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SUMMARY

The ratios of 1ift and axial thrust o undeflected thrust of nozzle-
deflection~-plate configurations using the Coanda effect for obtalning
Jet deflection and 1ift were evaluated from force measurements. Pressure
distributions were glso obtained over the surface of the deflection plate.
The convergent nozzles used in the study were of rectangular cross sec—
tion with exit heights ranging from 0.5 to 3.7 inches. The deflection
surfaces were slngle flat plates from 1.37 to 11.75 inches long. The
nozzles discharged into qulescent alir over a range of pressure ratios
from 1.5 to 3.0.

In generel, the performance of Coanda nozzles is substantially the
same as that theoretically calculated for a flat-plate flap immersed in
an airstream. TFor optimum performsnce, the ratios of 1ift to undeflected
thrust were gpproximstely equal to the sine of the deflectlon angle; how-
ever, the maximum obtaineble ratio was angle-limited, depending on nozzle
height and pressure ratio. The following teble gives orders of magnitude
(estimated from data) of the optimum performance for two Coands nozzles
with a plate length of 2.5 inches and at & nominal pressure ratio of 2.1:

Nozzle Ratio of 1ift to Ratio of axial Deflection
height, | undeflected thrust | to undeflected thrust angle,
in. deg
0.5 0.48 0.77 27
2.0 .26 .91 15

For ratios of 1ift to undeflected thrust equal to theoretical velues,
presgures less than atmospheric existed over the entire surface of the
deflection plate. An emplrical relation was developed for predicting the
required plate length in terms of the nozzle height for achieving optimum
ratio of 1lift to undeflected thrust at a given deflection~-plate asngle and

pressure ratio.
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INTRODUCTION

During the past 15 years considersble attention has been given to
aircraft configurstions utilizing propeller thrust for vertical 1lift to
support the alrcraft at zero ground speed, ln order to make a practicel
vertical takeoff and lending aircraft (VIOL). The areas of usefulness
for VIOL and STOL (short takeoff and landing) aircraft have been dis-
cussed and evaluasted previously (refs. 1 to 4). Withln the past two
years Jet engines with favorable thrust-to-welght ratios have become
avallable. As a result, interest in jet-supported VIOL and STOL aircraft

hae grown.

Since 1955 the NACA Lewls legboratory has been conducting research
on jet-deflection devices for use on VIOL, STOL, and conventional types
of turbojet-powered aircraft. The emphasis of the research has been
placed on three principal applications of Jet-deflection devices:

(1) devices that provide Jet support for VIOL aircraft oriented in a
horizontal sttitude with respect to the ground, (2) devices that provide
Jet directional control forces during takeoff and landing when the air-
speed 1s too low for aerodynamic control surfaces to be effective or
during flight at high altitudes where the aerodynamic surfeces also may
lose some of their control effectiveness, and (3) devices that augment
the 1lift of the aerodynamic surfaces either during takeoff and landing
(8TOL sircraft) or at high-altitude cruise. In general, the application
of jJet deflection for control and lift augmentation requires only partial
deflection or turning of the Jet; consequently, a large portion of the
englne thrust still is availsble for axisl thrust.

As part of its research program on Jet-deflectlon devices the NACA
has conducted an exploratory study of the use of the Coanda effect as a
means of obtaeining vertical 1ift for jet-powered VIOL and STOL alrcraft.
The Coanda effect msy be described as the phenomenon by which the prox-
imity of & surface to & jet stream will cause the Jet to attach itself to
and follow the surface contour (ref. 5). When such a surface is placed
at an angle to the original jet (or nozzle) axis, the jet stream will be
deflected. The local pressures on the deflecting surface are less than
ambient air pressure. If the deflecting surface is directed toward the
ground, these negstive pressures result in a 1ift component. A drag com-
ponent constituting a thrust reduction in the axial thrust directlon 1s
also obtained. Use of the Coanda effect can be made in studies of the
jet flap, vectored slipstream, and supercirculation devices for augment-

ing the 1ift of alrfoils (refs. 6 and 7).

In the over-all program concerned with the use of the Coanda effect
for obtaining jet deflection and vertical 11ft, the performence charac-
teristics of varlous deflection-plate shapes were studied, including
gsingle flat-plate, multiple flet-plate, and curved-plate conflgurations.

ST
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These data are summarized briefly in reference 8. The study reported
herein 1s concerned with the flow and performasnce cheracteristics asso-
ciated with single flabt-plate Jet~deflecting surfaces. Empirical rela-
tions between nozzle size, deflection-plate length, and deflection-plate
angle are presented which yield optimum 13ift with minimum size of the
deflection plate. For convenience and in order to provide flexibility
for altering the deflection-plate angle, rectangular nozzles rather than
conventional circular nozzles were used. The nozzles were of a simple
convergent design, no effort belng made to achieve an optimum exhasust-
nozzle flow coefficient. The combination of nozzle snd jet deflecting
surface will hereinafter be called & "Coanda nozzle." The studies were
conducted with a small-scale setup (equivalent nozzle-exit diameter less
than 2.75 in.) with unheated air and pressure ratios across the nozzle
{(ratio of sbsolute jet total pressure to ambient pressure) from 1.5 to
3.0. All data were obtained by dischasrging the Jjet into still air st
approximately sea-level atmospheric conditions.

APPARATUS
Test Facility

The test stand shown schematically in figure 1 was used to support
the nozzle configurations and to obtain thrust and 1ift measurements.
The test stand consisted of a plenum section (inside diam., 3 in.;
length, 16.5 in.) mounted horizontally on a link-supported force-measuring
system. Urnhested air at aspproximetely 50° F was supplied to the plenum
by 2.5-inch-inside-dlameter twln supply lines (fig. 2). These lines were
placed diametrically opposite one asnother and at right angles to the
plenum in order to eliminate possible side and thrust forces caused by
the entering air. These lines were also isolated from the force-measuring
system by flexible couplings at each end of the supply lines. A flange
to which the nozzles were bolted was provided at the downstream end of

the plenum section.

The airflow through the mein alr supply line was measured and cali-
brated by means of vertical and horlzontal total- and statilc-pressure
probe traverses. From this calibration the pressure indicsations from a
8ingle Pltot-static probe mounted in the center of the supply line were
used to determine the magnitude of the airflow during the nozzle tests.
A single total-pressure probe mounted Jjust inside the nozzle-exit plane
was used to measure the total pressure of the Jjet stream.

The net thrust obtalned with the nozzle conflgurations was measured
by strain gages mounted near the upstream end of the plenum section (fig.
1). The strain geges on the vertical support. link under the nozzle flange
were used to measure gross values of vertical or 1ift forces. The force
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measurements obtalned with these strain gages were recorded on a modified
flight recorder.

Coanda Nozzles'

A Coanda nozzle (fig. 3) consists of a convergent nozzle exit, de-
flecting plate, and side plates. The nozzles used herein were formed Dby
flattening progressively & 2.9-inch-inside~diameter tube to & rectangular
exlt cross section with a desired nozzle height. The exit corners had
radil of the order of 0.03 inch. Verticael and horizontal cross sectlons
at the centerlines of the nozzles and pertinent dimensions sre presented

in figure 4.

