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SUMMARY

Jet-exhaust flow-turning characteristics were determined for systematic
variations in USB (upper-surface blowing) exhaust nozzles and trailing-edge
flap configuration variables from experimental wind-off (static) flow studies.
For conditions with parallel flow exhausting from the nozzle, jet height (as
indicated by nozzle exit height) and flap radius were found to be the most
important parameters relating to flow turning. Nonparallel flow from the
nozzle, as obtained from an internal roof angle and/or side spread angle,

had a large favorable effect on flow turning.

Comparisons made between static turning results and wind-tunnel aero-
dynamic studies of identical configurations indicated that static flow-
turning results can be indicative of wind-on powered-lift performance for both
good and poor nozzle-flap combinations but, for marginal designs, can lead to
overly optimistic assessment of powered-1lift potential.

INTRODUCTION

The need for systematic study of upper-surface-blowing (USB) nozzle and
flap variables has been recognized for identifying favorable combinations of
primary variables that would provide good static flow turning and accompanying
good wind-on powered-1lift performance. The present para. .ctric studies of
USB nozzle and flap design variables were undertaken to fulfill this need for
basic USB design information, as well as to improve understanding of the flow
phenomena associated with generation of powered 1lift.

Static flow-turning studies offer a relatively simple and inexpensive
means of evaluating the high-1lift performance potential of a range of USB
configuration varisbles. It is recognized that other factors, such as thrust
recovery efficiency, are important to powered-lift performance; however, with-
out good flow turning, a configuration has little chance of developing
acceptable powered-lift characteristics. Static flow-turning dat. for a broad
range of configurations can identify promising nozzle-flap configurations for
subsequent powered-lift evaluation with forwa speed effects in wind-tunnel
tests, Past experience generally has shown that configurations with good
static flow turning also provide appreciable 1lift incremente due to power,
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whereas configurations that showed poor flow turning at static conditionms
also had very little gain in 1ift due to power. One of the objec.ives of the
work presented herein was to determine effects of a broad range of nozzle-flap

configurations on static flow-turning angles. The second objective was to
determine how well the wind-on lift characteristics of USB configurations
could be inferred from static flow-turning characteristics.

Static tests were conducted on a USB nozzle-flap model that provided
for systematic variations of basic design parameters over a nozzle-pressure-
ratio range from about 1 to 3. Eight values of nozzle height, seven values
of flap radius, and five values of run length ahead of the flap were investi-
gated for parallel flow from the exhaust nozzle. The basic nozzle was
modified internally to provide four internal roof angles and two side spread
angles in addition to the basic parallel flow (0°) angles. Both static data
and wind-on tests in the Langley V/STOL wind tunnel of a few complete models
with rectangular exhaust nozzles and with full-span leading-edge blowing pro-
vided comparative information for assessing the applicability of static flow-
turning results.

SYMBOLS

CL 1ift coeificient, E%§£

Cu thrust coefficient, Iﬁﬁgﬂ&

H nozzle height, height of nozzle roof above nozzle floor at exit

q test dynamic pressure

R flap radius, efioctive turning radius of USB flap at tangent
point to upper surface of wiang airfoil

S reference wi.y area

a angle of attack of wing chord line

Gf flap deflection, angle of flap chord line at trailing edge with
respect to wing chord line

USB upper-surface blowing

Notation:

Run length length of straight flow run downstream of nozzle exit to

beginnirg of flap curvature
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effective static turning angle of jet flcw after
passing over flap, as determined from wind-off

f asurements t:am_1 Normal force
orce measu ’ Axial force

Flow-turning angle

ratio of total pressure in exhaust nozzle to

Nozzle pressure ratio
ambient total pressure

internal angle of nozzle roof with respect to

Nozzle roof angle
nozzle floor

internal spread angle of nozzle sides measured from
nozzle center line (slanted to spread exhaust
flow laterally over wing and flap)

Nozzle spread angle

STATIC TESTS OF NOZZLE-FLAP VARIABLES

Model Description

A photograph of the static test model s shown in figure 1 with half of
the nozzle block removed tc show some of the inside details. High-pressure
air was supplied from a pipe and brought to the model throush a special plenum.
The whole model assembly was mounted on a strain-gage balance, and the static
flow-turning characteristics were determined from the measured forces. All
measured data were corrected for tares associated with the air-supply hookup.

