflaction at the
2,089 x 10° Pa (30.3 psig) blewing pressura can possibly axcesd the predicted values
of figure 28, using the experience gained during thess tests to improve trailing-edge

geometry or CCW/USB integration,

CONCLUDING REMARKS

Full-scale thrust-deflection {nvestigations have been conducted on the QSRA to
determine the effectiveness of the CCW/USB concept in turning engine thrust pneumati-
cally, with no mechanical moving parts to control deflection angle. These test
results compared favorably with those from small-scale model investigations conducted
by DINSRDC using a cold-jet propulsion simulator. Full-scale variations in engine-~
thrust level, CCW blowing pressure, and CCW slot height have led to the following

comments:

1. A CCW pressure of 2,089 x 10° Pa (30.3 rsig) [~1.82 kg/sec (4 1bs/sec) slot
weight £low] produced static thrust deflection angles ranging from 40° to 97°,
depending on thrust level. TFor a given power setting and as thrust turning was
increased, there was some reduction in resultant thrust values.

2, va‘iation in the nominal CCW slot height setting had relatively little aeffect
on thrust=-turning other than in the pressure required to produce a given slot momentum.

3. 1In general, the CCW=USB system was able to pneumatically produce engine~
thrust deflection values similar to those produced by a large mechanical USB flap
bohind a turbofan engine at the lower thrust levels.

4. Th.ust=turning valnus higher than those recorded at 2.089 x 10° Pa (30.3
psig) pressure may be possihle with an improved second generation CCW/USB test
article. For this test, CCW duct alr ptu.nsures were obtained from two engine-start
carts external to the aircraft., Higher pressures, and thus greater thruet turning,
could be obtained when the system is fully {ntegrated with the on-board engines.
Therefore, thrust-turning of the order of that meas' ced during wind~tunnel tests

should be achievable in actual practice.

5, The potential for a full CCW/USB system, A8 suggested in references 1-3, has
now heen further demonstrated undet full=scale conditions. The CCW, which would be
employed as a no-moving=-parts (ref. 4) high=-11ft/high-drag device outboard of the
englnes, has been proved on the A-6 aircraft (refs. 5 and 6). The inboard pneumatic
thrust deflection system using the CCW with USB has been demonatrated statically in

the current tests.

e i ot g e ST e

The feasibility of this CCW/USB system for STOL operations is due to its versa- ;
tility In controlling horizontal forces to produce either thrust or drag while main- '
taining a constant large vertical force. These forces are controlled by changing the

amount of blowing, either inboard or outboard or both, thus allowing rapid readjust-

ment of the spanwise circulation and of the ioad distribution on the wing. Depending

e - e

*Also, as mentioned earlier, vortex generators in the exhaust and a CCW span
less than the width of the exhaust both degrade CCW thrust turning.

16
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on mimsion requirements, this syatem could have significant advantages over &
mechanical flap design., For inpstance, an advanced CCW/USB pneumatic control system
could be used on a high-apeed fighter to provide substantially increased mansuver-
abllity without conventional control-surface speed boundaries; and the system's use
on a super-STOL would make it posaible to trade maximized acceleration during the
initial takeoff run for high lift at rotation, The transition from landing to wave-
off configurationa could be achieved almost instantaneously by changing blowing
pressure in the ducts, & procedure that does not require moving any external parts.

Additional static investigations are planned that will evaluate engine thrust-
turning with hardware improvements and with a smaller trailing-edge radius. Thie
alternitive trailing-edge radius will have a low cruise drag, thereby allowing a
no-moving-parts thrust=def lection/reversal system which will further increase system
simplicity. The ultimate test will be a flight demonstration of this CCW/USB thrust

deflecting=-system.
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Figure 15 Techuiclans adjusting COW slot,
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Figure 16, QSRA CCW/USB measured and extrapolated CCW slot height.
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Figure 18. (CCW/USB Power setting vs. resultant thrust.

35

T R N TR P ST U SR, | S T o L e e -

L e e o o



- e ———.. 4

ORIGINAL PAGE 15

OF POOR QuALITY -
[ ’
hNOM = o.“o il’l-
) GROUND
PTS hyin. Poow. Psig mVj, ie  CARTS
O 1820 0.087 30.3 213.2 2 :
0 3244 0.050 12.1 72.08 1 ]
A 117 0.040 0 0 0 i
B d
6
26 |- [ ;
? | o 8F
2 20 ‘L
x -
z2 24 ]
16~ . '
g &,
= M~ <
S0k = i
4 K ]
: -
- &
[ E
5 1 ;
ol | | | | | I | o
0 1 2 3 4 B 6 7
TINSTALLED: b X 1073 ,
A
L | | | i I } i
0 6 10 16 20 28 30
TINSTALLED. N X 1073 j
Flgure 19. QSRA CCW/USB Static thrust, installed vs. resultant. v
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ORIGINAL PAGK 13
OF POOR QUALITY

ST e N TR

E hnyom = 0:040 in,

r . GROUND

Ef-' PTS  hyin Poow mia W, lbdes fV]lb  CARTS
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(= o

Sysg = 0
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~
o
|
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POWER SETTING, % N1

-
<o
I

[ | | | |
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INSTALLED THRUST, ONE ENGINE, Ib X 10-3

| ] | ] ] i j
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Figure 20. QSRA CCW/USB Static thrust turning ve. installed thrust.
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paQE 18
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SLOT BPAN = 74.8 in,
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PTS  hjin Poow. Pid W, Ib/sec mVj, Ih  CARTS
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100 ~

THRUST TURNING W.R.T. HORIZONTAL, 6, deg

Figure 21.
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QSRA CCW/USB static thrust turiing vs. resultant thrust.
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ORIGINAL ;.. .
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Figure 22,

RESULTANT THRUST, ONE ENGINE, N x 10°3

QSRA CCW/USB Static thrust turning ve, resultant thrust.
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ORIGINAL PAOE 1S

OF POOR QUM-'TY hnom = 0.040 in,
. GROUND
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; Figure 23, QSRA CCW/USB Static thrust turning vs. exhaust mach No.

40




ORIGINAL PAGE ;3
F POOR QuALITY
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Flgure 24, QSRA CCW/USB Static thrust turning va. exhaust mach No,
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ORIGINAL PAQE 1S
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QSRA CCW/USB Static thrust turning vs. required CCW momentum.
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ORIGINAL PAGE i3
OF POOR QUALITY
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Flgure 26, QSRA CCW/USB Static thrust components. 1
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Figure 27. Flow turning and thrust deflection at the cCW trailing edge.
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ORIGINAL PAGE |5
hnOM * 0,040 in. OF POOR QUALITY

e MEASURED, PTS 18-44, QSRA CCW/USB
- w=me= PREDICTED FROM W.T, DATA (REF )

100 \ \
\ Poow: psig mvj,ib

\ O 303 213.2

gof— \ \ 0 121 721

80

~J
o

[-2]
[=]

THRUST TURNING ANGLE, 0. deq
@
=

40 1
1
30— ]
20 - !
10 1
k|
1
| 1 ] | | J \
0 1 2 3 4 6 6 :
RESULTANT THRUST, ONE ENGINE, 1b 103 I
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Figure 28, QSRA CCW/USB Static thrust turning, predicted vs. measured.
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