The Jet-deflection plates, ranging in length from 1.37 to 11.75
inches, were attached to the nozzle by a piano hinge in order to permit
rapld changing of the deflectlon angle between the plates and the nozzle
axes. A telescoplng-tube mechanism supported the downstream end of the
plate. This mechanism was attached to & bracket, which in turn was se-
cured to the nozzle flange. Side plates (figs. 1 and 3) were attached
to the Jet-deflection plates in order to obtain two~dlmensional airflow
over the plates. In most cases the height of the side plates was equal
to the nozzle height; exceptions to this will be discussed later herein
a8 required. The side plates were sealed to the Jet-deflectlon plate to
prevent air leskage onto or gsway from the deflection plate. Pressure
taps were located along the centerline of each Jjet-deflection plate. For
seversl runs, additional pressure taps were located along the plate
length 0.25 inch from each side plate in order to verify the two-
dimensional character of the flow.

All pressure dats were recorded photographically from multiple-tube
manometers.
PROCEDURE
Force and pressure dasta were obteined over a rasnge of nominal pres-

sure ratios across the nozzles from 1.5 to 3.0. The Jet stream dlscharged
into quiescent air at an ambient pressure of 29.2+0.3 inches of mercury.

STLY
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The forces on a Coands nozzle and the moment erms are shown in the fol-
lowing sketch:

L

}
Pivot A *-—.____.hié _
B 7

A ©) - - fo

Gage 1 Pivot B I

< pa >l ' ey

,g# (20.96") (9.2:") 7

Gage 2
tr,

(A1l symbols used herein are defined in sppendix A.) It was determined

that the horizontal force measurements were independent of any vertical

force; hence, the axial thrust was obtained directly from strain gage 1.
The moment sbout pivot A consisted of two components, the 1ift caused by
the deflection plete and the axial-thrust reduction (drag) caused by the
plate. In order to calculate the net 1ift, moments gbout plvot A were

found from the following equations:

L(z + z' + z) + D(% + 3;) = Fz(z) (1)

or
F.(20.96) - D[2 +F
A 2 7Y

(30.22 + z) (2)

L =

The thrust-reduction force (drag of deflection plate) D was calculated
by subtracting the measured axial thrust obtained with the deflected
plate from that obtained with the undeflected jet (no deflection plate).
The values of ¥y and Z were obtained from center-of-pressure calcula-
tions based on the pressure distribution over the deflection plate.
Values of z were considered positive when the center of pressure was
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located to the right of the nozzle exit, and values of ; were consldered
positive when the center of pressure was below the lower lip of the nozzle
exit.

In general, the deflection-plate angle for a particular Coands nozzle
vas set at a predetermined value, and all pressure and force data were
recorded as the nominal pressure ratio was ilncreased progressively from
1.5 to 3.0. Data recording generally was termlinated for any particular
conflguration when the deflectlon-plate angle was sufficiently large to
cause Jet-stream detachment from the plate. This Jet-stream detachment
was observed visually; sufficlient water vapor condensed out of the air
leaving the nozzle to permit easy visualization of the Jjet stream. At
the same tlime that Jjet detachment was observed, the 1ift force was re-
duced, the axlal thrust was increased to values gpproaching the unde-
flected thrust, and the local surface pressures on the deflection plate
approached the ambient pressure. The deflectlon~-plate angle was accurate
to £0.25° while the airflow was turned off. However, with progressively
increasing pressure ratios the deflection angle at high 1ifts (associsted
wlth deflection angles greater than 20°) could change as much as 1.5° less
than the nominal measured angle because of slack in the hinge and tele-
scoping support tube.

The nozzle-plate cowbinations and conditions studlied are summarized
in the following table:

Nozzle | Nominal Plate Deflection-~ B
height,| pressure| length, Plate
h, ratio, 1, angle,
in. 3N/PO in. e,
deg
0.5 |[1.5,1.8, | 1.37,2.5, 10 to 38
2.1,2.7, 3.5,6.5,
3.0 11.75
1.1 |1.5,1.8, 2.5,3.5, | 10 to 35
2.1,2.7, 6.5,11.75
3.0
2.0 |1.5,1.8, 2.5,3.5, 10 to 30
2.1,2.7 11.75
3.7 |1.5,1.8, 7.0 10 to 20
2.1

o= S E™
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RESULTS AND DISCUSSION
Over-All Performsnce

The performance of each Coanda nozzle is evaluated in terms of the
ratios of 1ift and axial thrust to the jet thrust obtained from each
nozzle without & deflection plate (undeflected thrust).

Nozzle thrust coefficients with undeflected Jet. - In terms of the
ratio of undeflected thrust for a test nozzle to the theoretical thrust
of & circular nozzle of equel flow area (nozzle thrust coefficient), the
followling values were obtained over the range of pressure ratios studied:

Nozzle height, Approximste
h, nozzle thrust
in. coefficlent
0.5 0.97
1.1 .91
2.0 .87
3.7 .91

As will be shown later, the performance of the Coanda configuration using
the nozzle with a nozzle coefficient of 0.87 does not differ significantly
from that with a coefficient of 0.87.

Performance of Coands nozzles. - The performance of the Coands noz-
zles in terms of the ratio of 1lift to undeflected thrust é?i and the

ratio of axisl to undeflected thrust Z; (hereinafter called axisl-thrust

ratio) as functions of deflection-plate angle is presented in table I.
Cross plots of these data show that the performance (¥ eand £,) for a

particular configuration at a given deflection angle is substantislly in-
dependent of pressure ratio as long as jJet detachment from the deflection
plate does not occur. Consequently, the discussion of the data in this
section willl be confined to & pressure ratio of 2.1, and the trends of

the data will be considered representative of those occurring at the other
pressure ratios studied.

The varistion of the ratio of 1lift to undeflected thrust and the
axial-thrust rstio for nozzle heights of 0.5, 1.1, and 2.0 inches are
shown in figure 5 as a function of deflection-plate angle 6. Data are
presented for plates varying in length from 2.5 to 11.75 inches. As a
basis for comparison, the theoretical performance characteristics of a
flat-plate flap immersed in an airstream (ref. 9) are also presented in
figure 5. The theoretical éZL values for such a flap are equael to the
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sine of the deflection-plate angle, while the theoretical ;?; values
are represented by the following equation: _

&% =1 - sin 6 tan 6 (3)

Figure 5 shows that the experimental jﬁh velues increasse wlth progres-

sively increassing deflection-plate angle 6 +to a maximum value depending
on plate length and nozzle helght. Beyond the maximum values,é?h de-

creases wilth increasing deflection angle because of partial Jet detach-
ment from the deflection plate. The data show that in many cases for a
particular deflection angle and no Jet detachment a short deflection
plate reletive to the nozzle height will attain near theoretical j?h

values (sine curve), whereas progressively longer plates will attain j?i
values progressively lower than theoreticel values. For example, in
figure 5(b) a comparison of the F4 values at a deflection angle of 20°

for the 3.5-, 6.5-, and 11.75-inch-long deflection plates shows that é?i
values of 0.38, 0.30, and 0.30, respectively, are obtained. The decrease
in é?i values with incressing plate length for a glven deflection angle
is caused by an undesirsble pressure distribution over the downstream
portion of the longer plates that reduces the 1ift, as discussed in

appendix B.

Further examinstlon of the é?i datae in figure 5 also shows that a

long plate generally cen be deflected to & larger angle than a short plate
before Jet detachment from the plate occurs. The maximum éﬁh value at-

tainable with a long plate may exceed that obtainsble with a short plate;
however, the fact that éﬂi values of progressively longer plates fall

increasingly below the sine curve indicates a reduced performance, as
previously dlscussed.