A schematic drawing of the model is given in figure 2 to indicate config-
uration variables investigated. Eight values of nozzle height ranging from
0.635 cm to 5.080 cm were investigated by the use of interchangeable nozzle
blocks. Five values of run length ahead of the flap were investigated over
a range from 0 cm to 10.16 cm; seven values of flap radius from 2.54 cm to
20.32 cm were investigated with circular arc flaps. The arc length of the
flap having the largest radius was 32 cm from the beginning of curvature to
tne trailing edge (fig. 2). This length was held constant for all smaller
values of flap radius by the addition of straight segments that formed the

flap trailing edge. (See figs. 1 and 2.)

The width of the exhaust nozzle remained constant while other mnozzle
parameters such as spread angle and nozzle height were varied. The span of
the flap was sufficiently large to cortain the flow for all conditions of
the exhaust nozzle investigated (fig. 2). All tests of the model were con-
ducted over a range of nozzle pressure ratios which varied from about 1.1 to
3.1 for nozzle heights equal to or less than 2.54 cm (nozzle aspect ratio of
7); for the largest nozzle height of 5.08 cm (nozzle aspect ratio of 3.5),
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the maximum pressure ratio that could be obtained was limited to about 1.6
because of mass-flow and total-pressurc limitations of the air-supply system.

Effect of Pressure Ratio on Flow Turning

The flap and nozzle variables investigated in the present study provided
over 300 different configuraticns which were tested over a range of nozzle
pressure ratios. This paper presents only selected portions of the vast
amount of data obtained, to illustrate the principal findings and to summarize
the results.

Data showing effects of nozzle pressure ratio on flow turning for varicus
nozzle aspect ratios are presented in figure 3. Flap radius, flap turning
angle (90°), and run length were held constant. The jet flow turning as
illustrated in figure 3 is the angle of the jet flow after it passes over the
wing and flap. The test results show turning angles that extended to about
50°, which indicates that the jet fiow did not adhere to the 90° flap all
along the flap but separated at some point ahead of the trailing edge.

The nozzle aspect ratio was changed by varying the jet exit height, and
a decrease in the nozzle aspect ratio was accompanied by an increase in the
height and attendant flow thickness. The results of figure 3 show an ex-
pected reduction in flow turning as the jet thickened (decreased nozzle aspect
ratio). Also, as the jet height increased, conditions were reached where the
flow -ould no longer negotiate the turn over the flap at higher pressure ratios
and the abrupt loss in flow turning sliown for some curves indicates sudden
detachment of the flow. Past experience has shown that such sudde: detachment
can occur if the corner is too sharp (small turning radius), the jet is too
thick, or the pressure ratio is too high.

Effects of pressure ratio on flow turning for a range of flap radius are
shown in figure 4, where flap radius is expressed nondimensionally as a function
of nozzle height. For these tests, the nozzle aspect ratio (and nozzle
height) was held constant, as was the flap angle of 90°. Past experience would
lead one to expect increnses in flow turning with increasing turning radius
(ref. 1); however, the data cof figure 4 show progre.sive decreases in turning
with increasing radius at pressure ratios up to 2.2. As mentloned previously,
the smallest radius was too sharp for flow turning at high pressure ratios,
and abrupt detachment was shown for pressure ratios above 2.2. Additional
details on effects of flap radius, particularly in the lower range, will be
discussed later.

The test results over a range of pressure ratio presented in figures 3
and 4 are fairly typical of the nature of the characteristics obtained for a
wide range of nozzles and flap geometry, and most of the data showed only
minor variations in turning angle with pressure ratio at low and moderate
pressure ratios. The test results at low values (<1.5) of nozzle pressure
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ratio were found to be indicative of the maximum flow turning to be expected
from a given configuration. A nozzle pressure ratio of 1.4 has been selected
as representative of a quiet, high-bypass-ratio propuliion system ard will be
utilized for the vemaining discussion of the static teuts of nozzie-tlap

variables.

