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NATIONAL ADVISORY CCMMITI'EE FOR AERONAUTICS

TECHNTCAL NOTE 4377

USE OF THE COANDA EFFECT FOR JET DEFLECTION AND VERTICAL LIFT
WITH MULTIPLE-FLAT-:'LATE AND CURVED-PLATE
DEFLECTION SURFACES

By Uwe iH. von Glahn

SUMMARY

The ratlos of 1lift aad axial thrust to undeflected thrust of nozzle-
jeflection-plate configurations using the Coanda effect for obtaining Jet
ieflection and 1ift were evaluated from force measurements. Pressure
distributions were also obtained over the surfaces of the deflection
plates. The convergent nozzles used in the study were of rectangular
:ross section with exit heights ranging from 0.5 to 2.0 inches. The Jet-
deflection plates used included configurations made up of two, three,
sir, and nine flat plates and several curved plates with various radili
of -~urvature, all having side plates equal in height to the nozzle. The
nozzles discharged into quiescent ailr over a range of pressure ratios
from 1.5 to 3.0.

In general, the ratio of 1if* to undeflected thrust of the Coanda
nozzles studied was less, depending on the particular configuration,
than that theoretically calculated for multiple-flat-plate and curved-
plate flaps immersed in an airstream. By use of a configuration made up
of nine flat plates and for a 90° angular deflection of the jet stream,
2 maximum ratio of 1ift to undeflected thrust near 0.88 was obtained
together with zero axial thrust. For a similar jet-deflection angle,
the best curved-plate configuration studied achieved a ratio of 1lift to
undef'lected thrust of about 0.8L. The decrease in the measured ratio
of 1ift to undeflected thr .st from that calculated theoretically for a
perfect, curved plate is altributed to the following factors: (1) pres-
sure arnd momentun losses in the real jet stream that are not accounted
for in theory, (2) the inability of the Jet stream to turn the full de-
flection angle prescribed by the deflection plate, and (3) the fact that
ovtlinum designs for the multiple-flat-plate and especially for the
cupved-plate confizurations were not neceesarily achleved in the time
. 'nilable for theze exploratory studies.
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INTRODUCT ION

The Coandu e¢ffect may be described as the phenomenon by which the
prosimity of a curface to a Jet stream will cause the jet to attach {t-
get{ %> and follow the surface contour (ref. 1). The local pressurcs on
the c¢e:Tlecting surface are less than ambient air pressure; consequentivy,
whew: the deflecting surface is inclined toward the ground, these negative
prescures result in a 1ift component. A drag component constituting n
thrust reduction in the axial-thrust direction is also obtained.

The use of the Coanda effect for obtaining jet-stream deflection
and vertical 1ift from e single-flat-plate deflector is described in
reference 2. The data presented in reference 2 show that ratios of lift
to undeflected thrust and axial thrust to undeflected thrust comparable
to those obtained theoretically with a flat-plate type of mechanical
deflector can be achieved. However, the deflection angles for which
theoretical values of ratio of lift to undeflected thrust can be obtained
with a single-flat-plate deflector are limited by considerations of nozzle

height and deflection-plate length.

The negative pressures on a fliat plate decrease with progressively
increasing distance along the detlection plate; however, with each anglc
increase of the surface relative to the jet stream, an increase in the
negative pressures is again ob%ained on the deflection surface (ref. 1).
Beceuse of this phenomenon, the use of multiple flat pletes or a curved
surface provides deflection angles and ratios of 1lift to undeflected
thrust much greater than those with single-flat-plate configurations

(ref. 2).

The exploratory study reported herein, conducted at the NACA Lewis
laborato.y, is concerned with the flow and performance characteristics
associated with multiple-flat-vlate and curved-plate jet-deflecting sur-
faces. Experimeutal ratios of 1lift to undeflected thrust were obtained
for configurations yielding Jjet-stream deflection angles up to about 90°
and ratios of axial thrust to undeflected thrust near zero. Data were
also obtained on the effect of the relative angle between adjacent flat
deflection plates on the ratio of 1lift to undeflected thrust and local
surface pressure distributions over the plates. As in refersnce 2,
rectangular nozzles cf simple convergent design rather than conventional
circular nozzles were used. The studles were conducted with a small-
scale setup (equivalent nczzle-exit diameter less than 2.75 in.) using
unheated air and operating at pressure ratios across the nozzle (ratio
of absolute jet total pressure to embient pressure) from 1.5 to 3.0.

All data were obtai 2d by discharging the jet into still air at approxi-
mately sea-level atmospheric conditions.

The estimated p: "formance of mltiple-flat-plate defleclors is dis-
cussed in appendix b ., Thomas F. Gelder.
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APPARATUS
Test Facflity

The test s'and us:d to support the nozzle configurntions nnd U
obtain thrust and l1{t measurements {v shown schematically in flgure 1.
The tent stand consioted of u plenum cection (inside dinm., 3 in.;
length, 16.5 in.) mounted horizontally on a link-supported force-mearuring
system. Unheated air at approximately 50° F was supplied ‘o the plenum
by 2.5-inch-inside-diameter twin supply iines (fig. 2). Tnece lines
were placed diemetrically opposite one another and at right angles to
the plenum in order to eliminate possible side and thrust forces cnused
Ly the entering air. The lines were also isclated from the force-
measuring system by flexible couplings at each end of “he supply lines.
The nozzles were bolted to a flange at the downstream end of the plenum
section. A sgingle total-_:ressure probe mounted just inside the nozzle-
exit plane was used to measure the total pressure of the Jet stream.

The net thrust obtained with the nozzle configurations was measurecd
by strain gages mounted near tne upstream end of the plenum section (fig.
1). The strain gages on the vertical support link under the nozzle flange
vwere used to measure gross valurs of vertical or lift forces. The force
measurements obtained with these strain pgages were recorded on a modified
flight recorder.

Coand . Nozzles

A Coanda nozzle consisted of « -onvergent rectangular nozzle exit,
Jet-stream deflection plate, and cside plates. The nozzles were of a
simple convergent design, with no effort being made to achieve an optimum
exhaust-nozzle thrust coefficient. The nozzles were formed by flattening
progressively a 2.9-inch-diameter tube to a rectangular exit cross section
with a desired nczzle height. The exit corners had radii of the order
of 0.03 inch. Vertical and horizontal ~ross sections at the centerline
of the nozzles, together with pertinent dimensions, are presented in
figure 3.

. The jet-stream deflection surfaces consisted of (l) combinetions of
two, three, six, and nine flat plates, and (2) several curved-plate
deflectors.

Multiple-flat-plate deflection surfaces. - For the two- and tbhree-
flat-plate configurations, the plates were attached to the nozzle by
means of o plano hinge, and each succeeding plate was similarly attached
to its sdjacent plate (fig. 4). 1Individual telescoping tubes supported
the downstiream end of each plate. These supporting tutes were attached
to a bracket, which in turn was secured to the nozzle flange. The
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deflection aagie uf cach plate was varied independentiy of the other
plates in the confipuration, The following schemntic . -.wtch shows the
genernl arrcngement for the two- and three-flat-plat.  onfigurations ana

fdentifies the pertinent components:

Nozzle OXLL},

— = — Nozzle
centerline

The total deflection-plate angle is

6 = 6, + 0, + O

ard the total deflection-plate length is

1y =11 +1lp + 13

(All symbols are defined in appendix A.)

The defllection plate for six- and nirn. -flat-plate configurations
consisted of a siagle picce of sheet metal bent at the appropriate down-
stream locationz (o yield the desired local deflection-plate length and
angle. The Jjuncture be’wsren the various plates consequently consisted of
a curved radius section ra.her than the sharp-edged gap formed at *he
hinge line for the two- and three-flat-plate configurations. The six-
ard nine-flat-plate deflectors were attached to the nozzle by means of a
plano hinge. A single telescoping tube supportzd the downstrees.a end orf
the deflection plate in the same manner as in the previous co:ivlguratiory.
For the nine-flat-plate configuration, the initial def'leciionn-plate angle
0, could be varied 109, thereby yielding some off-d::igp marformanc.:

data.
¢
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Pertinent dimensions 1or ull the multiple lat-plate configuration:

studied are ns tollows:

i~ngth of plate, IDeflection anygle |

Config- iﬁnzzlc ‘
wration, (height, | in. between adjuacent |
| numter of| h, T - Jplutcu,
plates | in. | 1| lz ly | 0,
deg
, 1 o
2 1.1 ghojish 2 ---= | Variable
I 2.012.75 - |
3 1.1 2.0(2.75 4.88 Variable 1
0.5 and
2.0 2l S 4.88
| 20 |25z _
6 2.0 1, to 15, 2.0 each 12.¢
e ——- e d
9 0.5 1y to 1y, 0.6 each 10.0; 6, varia-
ble £10°

As in reference 2, side plates were attached to the deflection plates
in order to delay jet-stream detachment from the plates. For the data
presented herein, the side plates were equal in height to the nozzle
height and were sealed to the jet-deflection plate to prevent air leakage.
Limited data, not included herein, were obtained with side plates enual
to twice the nozzle height and showed no difference from that obtained
with side plates equal to the nozzle height. Pressure taps were located
along the centerline of cach jet-deflection plate four the two-, three-,
and six-plate configurations. For the nine-flat-plate configuration,
pressure taps were located on the odd-numbered plates.