The data in figure 5 show that some of the éﬁt values for deflection~
plate lengths of 2.5 and 3.5 inches fall sbove the sine curve. This is
not considered particularly significant and could result from inaccuracies
inherent in the test setup or from small amounts of thrust augmentation
that may be obtainable with a Coanda nozzle (ref. 10). These data, there-
fore, should be considered as indicating only that efficiencies near
theoreticael can be obtalned with a Coanda nozzle.

The axisl-thrust ratios &, 1n figure 5 decrease with progressively
increasing deflection angle and are in good agreement with the theoretical
curve (eq. (3)}) if Jjet detachment from the deflection plate does not occur.
Inciplent or partial jet detachment is indicated when the axisgl-thrust
ratio is larger than the value of the theoretical curve, an 3@ value of

. .
[ac ¥ K
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1.0 indicating complete Jet detachment. No effects due to varying the
deflection-plate length for a particular Cosnda nozzle are observed in
the dete except those affecting jet detachment from the deflection plate.

Miscellaneous performance characteristics. - As part of the study
reported herein, a brief test was conducted to determine the effect of
nozzle aspect ratio on the performsnce of & Coands nozzle having a speci-
fied nozzle height. (Nozzle aspect ratio is defined as the ratio of
nozzle width to height at the exit.) For this test & splitter plate the
seme helght as the nozzle exlit was mounted longitudinally on a deflection
plate midway between the side plates. In this manuner the nozzle aspect
ratio was effectively halved. For the nozzle used in this test (h, 0.5
in.), the measured 1ift and thrust reduction were the same as those for
the configurstion without the splitter plate.

Only limited and inconclusive data were obtained on the effect of
side-plate height on the performesnce of a Coands nozzle. The data showed
that side plates were required to obtain maximum é?i values and delsay

Jet detachment. The errabic nature of the data can be illustrated by

the fact that a reduction in side-plate height to 25 percent of the noz-
zle height for the 0.5-inch nozzle did not cause apprecisble changes in

the 1ift compared with a side-plate height equal to the nozzle height;
however, a reduction in side-plate height to 50 percent of the nozzle
helght for the 2.0-inch nozzle caused considergble reductions in the 1ift
and partial Jet detachment. No effect on 1lift was observed when the
side~plate height exceeded that of the nozzle height (by up to 100 per-
cent). Consequently, the data reported herein were obtained with side-
plate heights equal to or somevhat greater than the nozzle height and equal

in length to the deflection plate.

In an evaluation of over-all performance characteristics of the
Coanda nozzles several practical aspects also are of Interest. It was
determined that alr lesks between the side plates and the deflection
plate can cause Jet detachment, especially if the lesk occurs near a
region of high negative pressures on the plate surface. On the other
hand, air lesks between the side plates and nozzle exlt or between the
deflection plate and the nozzle exit were not detrimental to the config-
uration performance. Slots at the Jjunction of the nozzle exlt and the
deflection plate (caused by the hinge), which were gbout 0.06 inch deep
and 0.1 inch wide and ran the width of the nozzle, were not detrimental

to the performsance.
Comparison of Verticel Lift Obtained with Coanda Nozzle

with That for Other Jet-Deflection Devices

Tn evaluating the vertical-lift cepsbility of a Coands nozzle, it is
of interest to compare its performance with that of some other deflection
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devices. Reference 9 presents performance datas at a pressure ratio of

2.0 for a number of jet-deflection devices including (1) swivel nozzles, .
tailpipes, and shrouds; (2) 1nternal and externsl flaps; and .
(3) auxiliary-bleed nozzles at 90° to the tailpipe. In terms of the

variation of deflected-force ratio (herein #p) with axial-thrust ratio,

these devices can be compared by the use of the three theoretical per-
formance curves shown 1n figure 6. The swivel-nozzle devices follow the
"cosine law" variastion of .?i with &£ (ref. 9). The flap devices, in-

cluding the Coanda nozzles, follow the sine curve for éFL and equation
(3) for %+ The performance of the suxiliary-bleed nozzle follows a

linear relation of the amount of flow bled through the auxiliary nozzle
to that through the primary nozzle, and thus th varies directly with

7.

Many of the devices, including the Coanda nozzle (with single flat-
plate deflection surface), internal and external flaps, swlvel primary
nozzle, and so forth, msy have serodynamic or mechanical limitations, or
both, to the amounts of 1ift that can be achlieved and sre therefore more
applicable for horizontal attitude STOL than for VIOL. It is therefore
deslrgble to maintain a large value of ¥, as well as to achieve a

maximum é?h. From thls consideration it can be seen that the deflection
devices represented by the flap-type deflectors (including the Coands
nozzles) compare reassonasbly well for moderate deflection forces with the

devices that follow the cosine law, the latter being consldered herein
a8 optimum deflection devices. ZFor example, at an éﬁt value of 0.30

the optimum &, velue is gbout 0.95 compared with about 0.8l for a flap-

type deflector. At the same #7 value, the auxiliary-bleed nozzle had

an % value of only 0.70. At large velues of .ﬁi the comparison be-~ _
comes lesg favorable. For the flap-type deflectors, however, it should

be pointed out that the &, values at large values of £ can be im-

proved through the use of mulitiple flat-plate or curved-plate deflection
surfaces as discussed in reference 8. Further discussion of these im-
provements is beyond the scope of this study.

SYLY

Genersglization of Dgta for Optimum Performance

A study of the force and pressure-distribution data showed several
trends that appeared amensgble to generalization of the data. In partic-
uler, an effort was made to determine the relatlon of the deflection-
plate length to the nozzle helght for achieving theoretical é?i values
(sine curve, fig. 5) for a given pressure ratio and deflection-plate .
angle. It should be noted that the theoretical Fy values given by the

sine curve are independent of plate length; however, the experimental th


http://www.abbottaerospace.com/technical-library

4745

CM~2 back

KACA TN 4272 11

values are closely related to the physical dimensions of a particular
combination of nozzle and deflection plate. Because of the limited num-
ber of Coands nozzles studied, the parameters used in correlsting the
dats may epply directly only over the renge of conditions studied herein.
These parameters may change for a more complete range of varisbles that
would include greater changes in nozzle-exit design, heated air, and so
forth. Also, because of the small scaele of the models, the pressure
gradients and Reynolds numbers associated with full-scale nozzles may
affect the results presented herein.

Pressure distribution. - The pressure distribution over the deflec-
tion plate of a Coanda nozzle counsisted of two primesry types shown in
the following sketch and denoted as optimum and nonoptimum:

(.f) (-)

Flate \length

o

(o]
="
1
&

P~ Po

0 . 0

(+) |«—Plate length > (+)
Y O Yo

Optimum Nonoptimum

The pressure distributions 1n this skeitch are shown in terms of the 4if-
ference between the locel surface pressure p and the ambient pressure

as a function of surface distance along the deflection plate measured
from the nozzle exit 1'. The optimum pressure distribution is charac-~
terized by negative pressure values (local surface pressures less than
ambient) over the entire length of the deflection plate. The nonoptimum
pressure 4istribution is characterized by negative pressure values over
the plate surface near the nozzle exit followed by positive pressure
values on the downstream portion of the deflection plate. It should be
noted that, for a given flow condition, the pressure distribution up-
stream of the zero pressure location is independent of the plate length
and of pressures downstream of this point. Detsils of the pressure dis-
tribution over the deflection plates of the Coanda nozzles studled herein
are discussed in appendix B.