Effect of Flap Radius on Flow Turning

Data which show effects of flap radius on flow turia g for small incre-
<nts over a broad r-nge of nozzle aspect ratios are presented in figure 5.
These results are for a nozzle pressure ratio ol 1.4 and a constant run
length. The flap radius is nondimensionalized by the nozzle height.

While radius-height ratios up to 32 were included ir the results of
figure 4, the results of figure 5 are concerned only witt the lower end of
the radius range (to values of about 8).

The results of figure 5 show the expected increase in flow turning with
increasing radius at very low values of radius-height ratic, but a breakaway
point is evident beyond which little or no increase ia turning cccurs as the
radius increases (for each nozzle aspect ratio). Each nozzle aspect ratio
had its own breakaway point except possibly for the aspect-ratio-28 nozzle,
for which data were lacking. 7These test results alsc show that there is some
upper limit to the flow-turning angle that cun be obtained with a particular
parallel-flow nozzle/flap combination.

The data of figure 5 were generally representative of data obtained at
other pressure ratios and run lengths. Increasing the nozzle pressure ratio
from the 1.4 value used for figure 5 to a value of 2.0 caused only a slight
reduction in flow turning, while variations in flow turning with run lengths
greater than zerc werc relatively small. Mcst of the data available from
this investigation were used to develop the following figure (fig. 6) which
accounts for second-order e2ffects by shaded areas whicl: replaced the discrete
lines of figure 5. Breakaway points for several nozzle aspect ratios are
indizated by the numbers shown on the rising shaded band in figure 6. This

3ing shad:4 band separates the region where flow turning is available from
.ae region whnre flow turning is no” available with parallel flow nozzles and
90° flaps. The rising band extends to about 60° flow turning for a flap radius
ratio of around 4, but this goocd turning is obtained only with a very large

nozzle aspect ratio.

Experience with USB nozzle-flap configurations in other studies has
demonstrated that flow-turning angles equal to c¢r better than the 60  shown
in figure 6 have been obtained on models with relatively low-aspect-ratio
nozzles. The question naturally arises as to why these low-aspect-ratio
nozzles were able to provide such high turning. Since the high-aspect-ratio
nozzle of the present study rnrovides a very thin jet, the effective jet height
at the start of turning is perhaps of more fundamental importance than nozzle
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height. Low—-aspect-ratic nozzles can turn flow if there 1s some means of
thinning and spreading the flow. Several means for causing the exit flow to
thin after leaving the nozzle have been used successfully and irclude the use
of external deflectors, a large internal roof angle, and appreciable nozzle
side flare.

Effects of Nozzle Internal Angles

The present nozzle-flap study included systematic variations in icternal
roof angle and side spread angle as shown schematically in the sketches in
figure 7. Flap radius and run length were varied-bni the nozzle aspect ratio
of 7.0 was held constant. Typical turrning-angle resu.ts are alsc presented in
figure 7 as a function of internal roof angle for three values of spread angle.
These test results are for ¢ nozzle aspect ratio of 7 ard a radius-heigh* ratio
of 4. For parallel exit flow (see fig. 6), the flow turning at thes¢ values
of aspect ratio and radius would be 25° to 30°, which is consistent with the
flow turning shown in figure 7 at 0° roof angle and 0° spread angles, Attain-
ment of 60° turning can be obtained either by increasing only the roof angle
to 30° or by using 20° of spread angle and 0° roof angle éfig. 7). Combina-
:ivns of roof angle and spr: angle can provide up to B0~ of flow turning.

The trade-offs in roof and spread angle, as fllustvated in figure ., provide
the designer with some freedom of selection to mirimize problems such as high
cruise drag associated with high boattai'/roof angles.

WIND-TUNNEL TESTS OF COMPLETE USB MUDELS

The preceding discussion has been concerned with wiau-o.t C.ati. turning
and design variables that influence flow turning for rectangular nozcles. The
second part of this paper deals with forward speed effects for complete Un3
model configurations {n wind-tunnel tests. Emphasis {s given to the determina-
tion of how well the wind-on lift characteristics can be inferred from the
static flow-turning characteristics.