Curved plates. - The curved-plate setup consisted of a box frame that
was eattached to the nozzle flange and supported a number of 1/8—inch alu-
minum plates stacked in the box at a 45° angle to the nozzle centerline
(fig. 5). A template and Jig were used to adjust these plates (which
could be siid relative to each other) to the desired curved-plate nrovile.
The deflection plate consisted of a sheet of spring brass (0.010 in. thick)
sufficiently wide to edequetely span the nozzle-exiv width. 1In order to
obtain surface pressure measurements, a plastic belt 1/16 inch thick and
about 1 inch wide was cemented to the brass deflection plate .t the center-
line. To each side of this pressure belt, sheet rubber of thickness eqral
to the belt was cemented to the brass plate to provide a smooth; even
surface. The upstream end of the inished deflection plate was sccurcd
to the nozzle by a special brass fitting machined to provide the proper
Jet-deflezticn angle from the nozzle exit to the deflection plate. The

+tn
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deflection plate was then placed over the contoured stacty of aluminum
plates and anchored tightly in place by means of a cable and turnbuckle
attached to the box frame and the downstream end of the deflection plate
(fig. S). Side plater 0! the same height ss the nozzle and running the
full length of the deflection plate were mounted on each side of the
nozzle. The vide plates were sealed to the plate to prevent alr leakage
onto or away from the deflection plate.

Sketches of the curved deflection-plate profiles studied (A to F)
are shown in figure 6 together with pertinent dimensions. The curved
plates consisted of a short straight section followed by a circular-arc
section until a turning angle of ¢c® was obtained for the plate. Beyond
the 900 angle, configuratious A, 3, C, and F were provided with an
additional curved section.

PROCEDURE

Force and pressure data vere obtalned uver a range of nominal pres-
sure ratios across the nozzles from 1.5 to 3.0. The Jjet stream dischargei
into quiescent air at an ambient pressure of 29.240.3 inches of mercury.
The forces on a Coanda nozzle and the moment arms are shown in the fol-

lowing sketch:

Fivot A
—
Gage 1 Pivot B@/’-
= — B i o | —
(#0.98) (9.28)
Gage 2 {F

It was determined that the horizontal force measurements were independent
of any vertical force; hence, the axia: thrust wac obtained directly from
strain gage 1. The moment about pivot A censisted of two components, the
1ift caused by the deflection plate and the axial-thrust reducllou {(drag)
cauged by the plate. In calculating the net 11f:, moments about pivot A
give the following equations:

P o p—re— o ——
=

A e
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L(z + 2' +7) + n(? +§) - F(z) (1)

It

or
F(20.96) - D (‘z " J)

(30.22 + 7)

The thrust-reduction force (drag of deflection plate) D was calculnted

by subtracting the measured axiul thruct obtained w#ith the deflected plate
from that obtained with the undeflected jet (no deflection plate). The
values of T and 2 were obtalned from center-of-pressure calculations
based on the pressuare distribution over the deflection plute.

In general, the deflection plate for a particular Coanda nozzle was
set at a predetermined angle and all pressure 'ind force data were recorded
as the nominal pressure ratio was increased progreseively from 1.5 to 3.0.
Data recording gererally was terminated for any particular configuratiou
vhen the Jjet stream became detached from the plate. Jet-stream detachment
from the deflection plate was observed visually, since sufficient water
vapor condensed out of the air leaving the nozzle to permit easy observa-
tion of the Jet stream. At the time jet detachrent wac obcerved, 1ift
force was reduced, axial thrust was increased to values approaching the
undeflected thrust, and local surface pressures on the deflection plate
apprcached the ambient pressure.

RESULTS AND DISCUSSION
General Considerations

The performance of each Coanda nozzle is evaluated in terms of the
ratios of 1ift to undeflected thrust F, and axial thrust to undeflected

thrust 52, where the undeflected thrust is that obtained for each nozzle
without a deflection plate. As a basis for comparison, the experimental
51 and &, values ovtained herein are compared with those obtained from

a simplified theoretical analysis fcr a perfect curved-plate mechanical
deflector (ref. 4) and with those obtained from an empirical relation
for single- and multiple-flat-plate deflectors. The equations for the
'9L and 32 values for the various flat-plate deflectors are described

in appendix B and are summarized in the following table:
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Plate [Nimber!local _9"1 7z Refer-
| rontourior nngle '
plates Letween '
td jaent
plnte
+ . .
Curved® I in @, on O, 4
(per-
feet)
= L] '-“ L
Flat n 6k, th.. 04 cos 8, 1L - E tan Uy sin fh,  Appen-
varinble i=1 k=) fes b= dix R
Flat 1 Ol sin Ul ] -:&ln Ul tan v, 7 and
! appen-

dix B

1 ) S -

—

SPerformnuce of this type deflector s satd to roliow the "coslne law.

As 1s evident from the table, the 3{ and jg values calculated by

use of the a " licable equations in appendix B for multiple-fiat-plate
configuration: vary with the number of flat plates used and the local
deflection angle between adjacent plates. 1In all cases the calculated

5?L and % values for a multiple-flat-plate configuration are less than

those for a perfect curved deflector. TFor a multiple-flat-plate dellector
at total deflection angles beyond those obtainable with a single flat
plate (ref. 2), decreasing &, and &, values are obtained with progres-
sively fewer flat-plate segments. Conversely, as large numbers of flat-
plate sesments are used {constant total deflection angle), the surface
contour approaches that of a curved surface, and .ﬁi and & values near
those given by the sine and cosine curve, respectively, are obtained. An
example of the effect of the number ci flat plates used to obtaln a total
jet-stream deflection of 60° on the calculated .91 and 52 values is
shown in the following tavle, along with the values for the perfect curved

plate:

Plate contour |Local angle be—r 3? [ Z,
tween adjacent
plates,
deg
[ Two flat 30 0.785 |0.211
| Three flat 20 | .80% ) .326
| Six flat 10 829 .420
Curved
' {ccaine law) by, 60 | 866! .500

pare b
-~
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The table shows n variation in the calcula .d & wvelue based on that for
a perfect curved plate of up tu Y percent, a1d in the calculated 3€ value

up to 58 percent depending on the deflection-plate contour.

Performance of Coanda Nozzles

The performance of the Coanda nozzles in terms of tne ratio of 1ift
to underlected thrust &1 and ratio of axial to undeflected thrust &

(hereinafter called axial-thrust ratio) ns functions of total deflection-
plate angle is yresented in table I. Cross plots of these data show that
the performance (& and &) for a particular conflguration at a given
deflection angle 1s substantially indeperndent of pressure ratio as long
as Jet detachment from the deflection plate does not occur. Consequently,
the discussion of the data herein generally wiil be confined to a nominal
pressure ratio of 2.1, and the trends of the data will be ccnsidered
representative of those occurring at the other pressure ratios studied.
Only pericrmance data for no jet detachment from the deflection plates
are discussed herein. Jet detachment usuaily occurred within 5° of the
angles associated with the last data point given in table I.

The following general performance data were obtalned with all con-
figurations studied: (1) The experimental J7, and & values increased
and decreased, respectively, with increasing total deflection-plate angle,
and (2) the experimental &, and & value: were lower and higher,
respectively, than calculeted values. The departure of the experimental
values from calculated values is attributed primerily to the facts that
the jet stream was not turned the full deflection angle prescribed by the
deflection plates and that the average jet total pressure decreased with
increasing distance downstream of the nozzle exit (see .appendixes C and D).

The following sections present detalls of the experimental over-all
performance data for multiple-flat-plate and curved-plate Coanda nozzles
in terms of .gi and 52 as functions of total deflection-plate angle
0t+. Also shown in the attendant figures are the applicable calculated
531 and 32 values fo.' the particular configurations and, for comp.urative

purposes, the curves obiained for single-flat-plate and perfect curved-
plate mechanical deflec'ors. For convenience, the calculated .9i and

gg values for multiple-flat-plate configurations are shown by curves

representing an average value at any 06t for the particular combination
of plates indicated by <e¢ experimental data points; the specific calcu-
lated values that apply for each coanfiguration are within 12 percent of
the average values given by the curves.
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Two f{lat plates. - The -9L and 5{ vnlues for a Conndna nozile uo .
two flat plates to deflect the Jet stream nre shovn (n Clgure 7 ng n [

tion of Gt. The data were obtained using n nozzle helght of 1.1 tech ¢
and several plate lengths as noted in the figure. The measured 55. Youen

are ebout 12 percent lower than the corresponding velues colic.a.cd by oo
of appendix B. For the range of deflection angles shown fn figure 7, ' o

decrease in the calculated -9i values (estimated performance curve, !!g.

7) from the sine curve amounts to about 3 percentage points. The mew red
55 value at a 64 of 50° falls about 54 percent above the calculat-.

values. At small total defiection engles (less than 20°) the experim:itnl
32 values fall approximately on the estimated performnnce curve.