A study of the messured force and pressure-distribution dats showed
that- theoretical éZL values were obtained only when the local surface

Pressures were negaetive over essentially the entire length of the deflec-
tion plate (see also appendix B). If the initiel location of the zero
pressure coefficlent (local surface pressure equal to ambient pressure)
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coincides with the downstream end of the deflection plate, the maximum
&, velue (equal to or slightly greater than theoreticel £1) for a partic-

ular Coands nozzle is obtalned together wlth the meximum deflection angle
for the plate. A further increase in the deflection angle results in

Jjet detachment and a reduction in é?h. A decrease 1n deflection angle
for such & configuration precludes Jet detachment but initiates positive
pressures on the downstream portions of the deflection plate. As the
extent of the positive pressures increases with progressively decreasing
angles (nonoptimum pressure distribution),_ﬁhe j?i values become con-

siderebly less than the theoretical ;Zi values. For a configuration

with zero pressure coefficient at the downsiream end of the plate, Jet
detachment occurs i1f the plate length is reduced.

Study of the data also shows that, above a critical deflection angle .
(discussed in the following paragraphs) for a particular nozzle height,
theoretical £ values cannot be obtained regardless of plate length or
deflection angle, the pressure.distribution glways being nonoptimum.

Plate length necessary for theoretical é?i values. - From the fore-

going considerations and gppendix B, it is postulated that the location
of the zero pressure coefficlent (obitained from the pressure distribution
date) defines the minimum plate length (optimum) required to yield theo-
retical & vaelues for a particular nozzle height and a speclfied '
deflection-plate angle below the critical angle. In figure 7 the length
of +the deflection plate upstream of the locatlon of the initiel zero
pressure coefficient 1gp4 18 plotted as a function of the deflection

sngle for a nozzle height of 1.1 inches and & nominal pressure ratio of
2.1. The plate length necessary to obtain theoretical ﬁZL velues is

seen to increase with incressing deflection angle. The curve 1s termil-
neted at sbout 27° (critical deflection angle), because the local pres-
sures and force data for this nozzle helght and pressure ratio showed
that, with deflection angles greater than 27°, optimum pressure distri-
butlons and theoretical .?i values could not be obtained. With plate

lengths greater than that given for a deflection angle of 27°, deflection
sngles greater than the critical angle can be achieved; however, the re-
sultent Fy vaelue, although possibly a meximm &7, will be less than
that which theoretically could be obtained at the supercritical deflec-
tion angle. Use of optimized multiple flat plates or a curved plate is
suggested as a more efficient means of achleving deflection angles greater
than the critical angle associgted with a glven single flat-plate
configuration.

Critical deflection angles for which theoretical é?i values could
be obtained are shown in figure 8 as a function of nozzle height for all

1SYLY
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pressure ratlios studied. These data show that with increasing nozzle
height theoretical & values are obteined for progressively lower

ranges of deflection angles. Figure 8 slso shows that, for the range of
conditions and configurations covered, the data are apparently inde-
pendent of pressure ratio.

Data-correlation parameter. - In generalizing the data, an empirical
relation was developed in which, for each pressure ratio, the ratio of
the plate length necessary for achieving theoretical j?i values (opti-

mum plate length Zopt) to the nozzle height raised to an exponential
power was obtalned as a function of deflection-plate angle. This ratio,
Iopt/hn, is shown in figure 9 as a function of 6 for nominel pressure

ratios of 1.5, 1.8, 2.1, 2.7, and 3.0. Also shown in figure 9 are the
critical deflection angles below whilich theoretical j?b values sre oOb-

tained for the nozzle heights of 0.5, 1.1, and 2.0 inches. It is sppar-
ent from the curves in figure 9 that Zopt/hn increases with progres-

sively increasing deflection angle.

The exponent n was debermined to be a function of the deflection-
plate angle and pressure ratio and could be expressed as

n= -28 +b (4)

where & and b must be determined for each pressure ratio. The values
of & and b determined for the pressure ratios studied herein are
plotted as a function of pressure ratio in figure 10. A reversal of the
resulting curves occurred near the choking limit and precluded a simple
generael solution over the entire range of pressure ratios.

The following example illustrates the use of figures 8 to 10. It is
desired to determine the plate lengths required for theoretical éZL

values for a nozzle height of 1.5 inches over a range of deflection-plate
angles and pressure ratios from 1.5 to 3.0. The data in figure 8 indi-
cate that the maximum deflection-plate angle (critical) that can be used
to obtain theoretical é?i values is near 25°. From figure 9 the re-

quired 1y, /h® for deflection-plate angles of 10°, 15°, 20°, and 25°

can be obtained for pressure ratios of 1.5, 1.8, 2.1, 2.7, and 3.0. The
appropriate vaelue of n for the Zopt/hp parameter is determined by use

of figure 10, and the value of Zopt is then celculated. The results of

these calculetions are shown in figure 11 as a plot of plate length a-
gainst pressure ratio for the specified deflection-plate engles. It is
evident from figure 11 that relatively large plate lengths with respect
to nozzle height are required to achieve theoretical é?i values at large

deflection-plate angles. The generalization of the location of the zero
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pressure coefficlent by the use of the nozzle height raised to the ex-
ponent n suggested that a simllar generallzation, within limits, might
extend to the entire pressure distribution. Such a generalization of
the local pressure deta is shown in appendix C.

Tocstion of Center of Pressure on Deflection Flate

The locetion of the lifting force and thrust-reduction force rela-
tive to the point of attachment of the deflection plate to the nozzle
exit may be of lmportance for certaln pitching or trim considerations.
The moment srms z and ¥y for the 1lift force and the thrust-reduction
force, respectively (see sketch in PROCEDURE), sre listed also in table
I for all configurations and test conditions. In general, when the ex-
tent of negative pressure coefficients was very small compared to the
over-gll plate length, the effective 1lift force was located upstream of
the nozzle exit and the thrust reduction force was located between the
jet axis end the lower surface of the nozzle (negative moments). When
the negative pressure coefficlents extended over most or all of the plate
surface, the 1ift and thrust-reduction forces were locsted downstream of
the exit nozzle and below the lower nozzle-exit lip, respectively (posi-

tilve moments).

A simple expression for y and z in terms of nozzle height,
deflection-plate angle, and deflection-plate length is presented in

appendix D.

The trim or pitching moments caused by the asymmetrical location of
the 1ift and thrust-reduction forces could be handled readlily by an
appropriate reaction control device.

CONCLUDING REMARKS

The results of this study have shown that properly designed Coandsa
nozzles utilizing a single flat plate for deflecting the jet stream yield
vertical 1ift of the same order of magnitude as that calculated theoreti-
cally for a flat plate or a flep immersed in an airstream. The ratio of
1iPt to undeflected thrust for such Coands nozzles is approximately equal
to the sine of the deflection-pleste angle.

The practical use of a Coanda nozzle with & single flat-plate deflec-
tion surface appears to be limited to STOL rather than VIOL alircraft be-
cause of Jet detachment from the deflection surface at large deflection
angles. The sngle to which the Jet stream can be deflected by a Coanda
nozzle depends primarily on the nozzle height, plate length, and pressure
ratio. For example, with nozzle heights of 0.5 and 2.0 inches and a
deflection-plate length of 2.5 inches, meximum ratios of 1ift to unde-
flected thrust near 0.48 (deflection angle, 27°) and 0.26 (deflection

~T. )R
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angle, approximstely 15°) and axial-thrust ratios of 0.77 and 0.92,
respectively, were obtalned at & nominal pressure ratio of 2.1. In
order to obtain a Jjet~stream deflection of the order of 90° for VTOL,
multiple flat-plate or curved-plate configurations rather than a single
flat-plate configuration must be used (ref. 8).