Four-Engine Mode) With Radius Fiaps

A photograph of the four-engine USB configuration in the Langlev V/STOL
tunnel is shown in figure 8. The wing had supercritical airfoil sections with
a maximum thickness of 9.3 percent chord, a nominal quarter-cherd sweep angle
of 30°, an aspect ratio of 7.48, and a taper ratio of 0.247. Test results and
a detalled description of thi, model are given in reference 2. This model
provides a very good tie-in with the nozzle-flap study just discussed inasmuch
as 1t used aspect-ratio-6 rectangular exhaust nozzles and a 90Y radius fiap.
It shouvld be noted that both the chord and area of the flap decreased as the
deflection decreased from 90°; the arc length was proportional to flap deflec-
tion angle (i.e., the arc length ot the 459 flap was half of that for the 90°
flap).
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Both static flow-turning and companion forward speed test results at 0°
angle of attack are given in figure 9 for a range of flap deflections from
45° to 90°. Static test results presented in figure 9 show consistent in-
creases in flow turning with increasing flap deflection, and the turning
angle:: were essentially invariant with thrust. The level of flow turnin; was
fairly good; that is, the nozzla-flap configuraticn tutned the flow about
two-thirds of the flap deflection (60° turning for 90° flap). Characteristics
of the wind-on 1lift that could be inferred from these fairly good static flow-
turning data are that 1ift should increase in a smooth and steady manner with
increased thrust, and that 1ift should increase for a given thrust, proportion-
ate to changes in flap deflection. These characteristics are certainly
evident in the wind-on data of figure 9, and the static turaing data can be
considered indicative of the wind-on lift characteristics to be expected.

Four-Engine Model With Modified Slotted Flap

Representative test res:clts on the same basic model just discussed but
with different high-1ift flaps are given in figure 10. The modified flap
system is shown at three different deflections in the sketches at the top of
figure 10. The flap wis originally a double-siotted flap for an externally
blown flap nodel; the flap was modified for vpper-surface blowing by filling
in the gaps between flap elements. The resulting flap-radius—nozzle-height
ratios shown in figure 10 are judged to be the approximate effective values.

The static flow turning at low and moderate thrust appears to be fairly
good, in that the flow angle was about equal to the flap deflection and was
relatively invariant with thrust except for the first few data points at the
lower {lap angles. In the middle-to-high thrust range, however, abrupt de-
tachment of the flow occurred for the hightest flap deflection, as evidenced
by the large uecrease in flow turning. It could be inferred from these
static results that the wind-uon lift at low thrust would vary in proportion
to the flap deflection but at high thrust would suffer a loss in 1lift in
going to the highest flap deflection. The actual wind-on 1lift data, however,
show that lift coefficients for tiie highest flap deflection were always lower
than those for the lower flap deflections. The static data therefore are
overly optimistic and not directly indicative of the wind-on characteristics
obtained.

Previous experienc~ with upper-surface-blown configurations has indicated
that poor wind-on poweied-lift characteristics almost always accompany poor
static flow-turning characteristics. Likewise, good invariant static flow
turning generally can be taken to indicate correspondingly good wind-on 1lift
characteristicg. <{onsiderable uncertainty can exist between these extremes of
very good and poor static turning; however, where appreciable variations in
flow turning with static thrust occur, anomalies in the wind-on 1lift can
generally be expected. The sudden detachment of the flow shown for the 65°
flap deflection in figure 10 suggests that the flow at low thrust was only
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marginally attached, and the addition of more thrust and/or addition of the
free-stream velocity caused the jet flow to detach. In this last example,
static flow-turning results gave some indication that the jet flow was only
marginally attached for some configurations and, with forward speed, would
be expected to detack. The question then arises as to the 1likelihood of a
situation where the static flow-turning data gave no indication of marginal
attachment, while in fact, forward speed effects would cause the flow to de-
tach. The discussion in the next section deals with such a situation.