At a particular total deflectlon-plate angle, greater J’L valued
usually are obtained for configurations with large 0y than with ome |
81. For example, at 6t of 300 the configuration with 6) of 209 “s
an J value of 0.455 compared with J, of 0.410 for a configurati n
with 61 of 100, Within limits, the 62 at which jet detachment c curs
from the deflection plate is independent of 0,.

Because the local surface pressure coefficients werc e-sentiall, zero
over the last half of the second deflection plate (aee appendix C), n
reduction in the length of the second plate from 5.2 to 2.75 inchesn had
no appreciable effect on the measured 57L and SE values (fig. 7)

A comparison of the data shown in figure 7 with that given in ref-
erence 2 shows that a two-flat-plate configuration can be deflected to
considerably larger 6y values than a single flat plate before Jet de-

tachrent occurs. Consequently, larger .ﬂi values can be obtained with
two flat plates than with a single flat plate. Specifically, for
deflection-plate lengths and angles approaching optimum values (de fined
as deflectors having negative surface pressure coefficlents over 'helr
entire surface with a zero pressure coefficient initiallvy occurrirg at
the downstream end of each plate; see also refl. 2), u two-rlat-plr.te con-
figuration can deflect the jet to angles about 50 percent greate: and
obtain .fi values about 30 percent larger than those obtainable vith a

singie-flat-plate configuration.

Three flat plates. - The &y and &, values for Coanda no:zles using

three flat plates to deflect the jet stream are shown in figure } nos a
function of 6. Nozzle heights of 2.0, 1.1, and 0.5 inch were 1ised

together with individual deflection-plate lengths of 2 to 4.88 ‘nches as
noted in the figure. 1In general, the data show the game trends of j?L

and 32 with increasing 6y and 6y values as discussed for he

- AP e e o, -
-



NACA TN 4377 =y Lt
b
twi.-flat-plate configurations. The reduction of ubﬂq LSr e e P?iv Sl
from those given by the estimuted performance curve 'y MoumE o Aoty
percent for 0Op values less than 60¢. With a nozzl@ aeigh™ L0 2.y Vo
(1. 6(c)), it was possible to obtain total defLectf§51'Ll“tU SITERE S
to #99; however, the attendant %, values were cnly \‘ the orders oo 9.0

v,

A

"t was octedined
v rause of itz
axis, countributed

(14 rereent less than caleculated values), Lecause the
primarily from the first two plates. The third plate,
steep deflection angle relative to the horizontal nozzl
a.most wholly to reducing the axial thrust. Y
\
The &, values for 6, near 60° (rig. 8(b)) are ge\\erally greater
, ‘rmance curve.

by up to 47 percent than those given by the estimated pery.
 neasured &,

At total deflection-plate angles near 90° (fig. 8(c)), the

2. of .17 grea Yy exceed:u the calculated value of -N.3W\ “ecause of
rallure 7 v Y 4 ) turn “he cumplets anglie pres~-;ued oy fi Plhen?
plates saa vecause ¢1 tr~ Limplifyin, as.usntine, ysed in Lhe wuat [ .n
preser’ ~d in appendix i. The inability of the Jjet stream to tulk. ' the f.ll

*11 con-

total engle prescribed by the deflection plates was cbserved for
figurations end deflection angles; however, thie phenomencn was md
evident at large total deflection angles.

Six flat plates. - While the two- a.d Laree-flat-plate configura\ fons
wvere studied over arbitrarily selected def.cction-plate lengths and al ’les,
the individual plate lengths and anglcs for <he six- and nine-flat-pla}\?
ronfigurations (the latter to be discussed Liter) were calculated by u%%

o' the ciagle-flat-plate data of reference 2 in order to obtain near "
optimum pecformance. For a prescribed total deflection-plate angle, eoussy
local def'lection angle between adjacent plates, and a given number of
plates, a plate length was .alculated that would result in negative sur-
face pressure coefficients over the entire surface with a zero pPressure
coeefficlent approximsaiely at the downstream end of each plate.

-,

For the six-fla.-plate Ccanda nozzle (h = 2.0 in. and 9 = 750),

nn -9i value of about 0.805 was atteined ccmpared with a calculated value
of 0.896. The measured 32 value was 0.345 compared with the calculated
value of O.141, indicating that the jet stream did not turn the full 7s©
prescribed by the deflection plate. It is believed that the derrease in
nverape total pressure of the Jjet stream with dislance downstream from

the nozzle exit also contributed to the reduced .ﬁi and increased %,
values. Further discussion of the performance compared with that calcu-
lated empiricelly is contained in appendixes C and D.

A compari.on 20 the ~§i value obtalned with the six-flat-plate con-
flgurston with that interpolated for the three-plate configuration at a
0, of 759 (rig. 8(c)) shows that the &, value for the six-plate con-
figuration is about 19 percent greater than that for the three-plate
confipguratinon.

e . v s - .
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A anxin m JE value " 0.0845 vas obinlned nt the design 9y of 9)9,

'y

cerpare 1 wit 1 a calculated value of 0,919,

A hange in 0] of #lu- [yovo the design nngle of 10° ‘aused i . .-
-eeas> u tlc¢ measured .91 values, especially when 6, wos reduc:a o
v,
because, as chown in tuble I, the negatlve pressures (yielding lift)
this pla.e were balanced by positive pressure. Consequently, the J.

For 6, of 0°, the first vlate contributed practically no 1ift

value wa re: iced (from 0.885 to 0.309), since the deflection plate c .n-
sisted e: fect .vely of only eight plates with a 0y of 80°, With a 1

cf 200, the 1.ft on the first plate was Increased; however, the las! ; late
(6y = 10C") ..i a downward force component that decreased the 1ift 5 o
irom the 7ir r plate. Furthermore, t.ae other plates (2 to 8) had s m. -
what redu:ed .i.ft components because of flow Interactions die to de 'lecing
the first plii.e to a larger angle than that between the succeeding plates.
The resul o all nf these effects caused the .9L value for Ut o 100Y

to be sub: tarially the same as that at 64 of 90°,

For t1e -hree 6y values studied with the nine-flat-plate c nfig-
uration, tie -eacured 3; values were always greater than those alcula-

ted. At o €, of 100°, however, the %, wns nearly zero, sn th ¢ only

vertical 1:f! was being obtained.

pree PN 5
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Coanda nozeles

Curved plateg, - Previcus unvublished NACA data for
. tial to the noz-

Lave shown thnt, when a wurved defiection plate 1is tangen )
2'e ccuterline at the nozzle exit, a positive surface pressure ??ldtivep
Lo amblent pressure s obtalned on the platc near the nozzle exit. This
pouitive surface pressure causes a downward Torce on the plate and -on-
‘equently reduces the over-all 1ift of the configuration. The Turv?d)
plates used herein, therefore, consisted of n straight gection inclined
townward near the nozzle exit followed by the curved contours shown in
figure t. The straight section of the deflection plate Was generally
jestgned in nccordance with optimwn ratios of nozzle height 'O plate
length presented in reference 2, with the result that only .egative sar-
fa~e pressure coefficients doccur on this portion of the deflection ElECs

1 -~

4 Aol e o~ =1
The ¢ -8 Ted .9i and £ n s ootboine oo agm X . -
olyrwwling table

) -

foeurved el l ol Dlald o TE LummAr. et 0 vt U
Cenit g = al)d
- 1

: T
o, valuzs A ovalae”

'ﬂ:()'\.{*“, .

urutioui i
A 0.9 5 -0.04
B 810  -.02 ‘
C .807 -.04
D 770 o]
E 803 | JU2
F 803 | -.02 |

8Minus signs indicate that the jet
stream was turned more than SOO,
yielding a reverse thrust in the
axlal direction; plus signs indi-
cate that the jet stream was not
turned 99

Thes.: _ata show that a cucved surface with t t the downstrey

end of the plate (configm -+ _ons D and E) will . : turn the jet Stre&m,.

as murh a8 *he deflection ang.e specified by the plate. It Ls necessary,

sterefore, to "overturn" the deflection plate (see conf

¢, and F) by an angle of perhaps 10° in order to turn the

o

requirad 50° and obtain an F, value of zero.

goo - ygle 2

jpurations A, P,
jet stream the

q : ~ i ations
i 4 ~omperison of the data obtained with the ~urved-plate configur v

(Lhose for the nine-flat-plate configuration shows that the latter
value about 0.07 higher than that of the upved plates (0.68
that the curved-
ptimum deflection-
of the degree and

Ll pu—
has fd*wégl
to 0.81, rg&&;ftively). It should be noted, however.

plite nonfigora¥yOne studied herein are not considered C

plate srofiles (o, 2180 appendix C). Also “he details
o~
.,
o~
Vi,
Ny,
e,
.7.\
e A,'.-gr

e Bhe e oo o N
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Boang Yor overluraing the defloction plate at the dovnstream end have

L ¥

not been fully explored,

Comparlion of Performance for nll Coauda Nozzles Teanted

The pertraance of the varfous Connda nozzles studied herein is sum-
marized {n o pilot of the varintion of 3; vith -9i showrn in figure 3.