Because the deflection surfaces sre necessarily large to achieve
good performance and a high degree of Jjet-stream turning for STOL or VIOL
aircraft, best utiliization of a Coanda nozzle can be achieved by designling
an gircraft with due consideration of the unique characteristics of the
device rather than attempting to incorporate the device in an existing
configuration.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, March 19, 1958
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APPENDTX A
SYMBOLS
deflectlion-plate drag force, 1b
force measured by strain-gage system at location noted, 1b

undeflected jet thrust (no deflection plate), 1b

NnE. )T

ratio of 1lift to undeflected thrust, L/’FJ

ratio of axial thrust with deflection plate to undeflected thrust
(eleo called axiel-thrust retio)

h nozzle height, in.
L vertical 1lift, 1b
1 total length of deflectlon plate, in.
1! surface distance measured from nozzle exit to a point on deflec-

tion plate, in.
Pj Jjet total pressure, in. Hg gage . .
BN Jet total pressure, in. Hg abs -
ys) local statlic pressure on deflection plate, in. Hg abs
Po atmospheric pressure, in. Hg abs )
'§ vertical location of center of pressure referenced to lower lip

of nozzle exit, in.
z horizontel location of center of pressure referenced to nozzle=

exit plane, in.
Z,z" horizontel lever arms, in.
e deflection-plate angle, deg -
Subscript:

opt

optimum
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APPENDIX B

PRESSURE DISTRTBUTTON OVER DEFLECTION PLATES

Order of magnitude and trends of specific effects on the pressure
distribution over the deflection plate due to pressure ratio, plate
length, deflection angle, and nozzle height are discussed in the Ffollow-
ing sections. The data shown in the accompanying figures are presented
in terms of a locel surface pressure coefficient (p - Po)/Pj as a func-
tion of surface distance measured slong the plate surface ffom the noz-
zle exit 1'. DBecause the ambilent pressure varied by only 1 percent for
these studies, gage values of jet total pressure Pj are used for con-

venience rather than sbsolute pressures. The data shown in the subse-
quent figures are considered representative of all the Coanda nozzle con-
figurations studied herein. Also, except ss noted, the discussions will
be concerned with that portion of the deflection plates subject only to
negative surface pressure coefficients.

Effect of Pressure Ratio on Iocal Surface Pressure Coefficients

Typical profiles of pressure distributions above and below choking
conditions are shown in figure 12. The data shown are for pressure
ratios of 1.8 and 2.7, nozzle height of 1.1 inches, deflection-plate
angle of 10°, and several plate lengths. TIn general, for s pressure
ratio below choking, the local surface pressure coefficients decreased
as a smooth curve with increasing distance from the nozzle exit, reaching
& zero pressure coefficient at some distance from the exit; thereafter,
the coefficlents became positive. For pressure ratios sbove choking, a
double-peak profile of negative pressure coefficients generally was ob-
tained, the first peak occurring near the nozzle exit and the second
some distance downstream of the nozzle exit. After the second peak the
Dressure coefficlents decreased and became positive farther downstream
on the plate. Several small regions of negative pressure mey occur and
alternate with regions of positive pressure on the downstream portions
of the deflection plate. These small regions of negative pressure sre
believed to have been caused by impingement on the plate of local shock
waves existing in the Jet stream at pressure ratios well asbove those re-

quired for choked flow.

Effect of Deflection-Plste Length

The local pressure coefficients over the deflection plate for a
particular Coenda nozzle (fig. 12) are substantially independent of plate
length 1f the Jet stream is attached to the plate.surface. When Jet
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detachment occurs, the negative pressure coefficients are reduced (nega-
tive pressures approach ambient pressure value) compared with those for
which the Jet stream 1s attached to the deflection plate.

Plate length had substantially no effect on the negative pressures
on the upstream surface of the plate. Therefore, & plate with its length
terminated at the zero-pressure-coefficient location should yield the
meximum and theoretical .gi value for a glven nozzle height, deflection-
Plaete angle, and pressure ratio. That is, no positive pressures exist
on the plate 1o reduce its 1lift capabllity. This maximum é?L value is

equal to or exceeds the theoretical .Qi value, as demonstrated in the

following example. Consider figure 13, in which the local surface pres-
sure coefficlients over an 11.75-inch and a 3.5-inch plate are plotted as
a function of surface dlstance along the plate (nozzle height, 1.1 in.;
nominal pressure ratio, 3.0; deflection-plate angle, 20°). The zexo
pressure coefficient 1ls located ebout 3.3 inches from the nozzle exit.
This location is nearly &t the end of the 3.5-inch plate, and negstive
pressure coefficients exist over essentially the entlire plate. The ex-
perimental & value for the 3.5~inch plate was 0.38 compsred with the
theoretical value of 0.342; whereas the jft value for the 11.75-inch

plate was 0.27. Because the locatlion of zero pressure coefficient is

slightly before the end of the 3.5-inch plate, it is to be expected that
this plate could be deflected 2° or 3° more in order to obtain the maxi-
mum and theoretical . value for this configuration. A deflection of

the plate to 25° resulfed in Jet detachment and a loss in #. Limited

data are avallsble for the case in which the location of zero pressure
coefficlient coincides approximately with the end of the plate. These
deta show that a maximum jF' value equal to or slightly greater than
theoretical is obtalned (circle symbol at a deflection angle of 15°, fig.
5(c), is such a point).

Effect of Deflectlon-Plate Angle

With inereasing deflection-plate angle the zero pressure coefficlent
occurs at progresslvely larger distances from the nozzle exit, as shown
in figure 14(a) (nozzle height, 1.1 in.; nominsl  pressure ratlo, 2. l;
plate length, 11.75; deflection-plate angles, 10°, 15°, 20°, and 25°).

An increase in deflection angle may initially increase the local negative
pressure coefficients near the nozzle exit (see square and circle symbols);
however, after s pearticular deflection angle is reached (depending also

on the pressure ratio), the local negstive pressure coefficients near the
nozzle exit are reduced, as shown by the diamond and triangle symbols.
Integrating the ares under the pressure-distribution curve (and also

force measurements) showed that the increased reglon of negative pressures
obtained with the larger deflection angles more than offsets the decrease

SPLY
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in local pressures near the nozzle exit. As a result, the 1ift normsl
to the deflection-plate surface increases progressively with increasing
deflection angle until Jet detachment occurs.

Effect of Nozzle Height

An incresse in the nozzle height (larger mass flow per unit nozzle
width) caused the pressure field to extend progressively farther down-
stream on the deflection plate, as shown in figure 14(b). (The data
showvn in this figure sre for nozzle heights of 0.5, 1.1, and 2.0 in.;
deflection-plate angle of 15°; and nominal pressure ratio of 2.1.) The
location of the zero pressure coefficient therefore moves progressively
downstream with increasing nozzle height. For example, in figure 14(b)
the zero pressure coefficients ocecur at sbout 0.8, 1.6, and 2.6 inches
from the nozzle exit for nozzle heights of 0.5, 1.1, aend 2.0 inches,
respectively.
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APPENDIX C

CORRELATTON OF PRESSURE DISTRTBUTION IN TERMS
OF RATIO OF LOCAL SURFACE DISTANCE TO
NOZZ1LE HEIGHT RATSED TO n-POWER

The local negative pressure coefficients over the deflection plate,
shown as a function of the ratio of local surface distance from the noz-
zle exit 1' to h% in Pigure 15, include only data obtalned without
the occurrence of jJet detachment from the plate surface. The data are
gshown for nozzle heights of 0.5, 1.1, and 2.0 inches and are presented
in order of increasing deflection-plate angles and pressure ratio. The
data generelly correlate well for deflection-plate engles up to and in-
cluding 20°. At deflection angles greater than 20° some data scatter
is apparent, which increasses with progressively increasing deflectlon

angles.