USB Model With Full-Span Leading-Edge Blowing

A photograph of the leading-edge~blowing model is shown in figure 11. The
model had blowing over the upper surface of the wing from a small full-span
slot located near the wing leading edge. The model had a double-hinge plain
flap with a very small radius on the forward element. A sketch of the model
airfoil, showing the blowing slot at 19 percent chord and the deflected flap,
is given at the top of figure 12. The use of a double~hinged flap allowed a
matrix of flap combinations to be investigated by setting the rear flap and
varying the deflection of the forward element over a range of angles. In
order to cover more model configurations than zould be easily handled by the
data presentation used with the previous figures, the data of figure 12 are
presented as a function of total flap deflection.

Flow-turning angles and wind-~on 1lift coefficients are presented in

figure 12 as functions of total flap deflection for Cy = 2.0 wich the wind

on and for ¢*-tic thrust corresponding to ¢, = 2,0 with the wind off. None
of the basic wind-off flow-turning data showed unusual variations with static
thrust. Static test results of figure 12 show that flow iturning increased as
the total flap deflection increased, and turning angles up to 85° were obtained
at the highest flap deflection. The wind-on 1ift data of figure 12 show in-
creases in lift with flap deflection up to a point and then a decreasg in lift,

It is interesting to observe that the 1lift peak always occurred at 45 deflection

of the front flap (45° front + 0° rear = 45°, 45° “romt + 15° rear = 60°, and
45° front + 30° rear = 75°). These results indicate that good static flow
turning may not always be inuicative of correspondingly good power-on lift
characteristics. An assessment of the lift potential based on the static turn-
ing data for this leading-edge-blowing model would be optimistic for flow-

turning ang. s in excess of about 60",

CONCLUDING REMARKS

Static test results obtained in an investigation of parallel-exit-flow
USB nozzle and flap geometric variations over a range of nozzle pressure ratio
from about 1 to 3 showed very little effect of pressure ratio on static flow
turning for configurations with well-established flow. Test results obtained
at low pressure ratios were indicative of the maximum flow-turning performance
to be expected. Some gains in flow turning were even realized by the use of a
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small (2.54 cm) run length ahead of the flap, but further increases in run
length produced relatively small changes in turning. Flow-turning angles in-
creased when the jaet height decreased and increased with flap radius up to a
point, beyond which little or nc increase was evident. The jet height, as
indicated by the nozzle exit height, and the flap radius were the most important
parameters relating to flow turning for parallel flow from the nozzle. Non-
parallel flow from the nozzle, as obtained from an internal roof angle and/or
side spread angles, had a large favorable effect on flow-turning angles.

Static tests and wind-or tests of complete USB models in a wind tunnel
indicated that the static flow~turning results can be indicative of wind-on
powered-1ift performance for both good and poor conditions. For marginal
conditions, the static results can lead to an overly optimistic assessment of
wind-on powered-1ift potential.
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Figire 1l.- Model used in static tests of USB nozzle and flap variables. i
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Figure 3.- Effect of pressure ratio on flow turaing for various
nozzle aspect ratios. Constant flap radius.
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Figure 4.- Effect of pressure ratio on flow turning for a range of
flap radius. Nozzle aspect ratio of 28.
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Flgure 7.- Effects of nozzle roof angle and spread angle on flow turning.

Figure 8.- Four-engine USB model with moderate-radius flaps in
the Langley V/STOL tunnel.

41
REPRODUCIRILITY OF THE

RIGH AT PAGE IS POOR




[

i
Vi T

s Ba S A TEarlad sl

23° ROOF ANGLE ; FLAP RADIUS
299 SPREAD ANGLE o NOZZLE HEIGHT ~ >
STATIC WIND ON
y. deg T b0y
60 A OO DOttt 90
75
TURNING 45
ANGLE, deg |00 000000000
20 -

THRUST
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Figure 10.- Effect of flap radius and deflection on static turning
and wind-on lift, o = Q°,
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Figure 11.- Full-span leading-edge-blowing model with small-radius
flaps in the Langley V/STOL tunnel.
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Figure 12.- Static turning and wind-on 1lift for small-radius flap.
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