The measured-data curves shown in figure 9 were obteined by fairing a
curve through the highest Jq’ vnlue' at each 0y presented in the previ-

LOBY

cus Tigures and lu the tnbleas, Algo s»own in figure Y are the performance
curves for single-flat-plate and perfec. curved-plate mechanical deflec-
tors., All the data, except for the three-flnt-plate configuration, used
to deflect the jet near 90° (h = 0.5 1n.), fnll between the envelope of
these two curves. The performance of the three-flat-plate configuration
for a nozzle height of 0.5 inch was relatively poor, primarily because

the .fi value was low since the third plate virtually did not contribute

to 11ft, as dlscussed previously, The best performance (as defined by
nearest approach of the cxperimental data to the cosine-law curve) for
large total deflection-plate augles was obtained by the six- and nine-flat-
plate configurations. In general, the measured .91 values of the best

Coanda nozzles for 6, values greater than 70° ( 5; values less than

about 0.3) were about 85 percent of those calculated for a perfect curved
plate.

ZUNCLUDLi+&s REMARKS

The regults of this study show that Coanda nozzles using multiple-
flat-plate or curved-plate aeflectors can achleve a 90° deflection of the
Jet streem with vertical-1ift values of the order of 0.88 and 0.81,
respectively, of the undeflected thirusi. These lift values are accompanied
by an essentially zero axial-thrust component. The measured 1ift values
are not considered to be optimum for a Coanda nozzle, higher values pos-
sibly being attalnable with more refined deflectors.

For the Coanda nozzles used herein, cide plates were required to delay
Jet-stream detachment from the deflection plate. The optimum shape and
height for these side plates were not determined; however, side plates
of the same height as the nozzle and extending the full length of the de-

flection plate appeared to be adeguate.

As pointed out in reference 2, the deflection surfaces may necessarily
be large in order to achleve good performance for a high degree of Jet-
stream turning for use with VTOL aircraft; therefore, best ntilization of
a Ccanda nozzle can be achieved by designing an aircraft with due consider-
ation of the unigue characteristics of the device rather than by

AT T 8 0 5 it cvnteias S,

v . . o
v.»-—-iu-..l.....\
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incorporating it in an existing aircraft. Any trim or pitchingz moments
that might be caused by the location of the center of pressure for the

deflection plate (see table I) would have tu be compensated tor by an ap-

propriate reactiun control device.

“ewis Flight Propulsion Laboratory
National Advisory Commitcee for Aeronautics

Cleveland, Ohio, July 24, 1958
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APPEND X A

SYMBOLS
deflection-plate drag force, 1lb
force measured by strain-gage rystem at location noted, 1b
undeflected jet thrust (no deflection plate), 1b
force or lift normal to piate surface, lb

ratio of 1ift to undeflected thrust, L/F

ratio of axial thrust with deflection plate to undeflected
thrust (also called axial-thrust ratio)

nozzle height, in.

vertical lift, 1b

length of an individual flat plate in a multiple-flat-plate
configuration, in.

total leagth of deflection-plate configuration, in.

surface distance measured from upstream end of & deflection
plate to aan arbitrary point on deflection plate, in.

Jet total pressure, in. Hg gage

average total pressure of Jet downstream of nozzle exit, in.
Hg gage

maximum total pressure of jet downstream of nozzle exit, in.
Hg gage

jet total pressure, in. lg abs

local static pressure on deflection plate or in jet stream as
noted, in. Hg abs

atmospheric precsure, in. llg abs

vertical location of renter of pressure referenced to lower
lip of nozzle exi in.

LN Ve &
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Subscripts:
e

1,2,3,

norizontal location of center of pressure referenced to
nozzlec-cxit plane, in.

horizontal lever arms, in.
local deflection-plate angle, deg

total deflection-plate angle, deg

1ift

plate number
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APPENCIX B

ESTIMATED PERFORMANCE OF MULTIPLE-FLAT-PLATE DEFLECTORO
By Thomas F. Gelder

As demonstrated in reference ., tne cxperimental performance (8
and J; values) of a single-flat-plat: ueflector is reasonably represented
by the following cxpressions:

F, = sin 6 (Bla)
Z = 1 - tan 6 sin 61 (B2a)
from which, by definition,

L']

-

Fj sin 6 (Blb)

D

]

| = Fy tan 6y sin 6y (B2b)

An integration orf local pressure differences from ambient along the single-
flat-plate length (plate area for unit width) can be represented by a
single fur-~e normal to the plate Fy,1- The vertical (1ift) and horizontal

(drag) components of this normal force are

2z

Ly = Fy,1 cos 6, (B3)

al.]d
I ) 24 _'; s '_ i1 O \ 54

“ombiring (B3) an. (Bib) or {(R4) and (B2h) results in

Fy,1 = Fj tan 6y (B5)

Ry assun.ing that tle Jet s.ream will turn from the first piate and
follow a second plate in the same mannc. (same losses and/or augmented
flow) as it left the nozzle =xit and ful:.owed the *irst platc, a method
for predicting tre performance of a twc.piete defla~tor is suggested.
Such reasoning implies a normal force oun the second plate analogous to
equation (BS), or

Fy » = F; tan 6, (B6)
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Likewiue, throughuout asny gliven multiple-flat-plate dellectors,
FN,i = F.) tan (’1 (I4 )

(3K

Since 0y 15 defined as the local angle between adja-ert plates, the [0

and dray components of the 1th plate are n generalization of equaticn
(B3) and (B4), respectiv-ly, or

i
Li = FN,i (o) ﬁ Ui (b\")

Dy = FN,i sln (4 91 (BU)

With equation (B7) the total 1ift and drag for a multiple-flat-plate :ou-
figuration are, from (BS) and (BY),

L=L +Lp+...L

n
30! =
= Fy|tan 61 cos 6 + tan 6, cos (91 + 92)+ 50 ¢ tan 04 cos Oy
(B10)
D=Dy +Dp + ...D,
i=q k=i
= Fj |tan 0y sin 0) + tun 05 sln (6, + 65)+ ... tan 9; sin ;;ﬁ 0,
L = x|
(B11)

From the definition of & w-vd &, equation~ (Bl0) und (B11) become

: L
F = —
J
i= k=1
=tan ) cos 9 +tan 6 cas (6] +6,) + ... fLJ tan 8, cos 0,
=] =il

—_
——
o
[

o)
~
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=N K=
= ] - Ltnn 81 sin O, + tan B2 sin (0] + 0:)+ ... tan 0y sin 0,
e ] e z

f113)

The performeace estlm:ites of multiple-flat-plate configurations using
(B12) and (B13) represent mximum # and minimum %, values to be ex-

pected and should only ve s5ed as a guide. Actual performance will depend
on plate length, nozz.e size, entrainment of surrounding air by the Jet
strecm, and so forth, as discussed in reference 2, and also will diffar
from (Bl2) and (B13) because of losses in jet-stream total pressure as
indicated in appendix D. Finally, local deflection angles are limited by
Jet-stream detachment from the deflection plate (ref. 2).

G ——— e
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APPENDIX C

PREGSURE DISTHIBUTION OVER DEFLECTION PLATES

Order of mugnitude and trends of gspecif!: effects on the pressure
distribution over the deflection plate due to pressure ratio, plate
length, local and total defle:tion angles, number of plate segments, and
nozzle height are discussed in this appendix.

A complete tabulation of the loca: surface pressure coefficlents as
a function of distance along the plate surface measured from the nozzle
exit 1s given in teble II for the multiple-flat-plate and curved-plate
configurations.

Multiple Flat Plates

Representative pressure distributions for the multiple-flat-plate
con. gurations are presented in figures 10 to 13 in terms of local sur-
face pressure coefficient (p - po)/PJ as a function of local deflection-

platc length 1' measured from the upstream end of each plate in the
deflection-plate configuration. Pressure distributions for configurations
having equal local deflection-plate angles (6l = 0, = 64 ...) were

selected for these figures. Furthermore, for each configuration the
pressure distributilons for the individual plates are superimposed for
purposes of data comparison. Where possible, the pressure dictribution
for a single-flat-plate configuration (ref. 2) is also shown for com-
parison. Finally, small inserts in the figures show the loca. surface
pressure coefficients as a function of the total deflection-plate
length 1.

The pressure-distribution trends observed for all multiple-flat-
plate configurations are summarized as follows: The prressure distribu-
tion over the first plate of a multiple-flat-plate configuration has the
same general shape as that for the single-flat-plate configuration (see
figs. 10 to 12) except near the downstream end of the first plate, where
the local surface pressure coefficient is greater for a multiple-flat-
plate configuration than for the single-flat-plate configuration. A
small decrease in (p - pO)/PJ near the upstream end of the plate also

is evident for some of the multiple-flat-plate configurations. The
second and succeeding plates of a multiple-flat-plate configuration show
progressively decreasing local surface pressure coefficients (less

negative values) near the upstream portions of the plate compared with
the (p - pO)/PJ values for the first plate (and single-flat-plate data).

The decrease in the local negative surface pressure coefficients over
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the upstrenm portionn of the second and succeeding deflicection plates
resulto (noa decrease in {0t for thene plates compnred vwith that pre-
di~ted by single-flat-pla’~ datn. Some increase in it {o obtnlned Ly
the nigher negative (p - py)/Py values over the downstream portions of

the first plate; however, the decrease {n 110U of the other plates fnn
onfizuration gencrally outweighs this lmprovement.

fetalls of the pressure distributions for cach multiple-flat-plate
configuration are dis~usned in the following sections.