Pressure coefficients as a function of Z'/hn for the nozzle with
a height of 3.7 inches are presented separately in figure 16 because of
the pressure-profile changes on the deflection plate caused by the con-
tour of the nozzle exit (nozzle 1ip). Nozzles that have an abrupt 1lip
(see fig. 4; nozzle heights of 0.5, 1.1, and 2.0 in.) generally ceause
higher negative pressure coefficients to occur on the deflection plate
near the nozzle exit than a nozzle with a relatively flat lip (see fig.
4; nozzle helght 3.7 in.). Use of the latter nozzle causes the peak
negstive pressure coefficients to occur farther downstream on the plate
than use of the former nozzles. However, the variation of Jﬁi and j?;

with 6 and the locatlon of the zero pressure coefficlent do not appear
to be affected by the change in nozzle-lip shape.

QPLY
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APFENDIX D

CENTER-OF~-FRESSURE LOCATION ON DEFLECTION FPLATE
An empirical equation for § and z was derived in terms of the
nozzle height, deflection-plate angle, and over-gll plate length. A
slmple expression of these relations is given by the Pollowing equations:

m

-— cz
y=--1-1;-+e9
! (p1)
- £710
z=-—hT+g9

where c¢, e, £, g, m, and wm' are constants that must be determined for
each pressure ratlo from cross plots of the data in table I.

For e pressure ratio of 2.1 equation (D1) yields the following:
N

0.42
0201 L h.05 6

hn.
and > (p2)

~ __ 0.5730-50
zZ = hn-

¥ =

+ 0.1 6

o

The exponent n 1is obtained from equation (4). Experimental moment arms
are plotted against values calculated from equation (D2) in figure 17.
These data are for nozzle heights of 0.5, 1.1, and 2.0 inches, plate
lengths of 2.5, 3.5, 6.5, and 11.75 inches, and deflection-plate ahgles
from 10° up to those associsted with maximum éﬁi ratios for each con-

figuration. Generally good agreement is observed between the experi-
mental datae and the calculated data.

It is of interest to consider the practical application of these
data. Consider a Ccanda nozzle with g height of 1 inch operating at a
pressure ratio of 2.1. Assume that the deflection plate can be con-
structed so that (1) at each deflection-plate angle the plate length re-
sults in the theoretical & velue, or (2) the plate length is fixed to

yield the theoretical 7 value only at the maximum angle. In the latter

case decreasing the deflection angle results in positive pressures pro-
gressively covering more of the plate surface starting at the downstream
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end of the plate. The locations of the effective forces ere summarized
in the following teble:

Deflection-plate | Plate length,| z, in.| ¥, in. | z, in.| ¥, in.
a.ng]-e, Z’
deg (equal to Iopt
at each angle)
10 1.10 0.40 ¢.08 -0.20 -0.18
15 1.55 .76 .27 .30 .07
20 2.30 1.05 .42 .70 .32
25 3.50 1.30 .57 1.30 ST

At deflection-plate angles less than the meximum (25°), the forces are
located nearer the nozzle exit and jet axis when the plate length used
is longer than 1lgpt for a particular deflection angle. Equation (D1)

applies strictly only to the configurations used in the analysis (noz-
zle heights, 0.5, 1.1, and 2.0 in.), since they are functions of the
pressure distribution over the deflection plate. However, the changes
in y and 2z caused by & difference in the pressure distribution over
the plate such as shown in figure 16 for a nozzle height of 3.7 inches
should not affect y end =z appreciebly.
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TABLE T. - SUMMARY OF PERFORMANCE CHARACTERTSTICS OF COANDA NOZZLES2
(a) Nozzle height, 0.5 inch

[Derlec—[Eres- |Ratlo of| Axial-| 3, | Z, |Pres- |Ratio of|Axciat~]y, | &, |Pren- |Aetlo of Axlal— z; ¥, |Pres- |Rmtio of[Aziel-| 7, |=,
timn oure thruss | 1a. « | sua | 1ATT SO |thruat | in. . | surs (1irt to | tmosn - | 3a. | sure [1irt to |thoust| in. .
il Poroeitll b e’ | Amotes |82 Faos’ | cheetea | "B ol Pl e g
{1\ Q £ 1.4
o5 ko tigat, £ PO | thrast, | 7% Fw'Po torwst, | ¢ touat, | ¥
A .
¥late length, 2.5 in. Plate length, 3.6 in. Plate length, 5.5 in. Plats length, 11,75 in.
10 | 1.50 | 0.125 |0.%48 |-0.11]-0.83 A
1.8 | .l | 915 | -,08] .08 .
2,10 | 1145 888 | 07| -~z f
2,70 | .187 047 | -05] -.34
.08 | .12 980 | -.08] ~.29
15 1.50 | 0,252 |0.083 |-0,01| 0.01
1.80 | 229 [-a-— ~.05| =19
2.0 [ .27 918 | -.06] -.19 R
2,70  .237 017 02| .10
3.02 [ .25 928 05| .20 ) .
20 1.30 | 0.318 |0.905 | 0,04| 0.22| 1,50 | 0,319 [0.887 |0.07 [-0.17| 1.B2 | 0.317 j0.808 |-0.s68|-1.78]| 2.71 | 0.3a7 |a.884 |-0.98 |-2.62
2.1 310 887 02| .05|1.80 511 847 | -.08| ~.22| 1.81 .288 | 874 | -.48|-1.27] 5.00 289 854 | -.385] .95
2.70 | .308 .880 07| 18| £.06 51 | . -.06| -.15] 2,10 2971 81 | -3 =97
3.01 | .3es 812 A3 as[e70 | 204 838 o) 12| 2,88 2302 | 868 K
: 3.00 | 209 | .81 | .s8]s.02 L2080 | .882 18| .58
25 1.50 | 0.450 |0.828 | 0.50| 0.87 | 1.52 | 0.58 {(0.8% [o0.12]0.28 1.8 | 0.31 |0.817 |-0.08 |-1.87
1.8 426 T8 W56 J77]1.88 374 803 A9 a2 2.18 A7 898 | -84 |1.37
2.11 443 786 | 55| 74| 2.0 | .37 792 a9 m a.72 574 .07 | -.85 |-1.36
2.89 428 794 S| .e6|2.7 .5B5 782 ar7| .s7 5.08 3T 008 | -ubt | -.95
3.01 il 180 58| L7l 2.88 3T 782 a8
ar 2.13 { 0.485 [a.788 | 0.36| 0.70
272 | 4m 166 58| .74
3.00 | .e82 719 34| 87 .
0 1.81.| Q.488 |o.7¢4 |0.40] 0.60] 1.52 | O.484 |O.729 [-0.00|-0.08] 1.81 | Q422 |0.782 [-0.57 |0.7s
| . 4 w| BeBQ [ lATE | L7208 |- W5 el 21l | A97 | T4 23| AS8|-1.80 Ak | 830 [ 43| .78
.11 |.sou A7 | AgTIad] 9.8 | 445 | 728 07| 9] w08 ol | 652 | «.35 | -.B7
£.12 | B0 150 .88] 1.7 2,68 A28 | 706 | -,38] «.69
x.03 4SS 4B | -ad ] B3
35 L6l | oweslo.7il |01 o.a] 18l | 0a71 [0.880 f 0 0.02
1.25 | . 478 .8m0 08| .08 1.8 ATh B9 | 10 | .21
2.1 488 | 879 30| ] 2q1 A70 T8 | - | .24
2.68 B0B | .1 61| .87] a.m 458 . -04 | =08
5,00 L8510 | L840 9] 21.22] 5.08 AT | — | =29 -]
L1 1.49 | ®o.801 |0.641 | D.18| 0.0
1.1 10 | .8x W51 48 |
2.10 .518 | .684 | .84 .
2.60 7 R R I IS )
s.;2 | »Eas | Teoz | los| 1.0 |
0 1.82 | .24 [0.981 | 0.0 [-D.09 H H
2.10 | 285 |eee 02 .08 .
2,70 | 2% 978 08 30
0 1,79 | ¢.308 [0.918 | B.04 | 0.11
2.09 | .303 688 B AT
3.02 | .308 874 21| .73
s 1.0 § 0.380 [0.%8 | 0,52 | 0.87
2.68 | 348 N 53| W73 r
3.0 | 388 | a7 ! m!l ! i
Do 1 a 5.7 Inghas 2ot inplwded hesam date obtalned ware rimmrily ivforeasion & pressurs Clstribasicn over deflecklon
plate. FCfocwinoe Sath I'or nosxlas height of 0.3 inch and nlate length of 1.37 Lnoles nas inoloded for the syme reason.

Dpartial o complets jeu dethohment from deflsotion plata.
®aide-plate height, 0.2% Times nowzls height,

2l2% NI VOVN
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TABLE I. -~ Oontinued. SUMMARY OF PRRAFORAMANCE CHARACTERIATIOS (OF COANDA NOZZLxS"
{b) Foxxle height, 1.1 inches

Deflac- |Fras- |Ratis of|Axie)- |F, |¥, |Pres- |Ratdo of|axial-|T, [ %, |[Pres- |Ratio of|ixial- ‘i{‘ B, [Pres- [Ratlo of[Axial-|¥F, | T,
tion mra |1ift to |[thrat | In. | in. | sure |1ift to | thrust| in. « | sure |1ift to |thrust . | in. | sure | 1ift to |thrust| in. | in.
anglo, ratio, rnnd:;d n’tglo. ratlo,| unde- u;io. ;;}:;-g. mmﬂah-‘-d m_;io. 'L';;/t;;' ;l‘m].not:d m;_io.
P, a0 B fleoted o '
d;E qu t, * ,/po thrust, x thrust, : thrust,
L L ¥,
Plats langth, 2.5 in. Plats length, 3.5 in, Plata length, 8.5 in. Flate length, 11.75 in.
10 1.80 | ©,185 |0.998 |0.,08| 0.45) 1.51 | 0.144 |0.984 |o.02|-0,18]| 1.6¢ | 0.145 [0.942 |-0.18|-0.54
2.10 188 |, . A 180 | Jue | Lem | -.02] -.38] 1.7 | Aze 972 | -,17/ -.68
2,88 2251 o7 | 8! .95(e201| .13 | .976 |-.08| -.37] 2.08 | .138 N
2.99 Jeo | ,989 | J1g| .95) 2,868 | 140 | .872 | -.04| ~.24| 2,88 J1e8 999 | -2 -4
5.00 { .51 | .92 | ,13] .74| 5.04 147 B85 | ~.17 | -.87
15 1.55 | o.e8¢ |o,874 |0.160.59| 1.51 | a.2e5 [0.97. |©0.05| 0.17| 1.5L | 0,213 |0.867 |-0.07 [-0.03
1.80 268 | .pEw | .18 | .54) 1.81 222 | .98l | 08| .38|1.81 | .23 | .936 | -.06] -.04
2.18 269 | 049 | .1¢] .m1] 2.0 ) .218 | .858 2,10 | .e17 | .e28 | -.08] -.19
4.70 255 | 43 | .16 .aa|e.69 | .oe0 | .eae | .11 41| 2.8 | .e32 | .9e8 | .oz| .13
2,88 207 | 550 | 20| .73 s.02 | .200 | .82 | .24 1.08| 2.88 | .244 .08 | 0 ~08
20 1.50 | Pp.1a7 [0.985 |o0.32|0.88( 1.82 | 0.341 [0.909 | o.e8{ o,m| 1.5 | 0.300 [o.m12 [-0.01| 0.04f1.51 | o0.207 [0.900 {-0.06|-0,88
2.1 .0 9% | .35] .%0|1.80 | .s62 | .76 | .5&| .em| 2.1 | .s02 | .mss | .09| .em|l.80 292 | .879 | -.37]|-1.05
2,68 | b,o8s | 884 | 32| .o5{ 210 | .s88 | .877 | 57| 1.02| @88 | ,508 | .e78 | .01| .ox|2na 500 | .885 | -.38( -,97
2.68 | .344 | .870 | .28] .17/ 2.8 ) 304 | .875 07| .£1] 2,88 .508 | 848 | -.38)-1.07
2.9 | .300 | . 421 1.18 5.01 .290 | .a48 | -.17] -39
70.25 1.51 { 0.574 |0.854 | 0.18| 0.3@
1.80 | 288 B30 18] 4B
2.11 568 .819 22 .70
2.57 388 822 | 40| .84
2.87 | 578 822 | 19| 43
22.6 e.08 | 0.417 |0.B%8 |0,51| 1,28
2.88 | .364 068 | 38| .93
5,01 | .407 | .85 | 49j1.18
24,5 1.81 | 0.439 [0.818 |0.47) 1.085
1.81 | .461 | .818 | .57|1.86
30 1.51 | o.448 [o.782 |0.%8| 0.64]| 1.80 | ©0.428 |p.775 |-0.12)-0.24
1.1 | .459 50 | LB 9r] R ALY | 784 | 20| 40
2.12 | .4B8 | .728 71| 1.50) 2.69 4 L1868 | 0] 77
2.88 | P.s78 | .768 [1.08( 1.88| 3.00 595 [ 187 [ .54 .84
5.00 | b,xgx 768 | 1az| 1,80
.1 l.62 ) o.45 Jo.739 | 0.15] 0,20
1,81 450 | .722 | .28| .37
2,12 425 | .723 | .m9] 7@
2.89 | D s | .7ex | 1,22] 1.88
5.01 | b.ges | .ae8 | 1.39) .21
35 1.51 | Po.447 |0.688 | 0.8a| 0.79
1.81 441 | o711 | 87| .89
2,03 | P77 | .48 | 1.16] 1.84
15 1,51 | 0.212 |0.992 |0.18|0.80
1,78 | .20¢ | .88 | 17| .84
2,00 | .e08 [ .976 | .17 .BS
2.67 | a2 | .95 | .18 .70
.98 | .75 | o652 | a9 .73

Srerforsance for nofxle bedght of 5.7 inches not inoludsd bscause data optainad wers primarily informaticn on presmns distribution over deflaotion

plats, Performence date for nossle Reight of 0.5 inoh and plate langth of 1.57 inochss not included for the psma reason.
Ppantial or complete jot dstachent fros deflestlon plate.
o sids platen.