Two flat plates. - In figure 10(n) the pressure distribution over a

two-flat-plate configuration is shown for nominal pressure ratios of 1.8
dash-

and 2.7 and a local deflection angle of 10° (6 = 6, = 10°). The

dot curve in the figure is the pressure distribution measured for an
otherwise similar Coanda nozzle using a single-rlat-plate deflector for
8) of 10° (ref. 2). Similar data at a local deflection angle of 20°

and a PN/pO of 2.7 are shown in figure lO(b). The general pressure-

distribution trends described previously occur both for above and below
nozzle choked-flow conditions. The decreased .9E, value (compared with

calculated) for the two-flat-plate configuration shown in figure 7 and
discussed in the text is attributed primarily to the decrease in local
surface pressure coefficients over the upstream portion of the second

plate (square symbols, fig. 10).

It is of interest to note that the second plate for the conflgura-
tions shown in figure 10 was excessively long, as evidenced by the initial
location of the zero pressure coefficient upstream of the end of the
plate (see ref. 2), and that some increase in .91 could be obtailned by

using a shorter second plate and thus deleting that portion of the plate
over which positive pressures exist without affecting the remaining

pressures over the rest of the plate (ref. 2).

Three flav plates. - The deviations of the pressure distribution
for successive deflection plates of a three-flat-plate configuration com-
pared with single-flat-plate data (fig. 11) followed the trends noted
for the two-flat-plate configuration. The local surface pressure coef-
ficients for the third plate (constant 6 values) were lower (less nega-
tive) than those for either the first or second plate. This factor con-
tributed largely to the decrease in .7i values for the three-flat-plate

configurations (fig. 8) compared with calculated values.

Six flat plates. - The decrease in 1lift caused by the progressively
reduced local surface pressure coefficients over successive plates of the
six-tlat-plate configuration (fig. 12) is illustrated by comparing the
1ift normal to the surface obtained from each plate (nbtainei by integra-
tion under the pressure-distribution curves) with that feor the first

LO8v
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plate and that for a single fint plate {ref. 2). These comparisons in

rntio form are shown In the following table:

"Pinte|Ratio of [Ratio of
normal 11t normal 11t
of cach plate of eca~h piate

(to normnl to normnl lift
1ift of first|of single flat |
plate plate (ref. 2)
. ’ — +
1 1.X0 1.10
| s .hu .76 '
3 | G4 .70 ;
i | e .66 ,
5 ! .56 61
| .l‘ | :'IIJ s
W (L

These data show that, except for the first and last plates, the
plates contribute only about two-thirds of the normal 1ift obtainable
with a single flat plate for the same operating conditions. The sixth
plate has a normal 1ift only ahout one-fourth of that for the single flat
plate. Tris low 1ift may be explained by the fact that the Jjet stream
is not being turned to the complete 04 of the deflection surface, and

local Jet detachment may be occurring.

Nine flat plates. - For the nine-{lat-plate-configuration (fig. 13),
the effect of decreased local surface pressure coefficients witn down-
stream location of the particular deflection plate on the 1ift normal to
each plate was substantially the same as for the six-flat-plate config-
uration. 1In the foliowing table the 1ift normal to each instrumented
plate (odd-numbered plates) is compared with that for the first plate:

Plate|Ratio of normal
1ift of each
plate to normal
1if't of first
plate

1 1.00

3 .91

5 .68

7 LT
_,_j%_.L, i 7 .28__~"___J

These dala are for 6, of 90° (6 = 10°). As for the six-flat -

plate coxfiguration, the normal 1ift for the downstream plates is reduced.
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Curved Plateg

Typical pressuare dictriovutions over several curved-plate configura-
tions are shown as a function of distance along the deflection plate in
figure 14. In general, the local surface pressure coefficlents over the
straight section ot the deflection plate are comparable in magnitude
to those obtained with the single-flat-plate configurations of reference
2. 1In the transition region where tne straight section falrs Into the
curved portion of the deflection plate, the local surface pressure
coefficients increase again to reach large negative velues (up to about
—O.S). Following this negatlive surface-pressure-coc{ficient peak, 1in
the transition region the coefficienis oscillate widely in a series of
alternating peaks and valleys before tending to decrease monotonically
with increasing surface distance along the plate.

Efforts to eliminate the regions of low negative pressure coeffi-
cients by a change in over-all radius of curvature of the deflection
plate proved unsuccessful. It is believed that small local changes in
curvature of the deflection plate would eliminate these valleys in the
pressure distribution and thereby increase the 1ift obtainable with a
curved deflection plate vver the & values given In the text. The

present setup, however, was not sufficiently flexible for the study of
such local effects on the performance of the configuration.

The effect of pressure ratio on the pressure distribution over con-
figuration A is shown in figure 14(a). It is apparent from these data
that no systematic trends are discernible.

Pressure distributions for configurations E and F were substantially
similar to those shnwn in figure 14 and are no* further discussed.

-

e s 28 B, ot g



Lly

LOBY

L D PRSP S

HACA TR 4517

cepry

AT’I ravld r): D

EFFECT OF JET-STREAM TOTAL-PRESSURE [USSES ON DEFLECTICH-PLATE PRESSURE

4= i
DISTRIBUTION AID LIFT CAPABILTTY

The 1ocal pressures obtained on the surface of the delle:tlon plates
are expressed herein {n terms of the averange total pressure of the Jet
stream measured near the nozzle exit. Also, in the calculated perform-
ance herein it was assumed thnt the total pressure of tle Jet s'ream
remaing constant with distance downstream of the nozzle exit. However,
for an undeflected Jet, increasing total-pressure lossec do occur with
progressively lncreasing distance downstream of the nozzle exit because
of mixing with the quiescent air surrounding the jet stream.

Total- and statlc-pressure traverses of the undeflected Jet stream
at several downstream stations were made with the 2-inch nozzle; the
resultant total-pressure profiles are shown in figure 15(a) for a
nominal pressure ratio of 2.1. It is apparent that the total-pressure
profile increases in height (measured vertically from the nozzle center-
line) and also that the maximum total pressure at the Jjet centerline
decreases with increasing distance downstream of the nozzle exit. Near
the nozzle exit (0.5 in. downstream) the total-pressure profile shows a
nearly flat, rectangular shape similar to the shape usually existing at
the nozzle exit. PFarther downstream the total-pressure profile is no
longer flat but shows n decrease in total pressure with increasing height
measured vertically from the jet centerline.

These total-pressure profiles were integrated, and the ratio of the
average tctal pressure downstream of the nozzle exit to total pressure
at the nozzle exit PJ,d/PJ is shown in figure 15(b) as a function of

distance doWnstream of the nozzle exit for a range of pressure ratios.
Figure 1,(b) shows that the average total-pressure ratio Pj d/Pj de-
J [0

creases with increasing distance downstream of the nozzle exit. For the
nozzle studied, Pj,d/Pj of 0.56 was obtained 11.88 inches downstream of
the nozzle exit. Also shown in figure 15(b) is the ratio of the maximum
value (nozzle centerline) of the local jet total pressure to the total
pressure al the nozzle exit Pj,m/Pj' This total-pressure ratio also

decreases with distance from the nozzle exit, attaining a value of 0.64
11.88 inches downstream of the nozzle exit.

The deterioration of the jet total pressure downstream of the nozule
exlt helps tu explain in part the reduction in the local negative surface
pressurc coefficients on successive plates with a multiple-flat-plate
configuration. All other factors remaining equal, the pressure distri-
bution over each plate (hence normal 1ift) is a function of the total



26 NACA TH 4377

preassure of the Jet streem passing over cuch piate, A reduction fn Jetl

total prescure will therelore reasult in decreased local pressures on n

plate and a reduction {n normnl 1ift over the surface, It wng obzerved

that, vhen the ratio of the averuage surface pressure coeffictent for o

given plate to that for a single flat plate to plotted as o function of

distance downustream of the nozzle exit to the midchord of the particular

plate, the resulting valuecs are similar Lo those for the nvernge total-

pressure ratio PJ)d/PJ given in figure 15(b). However, this observa-

tion may be fortuitous, since the effect of a deflector such ns the vix- Fa
flat-plate configuration on the local Jet-stream total pressuregs wag O
not determined. While an c¢ffort was made to obtain total-pressure pro- N
files of the Jet stream over the six-flat-plate deflector, the presence