2l2y NI VOVN

1514



http://www.abbottaerospace.com/technical-library

TABLE I. - Concluded. SUMMARY OF PERFORMANCE CHARACTERISTICS OF COANDA NOZZLES2
{c) Hozerle height, 2.0 inches

92

[Deflec- |Pras- |Ratic of| Axial-| ¥, | =, |Pres- |Ratic of |Aximl-| ¥, | Z, [Pres- |Ratic of|Axlai-~| 7, Z,
tion sure (lift to | thruet|in. |1no. sure [lift to |thrust|in. [in. sure |lift to |thrust| in. .
a.ngle, ratio, u.n.d:;d ra;_io, retio, ?dg-d ra;io, ratio, 1'11.‘|:|'.1r.!e—d ra;;o,
y Pyu/P, Lleo P fleota P/p ante =
deg w0 thrust, 2 o thrust, 4 %o thrust,
5, 7, .
Plate length, 2.5 in. Plate length, 3.5 in. Plats length, 11.75 1in,
10 1.49 | o0.182 |0.992 [0.11{0.62|' 1,51 | 0.147 |---=- [0.10|0.68| 1.52 | . 0.148 |0.968 [-0.06| O
: 1,81 180 | 975 | .08| .47] 1.82 47 |==-—— | .06]| .38| 0.81 .155 | 953 | -.17] -.97
2,12 JAs2 | .970 | .11| .e2| 2.2 .149 |0.966 | .05} .27| 2,12 J145 | L9435 | -.21[-1.44
2.89 170 | .941 | .23|1.29 2.70 PV 3 — -.55| -.83
12.5 | 1.62 | 0.185 |0.988 |0.17[0.75
1.82 .195 | 939 | .14| .63
2.13 .237 | .927 i .i8] .81
2,72 .181 [ .951 | .25|1.18
2.31 252 | L9389 | .22| .98
18 1.55 | 0.221 10.988 [0,24/0.90| 1.50 | 0.247 [0.992 [0.25/0.91
1.80 177 | 972 | .28| .g8| 1.82 249 | .954 | .25| .96
2.12 988 | .914 | .22| .s2| 2.12 .2g2 | .es8 | .21| .78
2.70 | b.aso | .a72 | .28| .97 2.70 .270 | .987 | .38|1.41
20 1,52 bg.les 0.944 |0.40[1.10] 1.51 .377 |0.954 |0.45|1.24| 1.82 | 0.30¢ |0.873 [ 0.28] 0.77
1.83 .089 | .943 | .42{1.18] 1.83 .216 | .963 | .52(1.43} 2.12 250 | 851 5| .40
2.3 | P.oso | .955 | .42|1.13) 2.12 360 |-—--- .54|1.48) 2.89 .286 | .875 27| .81
2.89 | Paer | .s47 | .36| .99
2.8% b.aso | .o44 | .28| .77
22,8 1.5¢ | bp.182 |0.344 [0.59(1.42
1.81 142 | .975 | .63|1.51
2.11 118 | .977 | .62|1.49
2.72 | P.124 |- | .82[1.49
25 1.50 | bp.142 |0.985 |0.68|1.46] 1.52 | 0.375 |0.840 | 0.57| 1.24
1.61 .118 | .985 | .62(|1.46] 1.83 .387 | .829 62| 1.54
2.11 J00 | .e82 | .71|1.52] 2.13 .382 | .832 88| .74
2.68 328 | .847 A6 .96
27.5 1.51 | Po.3s2 |o,901 | 0.77] 1.55
1.61 448 | .B14 ,96] 1.89
2.15 | b.xzg | .e22 | 1.07( 2.04
2a.m| b,335 | .858 .12| 1.59
30 1.51 | Po.sa8 {0.788 | 1.11] 1.97
1.85 | b.,32¢ | .818 | 1.21] 2.15
2.15 | P.ose | .835 | 1.32| 2.24
2.69 | bP.2ag | 842 | 1.28] 2.38

Bperformancs for nozzle height of 3.7 inches not includsd bacause dats cbtalned ware primarily information
pressure distribution over desflection place, Fsrformance data for noszle helght of 0.5 inch and plate
length of 1.37 inchas not included for sama reason.

Drartial ar pomilete jat detachment from deflsction plate.
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Vertical-force straln
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CD-5882
Figure 1. - Setup for Coands nozzle tests.
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Pitot-gtatic tube
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To nozzle

Figure 2. - Airflow 1in supply system.
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Figure 3. - Coande nozzle using single flat plate for Jjet deflection.
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Figure 5. - Typical performance of Coanda nozzles as function of deflection-plete angle.
Nominel pressure ratio, 2.1.
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Figure 6. - Analyticel performance comperison of seversl
types of Jet-stream deflection devices (ref. 9).
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Pigure 7. - Minimum plate lengths required to obtain theoreticsl .9i values
as function of deflection-plate angle. Nozzle height, 1.1 inches; nominal
pressure ratio, 2.1.
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Figure 8. - Varistion of critical deflection-plate

angle below which theoretical £} values can be
obtained with nozzle helght.
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Figure 9. ~ Correlation of plate-length-to-nozzle-height parasmeter with deflection-plate engle for
theoretical retio of lift to undeflected thrust.
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Plate-length-to-nozzle-height parameter, 'Lopt/hn
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Flgure 9. -~ Continued.

Correlation of plate-length-to-nozzle-height parameter with deflection-plate

angle for theoretlcal ratio of 1ift to undeflected thrust.
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Figure 9. - Concluded. Correlaetion of plate-length-
to-nozzle-height parameter with deflection-plate
angle for theoreticgl ratio of 1lift to undeflected

thrust.
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Figure 10. - Variation of exponent constants in plete-length-to-
nozzle-height parameter Zopt/hn with pressure ratioc. n = -af+ b.
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Figure 11. - Example of defleection-plate lengths calculated for
achieving theoretical ratioc of 1lift to undeflected thrust as
function of pressure ratio and various deflection angles.
Nozzle height, 1.5 inches.


http://www.abbottaerospace.com/technical-library

local surface pressure coefficient, (p-po)/PJ
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Figure 12. - Typicel surface pressure distributions over deflection plate for pressure

ratlos below and above choking and several plate lengths. Nominal pressure ratios,
1.8 and 2.7; deflection-plate angle, 10°; nozzle helght, 1.1 inches.
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Local surface pressure coefficient, (p-—po)/’P‘j
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Figure 13. - Pressure distribution over 3.5- and 11.75-inch deflectlon plate for nozzle
bheight of 1.1 inch, deflection angle of 20°, and nominal pressure ratio of 3.0.
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Local surface pressure coefficient, (p-po)/Pj

NACA TN 4272

e T 1

Deflection-

plete angle,
6’
deg

10
15

20
25

1 LS
>ODo

‘<>\<
IHAYERANEN
R iR s S = e o

.2
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Figure l4. - Effect of deflection-plate engle and nozzle height on surface
pressure distribution. Nominal pressure ratio, 2.1; plate length, 11.75
inches.
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Surfage preasure coeff{icient, (p-po)/PJ
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Figure 15. - Continued. Summary of surface pressure coefficlents in terms of

local plate-length~to-nozzle-helght parameter.
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Surface prassurs gosffiolent, (p-po)/'PJ
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Figure 15. - Continued. Summary of surface pressure coefficlents In terms of
local plate-length-~to-nozzle-height parameter.
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Figure 15. - Continued. Summary of surface pressure coefficients In terms of
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Surface pressure cosfficient, (p-po)/PJ
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