of the pressure probe markedly affected the pressure distribution over

the plate being studied and caused a loss in 1ift for the configuration

(in some cases Jet separation from the deflector occurred). The totnl-

pressure dala obtalned under thesce circumstances were not considered

valid and therefore are not included herelin.
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rallo, to uyndeflected thrunt in. in
LNV thruot ratlo,
N
¥ T
1." 0. 78% 0. 315 84 Ay
1.78 .788 L3l By o By
s .008 YL S ) S
Ggstimated.
(d) Nine-flat-plate confipurations; nozzle helght,
0.5 inch; each plate length, 0.6 inch; o
deflection-pletree angleo 0? to 6,, 107 each
; n . . A= o
01, Pressure 'Rutio of 11ift Axial- D g,
deg ratio, to undeflected thrust in. in.
T Fy/p thrust, FR258,
Yo g s
L | z (a; (a)
» . + 3 + .
o 1.79 0.811 0.277 2.25 1.5
2.10 . 808 270 2.25 1.6
2.71 . 835 NS 2.0 1.7
> + . . . +
NG 1.82 0.H880 0.135 2.0 1 4
2.10 .885 .135 2.0 1.¢
2.71 . B85 . 135 1.9 1.6
3.00 .885 .130 1.8 11.8 1
- ' - ; | :
20 1.81 0.873 0 2.0 1.3
2.11 . 864 .020 2.0 1.3
2.69 873 .014 1.8 '1.5
e W 3.02 | .861 g 11.8 |1.65'!
HEgtimated,
(e) Curved-plate configurations; nozzle height, 1.1 inches
i — —
vCunrlg-TPIaLe !Pressurelnatio of 1ift TAxiul- l Y, I 2zl ) l
uratlion length, ratio, to undeflected thrust in. in.
in, PN/pO [thrust, ratio, |
* , |
f , y z '
| | i | IR S e
t 1
A 8.25 1.49 0.800 i 0. 2.25 2.08
' 1.80 .819 -.03 | 2.24 | 1.86
I 2.09 | .815 . =-.04 2.27 2.02'
| 2.46 .810 o | 2.15 | 2.06]
—— | 2.66 | .766 | .19 | 1.95 | .01
B | 9.00 | 1.49 | 0.801 | 0.02 | 2.70 2.10]
! ;| 1.81 | . 304 0 | 2.69 2.15 ¢
Po2.11 .810 -.02 2.65 2.10 |
2.69 .788 5 omo 2 559 | 12lde
2.88 . 774 .01 e 2.564
I . h gl . (- , - |l C
[ ¢ ] 760 179 | 0.842 ‘-0.03 2.23 | 1.60 |
. ; | 2.09 807 | -.04 | 2.22 | 1.63 |
L D 1125 | 2.09 0.770 0.21 Ab3-?,__[}’4-5_{
__E ‘11.25 2.09 0.803 J 0.12 |b2.95 bPy,5
l F ‘_48 25 2.11 0.803 ] -0.02 b2.0 TbQ.B 1

ANegative sign Indicates rever
Jet eﬁr09m§

TRo ¢ ima ced .

se thrust {

excesslve turning of



30 NACA TH 4377

- e i . . - ..
PR coee ' ) .
. .
L . ’ . .
. T o & - . . . . - e .-
2 . - e e PN — . - f .
. . . '
P . . . . . KN
- - . - . . . . .. B 5 . 8
- f R . a o . o
. LY [ o [ k) v . . + - . LI . [} . v
! ! . » . . -1
o= . . . . . . . .
oo o .e . T Puote T -, - . .«
PRI . ¢ P R - . .o . PN
[ . o TR T R SR . . [N B S
[ RIS - Sk . SO ey ‘ o
T v A - X o3 e 0050 W L5 a o -t o=—g P
u] (» [ S ] . e 0 P R [ - - . e e e
N s 2 e . e e . P . . 6 alloc o o o o > EFa o o o
] PRI Vo R A . . o G e e
4} . ' + 0 3
4 . [ - ’ . . - . .
P3 y s “ . o tet st e e, LW 2 Yeree T T o8 o e L a0
& * e ] L o i e w . ohysils
< . .« Ve e e e e C et e e s . B v e 5o 6 oo oo o
“ — Cooe e ) e oo [T T R I
5 [ ' . ' '
iy PE ' . . v ’ . .
) ) P e e ew " . e e o . f O | R
(5] - 2 PRI R qee -t - g ER R
r) - ") 0 0 st R I ] R B I ] " * T R T I R T S B}
< ®n D . ' ' [ ‘ '
P . ~. - . B . . ., . .
.j - - D I TR ) Vi us o ep el p e a Cr A ce Ll L w T e, s
e . ) P . . S . .
' a c e e e e SRR T . . f e e e e c e e 0 o
(S [ T B B PR I v . A LI I B R ooy e
&d ) 1 + Ll ) -’ b . 1 .
53 — . . o ao . . 0 .
% o C -r VR B T PR S . - ' P . . w o .
s - [] . - CHE ) - W e I . -r . . B ) BRI
') " . . B L O 0 0o 0 o o o © o . 3 e e a o e e e e e e
[ -~ - JE ) - o I I B ] . . ”) - P [T T T T B Y
a ¢ o ! Y ' i . - ' .
[P a— e — ' . 0.0 Lo o . '
< s - [ ot oep ot -, e 1Y Wy eaw ., 71 - b .r L ] H VT epaet sy e
) DM . o e 2 ' i ik, e M
[ﬂ o o . .y .. . . L .- . BT e e . EE .
i~ v L I [ v [ ) [ | L] . e L N Y B | LI T T S B |
A2d il PR 1 ‘ ™ . b [ . v
S| 3] ) —— . Sy r - - - . - o . . Pes » .
La [SR- I8 1)l s H Doty R 2 S BRI I} % SO Pt eted ey, = .
' -t o L2} = M Tied L, 0 T L2 ] L =) ) K9 1 % pw oM, Wi e S
~ . . o D I P T 1 . LT D T L ..
— [+ - N N I R I [ | W rl g [ B | (I I T I |
= . .t — L) 1 . PR 1 ] .
e, — p ot v, P - e - “ e = . . . .
‘ L2l 0N 3 2 AT s W TN (L SIS P ) Cl 2 1] -r Moo, T - T ]
‘—l! - ™ < T m 3 I I I ] Lt 3 <hach v o H R R I 7) . i
3 i s bl : Eih e o o D oo Wl 16 D =] -
29 ﬁ] [ I L2 1] N I R I B | R R | v ' ., ”, r k) DO I B B ] P R R S )
— 4 s . ' i . & 1m . '
[ E— RO ‘“ | AL . - — ’ )] — . K
o1 1] 1] — . PR N Vo) A I RS AR I ) . . 1. et TiM, Tep 7™ e e, e
> I - 0 v I R ) N L . . © £ NP . 5 G
= . N B P T 1 . . foe e . D S
[ a M o o” I N PR 0 - ell [ T B SR e,
a - ' A ' ' 0 ' f
o) 1 O (R - . 0 il o P 0 @ K .
. 7] . ] La) - ey, [EE2Y ~; .p INING et e f1 tes NI N U ) e
) Pl - " I n LN A — » s . r 3 ap W bew. e, B "
d - ~ e I R LI v 8 o soetom o e ¥ oo e
o - 1., v ) i ' ] V] ' ¥ 1
oA o= b o . ’ ) 2l . Al f . '
B A f ] 4y e ep et et et ‘ “, ) A R B [T L VRS S I R
=) o oo Ll wifieary & o . [ B R LR TR IS S
=] . [ . . VA e . e e e . . :3 e e e e OGN 7 T
— o ) P I R T I X o . [ T T} ooy
EE a ~y . + t i T 1 1
= P . , - « . . . . . .
) - T TN e X e Ny Loy P T e Tl L e B S
S =l B 0 ", g, D OW [ R gi-X - oy s R R L (TR . X
X £ o~ e PR N T T R | ' = Al IS I T T B I} N Y
(] o] - 1 ) . ‘ &
4] - . e 4 - . - e v i + g i
L L) ) I e R PR TR A S S P
0 V 3 ) 4 0 LA I I P 5] Fet
N e . . . . e e e e e O B
52 o W0 W) R I B | oo N
— e} 'y 1 1
f 44 - - . ‘ . . ‘ + 0 .
' s o s TET e I S et .
[ ’ t 0 L T s Ny i, .
” . . . e e e s e Pl P ol
PE——1 4 v hm [ R I I I I} ] ' [
o =1 [ -r [ '
- ' (o . ' ' . [9) . - f .
(<] LI S 0 4. e g R R P PP IR TR P T
(ﬂ !; o e { 13 e g @ A NN R N e ALY L 20350
a - T3 0y 0 ) "J ) ‘ = le, i ] A ) v v v
- ~y w) i [ ' ") ' v )
PR Do e ' . o i @ v . ‘ f .
— N, YIW D )t ot R R N R R J (ST et o
ol N A ) Ttacs | ey G ] Hooe W, ) L0,
o ) o . e e - . . LT e e e .
o [ I SRR —~ N i ' v 4H
a v ’ ) d . 1 ' g
.. ‘ . . ‘ . , ‘
: ooy R R o R B R T TP Se oy ey gy s = Vs cim et s 7R M0 4 el e
S N v el LA o | (15} -+ Fresmicgen e Al Ey L
a vy R e T . P4 a0 w i o IR e e e e e
' W ] ] =
; i b i s i I ~vk -} (& [ I I B [ . \}
& — ' " i | + i ] 1 N ot
.
e
W #1 | | ] ys N ['e I eyl
| fwant 7 el H) R LA 7 R s 42 ; L 2 30
I o P T T i ] T T T N e T v I ) e e e e e e o e er el der e | kLK a
i — et e L Rl RS R L = Y W o ey Con et g My My ey N
u & o | 74 w oo
AR ] ci e d ol B
I-".. - a [ LSRR
kW 4 i o oo [-et -y
A oad = i ol Lo iada 1D .
vd moTh By slaT
© -
o IH' 2 -
YRR [TV T i
I i i
- . o . "

r.ae-\ .+, bt gt




we

-1

bt e

NACA TN 42777

~

-
7
-

-

T

-
.-
4 -
. f
.
e .
. "
DRI
i &
e
o
e
[
1 . e
o
I
o
e
- -,
[
[
[
-»
e
vy
R
[
Lwir
o
[
et
N
[
P 4
Ten
Voo
Ca
Lt
i et
e
0
et
REERTER

. .
.

'
-
.

.

-

'
-
.

‘

1
'

)
-, s
'

.

-
'

'
o,
'

'
i -
c

.
ER
'

'
‘0
[

i

N
4
.

1

2
Ceen
[

[l
ca
'
1

A
s

)

v
PR
]
Vo
’
Vo
[
]
1
- rEs
i
()
celeen
'
‘s
'
v
‘
wj o
'
v

)
'
)
TR
D
'
oy
'
"

0y

o+ o

L]
oy

o

-r

29

-
.

-

-
oy o
- ..
coa
oo

¢
e
g .
[
w .o
o
o
[
PR &
W, T e
[
s

e
o v
s
[

A\
-,
5o )
L ) 1
P
R
L '

13 a4
L) t
v
D T
er
v
wa
EE ]
[
o
PIT)
e
.t

B .
.
' .
- -
oo
(]
PR
(]

'
P e e eea
()
[ v
o 4ee.a
o
]
'
I PR
0 o
1
v.oq LTI
s
'

r -
PR
t

" woes

PR

[
[
rallc
'
‘

W e
[ '

'

oo o a0 4

. o ]
¥

.

D R

)=

(RN

+ v

4 Y
“ 4 s
"



807

-~ Tt epwy
Nrd e 0D ) »
. DS

] | 1

o)

v

.

.

P
'

(SOl SRS
4 -
.

@ Oy
D
I

58°¢€¢
1e°x

-

. 8 ¢

> W Y1 M)

cr-
=
~e e
A
R
et -
e

O —
N ey
1

QJ r
'

-

[ Ve IR B )
R RN 2 NeY]
. .

(@] ]

G-

&

§2° -
ER Gl
80° -
£0° -
£0° -
I1°0

nm\

S6°6

80°
10°
.OHcI
¥e -
og*° -
S
_wm.u
-isgro-|

(%4 - qa)

v

¥ G9°c¢
1 |

<,
GO | Boit -
+0°- O~
§0°- 90°-

50" -
o1~
g1°-
ST*- sl°-
cer- 12°-

L2°0- 82°0-
$1°- 0fc-
g1°- s1°-

ET*- 61°-
cg"- 0¢°~
€9°0- ctro-
o -
10° -
10°-
<0~
£O° -

11 -
ot--
-
¥ -
02"~
€1t - 162°-
€€ - 8g°-
t9°0-) 6" 0-

‘luatroiiiao

1
(g€°g2 so°St

4
ZLtZ €17e (81 Mmm.ﬂ
i 4 .

sqe 3k

Ut 96°82

..

2
[}
4

¢
oSt *le.,002 ‘%o 1651 “%g fo0t ‘Tg 002 ‘%8 40T

O Sl
S0°-
GC*-

61"~
ce’ =
61"~
g€2'- LS~

g1 -
1€°0- ¥€°(— 05°0-
02~ 1 LO"  g0°-
ge - (10" - 10°-
¢g - (11'-  10°-
L= j2¢°- 120°-

60°- o'~
Y0'- (92 - |BI°-
$Q°- | L2°- 2% -
€1°0-]95°0-| ¥9°C-,

90" - i

cot-
c0°-
S0 -
-
$1°-
el -
W~
+¢1 0=

61"~

o8 Gl
ST -

@il=
((C
otl°-
LT ¢ o
3

[or
62° =
8g" -~
6" 0~

aunssaad asejans Troog

oA.mwnmn.mn 0%- ¢z
§9°c |eT-e 18T
— - 1 s

=

O t:u; g2 = Ts

oL %1

1671

T
]

o
i
—

f*ut o2 =

20" -
so°-
10°-
10"~
¥ -
11~
$T-
210 -

31* 05

61" -
S
81" -
et =
€ 0~

e -

v
v -
L1 -
01" -
S0°-
S0°-
ST- 0

[Pl

o.
o
lgr-
og*
_Om.
‘9g-
Le:
|9

® S

! mm.m¢amm.wm~mm.nm“m>.wa
I 1

QT

SO I ==
- G0 21°-
R A A G
1 aitcasta il Bt O

'
-y
o0

|

1
o
—

!

S G

- o0e- eEr-
- |S¥°- 8g°-
0-]€9°0-18%"0- |

————e e

e 4
S6°¢
S¥° e
S6°¢
S¥ e
S6° 1
S¥° 1
S6*
St 0 =

Nonowm
[ NV NN

|
l

.

O
oMNNn~-O
e Y

SLe

‘20UBIBYTD
a0® jans
[B8o0O7]

!

2383 Y -ul .ﬁm

gL g |ST°2 (18-T1 (1871

i (

JL___|

©8 10T ‘lo oS8T ‘%o g

1)

N

Od/Ng.

0T ‘Sg ‘501 ‘Tg

gaYoOuy gt .m~ fsayouy gz ‘< f{uoTiBINETJuod aqerd-jeTJ-saay] (Q)

TSIZZION YUNVOD ZLVTd-QIAHND ANV ZLVId-IVTIA-FTI4ILION HOL SNOILAGIHLSIA AHUASSHUJ

L]
-
£
<
mw L C T ¥
= er-  59c-
Yo - _oe-
G- al°-
m * - > -
o= ST -
£7°= §1°-
I
a=*9- srtc-
® - ")-'
g - SO° -
2 Podhd T
§¢°- G¢°-
S 0- G5°Om
Bl 917 -
g - SCT-
67 98-
Wo- gy-
677 - ¥y~
- A & A
Y A
ST C- 6Y O
STTEY OS¢
ootie
o ‘%9 1451
(38,
»)

*panuljuc) -

a813ue mumﬂgm

“II FIEVL

T




I* 79

g

SERE SR IS

NACA TN 4377

A P

Pt
ety v

..
i
.. - "". -
1 « .
' -
) .
o TR,
Py i
,

Pa, Yo, Me v
thn,
HEPEE S SN

eetnr »,

H
Q 3
i o -

S TR £ A TN Y

: '
. - 0 .
. . -
. . A 1
. e -
. Lo
. . . g

. . - . <. ot
P—" - L 0
e e Y e - R

; L . - op 0
N . + - + . . '

- - ! - N

- L - e o

. s o

. «

J (G 3 L. v
[ 050
. . . o
5B 4 . [ ‘

"a. P I
47 R - 4 ’ !
e - o 0
, . g ' ,
. S - -. W
B a0 B . "
. oo 90 B ) ©o
S o @ oo
T L R il
O P B - o o el

i =, ceebed [
=i -l L a o
SRR ISR IS . <.
DA e, o ©og = -
y - 1 ! - - i

. ' . ' S -

o | . e 0
) P R TR
R .
. . -F R
- G BRI A
| L L A - N
- o i
L A5 T PSRNRO Mol R R TR VAL

v
.
. K
o o PN
'
. S
. .
LN
[ U
. TR
'
oo .,
. -
- 0ol
vy
- - 4
Lo ’
EIP IR
.
i 4
,
e 4 c
e bt
. i
- o &Ty

v



NACA TR A3T(

PECER BPR B

Lt}

L4

- =
.
* - e
-
- IS
o
-
&
P
9Ly
O 5 [N
.
- Y‘\l
.o .-
RN
. _ - .
YA'
- e
. IhY
- z
.
- ~
.- >
= -
. _ ~
zz
o Mo e
B3
-
PR
[ 2 L
-
.~
L 0
. ~
o 2
faeated
SEITZCY

et~

a

B e e e P

§ Law
2 S - o-  o-] o7 "o -] o~ o1 ol ol o7l e K
> 1)'=> 10°-> 0= 10°=> 10°-> [0°=~> [0 =>! 0~ 0~ 0~ ' 10°-> 10°-> 10" -> S6°¢
C7=> 1¢"-> ¢c'= 10°- 10°=-> T10"-> I0*'-> Q) O~ C~ On 0 o] S¥°¢
iG°- T0°- "€0°- 20°- IO~ :10°- . O~ TO*-> O T0°-> 10° ,HO.lv‘Ho.uv S6°¢2
T0t= T0T- G0t- €0~ 20°- T0°- legot- 10°-> Tnt-> TI0°=- TC°- MHO.IV T0°-> St ¢
FR - ‘¢*- 80°- GO°- *0°- €0°- 1€0°- TC'- 107~ 1Q0°'- . T0° - HO.I 10°-> S6° T
#CT- 50°- 0Tl°'- 80°= [ L0°- 'L0*- 190°- %0°- €0~ ¥0°'- 20°- 10" TG - ST°T
LC"= &0 TT1°- TI°=- T11°- [g1°*'- i21°=- lgo*- 0"~ !0~ 160"~ “¢O - R0 - c6*” .
= FUT2- ST 21°0- ¥T°C- ST1°0- LT°¢-! ®*T1°0- ST°0- LT°C- 2{°0- QOT°'0~'CT 0- 210~ S%¥°0 = *1
% " o S = =l ST —o=— J— o — HR. S0 SRR - S
xC° - C'- 0*= 20°- ¥0°- SO~ !10°- ,20°- ¥0°"- 10°- 10°- I0°=> 120"~ g c
Q- T - 10°-> 10°'- 10°'- 10°- 'T0°- '10O° , 107 '¢0°= 80°- j10° 1c0o” 0 c
11 - "C*= €0°- 90'- ¢0°- 20°- 160°- 90"~ i20°- L0 g1~ _OH.l R40 R ST
<1 21’ 0 - €1°- O0T7'- 90°- [ GT'- (9T°- 07"~ '3T1°- !21°- !1°- l91°-- 01 >
S J7T0= 2¢70- 9T1°0- L1°0- 6T1°0-:GT1°0~! 8T°0- 12° 0=, 220 8T°0- 81" 0~ AN.O|_¢N.O| S'0 = Vi
5 - - o =S A + = 0.8 ——— S - + s |
=N RE «eG" - 10° 10°> T10° 10 - 90" SQ* 0N ,OH. _wo. ¥0° ﬂmo. ! 0°¢c
€0°- S82°- GC°- €0°- €0°- {90°- |50 _¢O co* AN | 60° g0° co* GL° T
S0 - i1°"- 0O1°*- 80°'- |80°- (1I1°- !TC"- 10" > mmo.l 1€0° ¥0° ¥o* 0S8° 1 ]
L= 48T - 181"~ 1E1 - 4¢1°~ hi91"- | 0"~ _mo - 80" 21'- [30°- |s0- ge- G2 T
Q1'- 02"~ 91°- GI°'- 81°- .02°'- _mH.l _mo.. 0 S _Oﬁ - lete- co’ g0 - oI
A S te = LT = gl = wJ.l - 191"~ o= _Ow.l _mH.l ho.n A cL®
Bt = s2°= 'g2°~ Yo' - ¥C- - Nm.l {1&°~ (92"~ 12~ |8z~ |o&° ~HN i 0s* - T
© 12'2-,97°C-92°0~{§£°0- L2 C me 0~ HMMwb-ﬁmNMb-%mN.o 61°0-142°0-|L¥°0- IS0~ s2°0 = It
' Sut
. ‘90UB]SIp
R i aoTJjans
m\ >d - d) .ucwaoﬂmuwoo aanssaad sdzJans T2ooq] Ted07
. . ) | - T Y _
Y 0L77FICET v DET6S OL6F um o< mm Om Ow m# mH.MO%OO.ON_mJ.mm 0€°05|ST1°22 {08 ¢z !a3ed JH -uT .hm
21" 108'1 [€0°¢ Ou'2 |TU'e Hom T oH.- |os T |so'¢ lecvz |oT'e |os°T | Od /Ny !
¢ f, . .mm 08 % =
6 ‘557 ‘lg | 032 ‘%o fog2 ‘T _.omm Cg f,2z ‘Ip £,82 ‘Cg f, 02 ‘To °T8ue a3eTd
8Qe B4 rut gg'62 = Od frut gz = U1 f-uy g0 =y (g)
£934oUT BE° ‘€71 fsayouy gLz ‘21 fuoTjean3dijuod 2aj3eld-3ElJ-204yg ‘papniodouoy (q)
YANVOO ZLVI4-dEAHND ANV ALY Td-ILVIJd-TI4ILINKH HO0d SNOILNETIHISIA AYNSSIUd *panujjuo; - ‘11 JIgVL



RACA TN 4277

aarfn e
1in’ance,
HEOIN

L1
L'l
o4
Bo
1.
1

”

] M ‘hl 8 8k " 4 BY :
B R T 71 S BN )
B T L Oof Ooo20 -l oA
. . | i UL U T R S e 4 . d
‘e
t
(R . .l‘-‘; R
[} o0 L B | T r
L]
e 1 . Ve arta
atlimue Jrensn.re
) Ut e, (R R ROt
. : oo b
5 . } .
@ 4 - .t - ek . ‘ ! no- ey !
o ' -, ) o4 i d i - - L -, !
S S I T/ S e I
.4 I S LI - -
L tF B . .- . K
= - ot Y : - S
L) CI I B Sk i ‘ - P S
-4 -4 .t - ',hl [ -k L L
4 ot PYRNPT = ' SLTh - & L
-5 I A Y O L -
R L A I S 1 ’ P i
S - LR - L B
o IS = .l -4t " SE I A ]
=l seal Bk R B . 0 & AR -1
L S LA FEIN 1. B e A T
DL - 19 -8l 18F (L) B T A
- lam. = [ g S opHl l(t : LY .Y I
E D “ " -.4. i S R T EE
R T T o -1 -1 -t
P R P -. 51 LU AT T
ER o (RIS A A . B -. 9 =4
= -l SR} R ) 1wt I N < T AN £
R R .o -0 =08 -0 4
B i T TP L ) 1.4 -l =00 -0
i 0 . 4

(1) Nitweeflat-plete confipuratton; noszle helpht,

g fi

,, 10" sacr; Ly bae o 0 o U (W

o oo fhevies of mercury abge lute

Flote arnyle
/i

J’

ll')"ﬂ]
surf'ace
t dlatance,
in. ,
{ B'V.&Y
ll (5
LtH
A
9

$1.. He page .

”l' o #1. 1"

' ' ¢ 1 |
! [N PR T I R P

. + . . . . +
U B TR L & T T e d, 0 !

i f . | . .

Loenl surface preasure coelffloeter

L Ebs Tl
4 L/
H i
< 1 - -
. « -l &
. '
0} im0
o TS G
-0 - - [N
- - -4
S ¥ R -k
. + . b |} + .

S S S

Lo s S A RS I R e I

' A T L I L U S D L

gL N -, 19 100 - L e

4 B R e -1 -9

I e I L T I S I, B O L R O

. g 5 0 g 0 ) .

v [EPR L P AL U (b B R N TR A S PO B IR L

! SR P = R R T N . 2 PP

H - L LR B A B SR A BRI

A P V. N [ § N 1 TR T R I

B0 -t EI RN R ST I A KR b |

1, = 0.0 ELCI TR AT B B N R R I Lo LS

: L RS ST (VAR R LI VL: B KPR (YA ()

Kl LTI 13 P S T S N - ot -0 -t h

al B T & L L T S L Y

~0d4 -4 -, 08 -0 - 04 -l -0

= ! | ) ' i
- e e e ettt — -

P

-,
.10
-1
-0
~.1h
ER e
.1
-
.
-t
-0

(L

each;

Ye 4% 04904 -
1

Py

R )/"PJ

- oAb
o o0
-.49
-4l

=0, 31

-6

-.0d
- 16

a1t

T

f

-t ]
-l
-4

i

(=



K4
o

i
[;.

PLATE AND CURVEI-FL

A=

FUR MULTIFLE-FL

S

AN

IBUT1 OK

ZI5TR

SUSURE

YR

L LEgeg

fed
2]

4

]
:

pressure

e

.+

T
~,

]
"

“r
o

-

2
",

",

v
v
v
ca
[
to
N
.
[
[
-
'
0
o
(SIS
e
(]
Y
LIt
[}
T
"
[
“i
[}
L
[}
[
=
'
[
P,
i
[}
LY
(]
w;
[

",

",

. -
» o
»
e
o
-
» o
"
[
Ll
'
[
. o
«
o
r
e
[
.
P
L
[
1
vl
=
o
P
'
[}
BT O
vt
T
5000
[
ot
o U
[
o
[
ke
[
ool
[
480
e
[
r

NACA TN 4377

£

L8t

B et e . ey e Y



KACA TN 43577

4073 =10 ;)./
._./)/

X111 ptu oSwd

UlBIIS 8010 -1wIj1Ia4

¥2I1 pus 232
TF8IPS 82I0:-TBIXY

Cledag




4807

N 4377

r

NACA

A1ddns 11w
Ulem malg

38

‘zo3s4s {1ddns uy moOTIITY - 7 oanITs

SUTT B

[The

aqoad 21183970374

TOIIU0D MOT a1y

r———— - - S st g

s —

Leas



NACA TN 4377

Nozzle Helght, Wideh, Ex!t area,

in. in. 6q {n.
a 0.9 4.0 2.
1.1 3% 4.1
c 20 2.4 5 1

Horzle centerllne

Top view

Norzle conterline

Side view
| 1 i 1 |
0 1 2
Inches

Figure 3. - Cross sectlions of nozzles.
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height, 1.1 inchesj plate lengths, 2.0 and 5.2 inches.
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Figure 15. - Total-pressure characteristics of undeflected Jet stream.
Nozzle height, 2.0 inches.
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