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SUMMARY

The present work is a continuation of the experimental invest:-
gatione described in Part I. The subject was to increase the thrust augmenta-
tion of a configuration consisting of a Coanda surface (quadrant), deflecting
the primary jet sheet through 902, in conjunction with additional {(thrust
augmenting; surfaces. The effect of a horizontal and vertical gap between
the lip of the nozzle and the leading edge of the deflection surface, as well
as the effect of a gap between its trailing edge and the downstream diffuser
wall (tertiary flow) was studied. These experiments were carried out for a
convergent (subsonic) and a convergent-divergent (supersonic) nozzle at
various pressure ratios. The subsonic jet sheet produced inie highest thrust
augmentation. Tilting of the quadrant led to an increase in the augmentation
ratio (excluding the lift acting on (ne nozzle), while the total thrust augmenta-
tion (including the lift over the nozzle) did not increase. Typical secondary
and exit mixed flow velocity profiles were obtained. The highest total thrust
augmentation oovserved was 1. 37.
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L.E.

T.E.

NOTATION

measured lift or vertical force on the entire suspended thrust
augmenting rig, lbs.

measured drag or horizontal force on the entire suspended
thrust augmenting rig, lbs.

measured lift or vertical force on the external three flaps
(augmenting surfaces), lbs.

measured drag or horizontal force on the external three
flaps, lbs.

estimated lift or vertical force on the nozzle surfaces, lbs.
estimated drag or horizontal force on the nozzle surfaces, lbs.
totai lift = L + LN, lbs.

total drag = D + DN, 1bs.

thrust, lbs.

impulse function (lbs.)

momentum flux, lbs.

pressure

radius of Coanda surface or deflection surface

leading edge of deflection surface

trailing edge of deflection surface

length of the interior flap

width of the diffuser inlet

herizontal distance between nosgsle lip and leading edge of
deflection surface

vertical distance between nozzle lip and leading edge of
deflection surface

throat height of two-dimensional nozzle
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3

g«o'-i<

T 6 ™€ % D

Subscrigtl
1

2U
2L

area

pressure ratio = Po/P3
Mach No.

mass flow, slugs/sec
velocity, ft/sec
temperature, °R

density, slug/ft3

angle between the horizontal and the tangent to the lip of the
top exterior flap originating from L.E.

the angle of the top exterior flap from its vertical position
the angle of the bottom exterior flap from its vertical position
the angle of the interior flap from the vertical

initial angle of deflection surface

thrust augmentation = L/J}

total thrust augmentation = LT/J)

mass augmentation = m3/m)
exit plane of primary jet
inlet plane of upper secondary flow

inlet plane of lower secondary flow
exit plane of mixing channel or diffuser

ambient or atmospheric conditions

total head or reservoir conditions

maximum thrust augmentation ( ¢ ) at certain configuration
control surface

conditions of the Coanda (deflection) surface

vii
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1. INTRODUCTION

It has been well established through experiments that a jet
sheet can be turned efficiently by a multiple-flat-plate or smoothly curved
deflection surface through a wide range of turning angles. This phenomenon,
known as the Coanda effect (named after its discoverer)yis due tc the result-
ing pressure difference across the jet sheet. It also applies whether the de-
flection surface is attached to or detached from the nozzle, as long as the
gap does not exceed that which causes the flow to separate from the surface.

Defining the turning efficiency of the jet sheet as the ratio )}
of the measured vertical lift on the deflection surface to the ideal thrust o
the hcoizontal nozzle, it was found in the experiments described in Refs. 1
and 2 that high values of 7 were obtained for both subsonic and supersonic
jet sheets. In those experiments the deflection surface was detached from
the nozzle for practical reasons, but the gap was kept at an absolute mini-
mum. Korbacher (Ref. 3) found that by widening both the horizontal and
vertical gap, an increase in resulted, with 7 max - 0. 96 for a 90C de-
flected jet sheet at pressure ratios above 2. 0.

The logical next step was then to try to increase above
unity (thrust augmentation). It is of course not essential to turn tne flow
in order to obtain augmentation of the thrust, but by doing so, one takes
advantage of the better entrainment properties of a curved jet sheet as com-
pared to a straight one. Besides, curved jet sheets can be very useful in,
for example,V/STOL-vehicles.

The whole concept of thrust augmentation rests upon entrain-
ment of ai,and the degree of augmentation depends on both the relative
amount of entrained (seccndary) mass flow and on how efficiently this flow
is mixed with the primary mass flow; that is to say, the amount of viscous
losses which are experienced during the mixing process.

Thrust augmentation can be obtained by arranging a suitable
shroud around the primary jet, thereby creating a boundary for the mixing
as well as a suitably oriented inlet channel for the secondary flow and out-
let channel (diffuser) for the mi ed flow.

A quantitative th: oretical prediction of the degree of aug-
mentation is difficult, if not im; ossible, for a number of reasons, the main
one being the lack of a complete understanding of the mixing process and
consequently the establishment of the equations governing this process.
Another complication as encountered in a strict analysis is the unpredictable
interactions of several parameters. For instance, by altering one test
parameter and thereby improving the flow picture in one respect, it might
very well be that an adverse effect on the overall augmentation ratio results.
For this reason experimental investigations into factors affecting the aug-
mentation of the thrust are esseuntial and needed.
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This work .8 a confirmation of the experimental investigat.on
carried out by Hope-Gill (Rei. 4) in Part I of this study.

1. TEST FACILITIES AND EQUIPMENT

2.1 Geneitul Description

‘The test equipment used in this investigation was basically
the same as described in Part | (Ref. 4). The major difference was the
additional use of a two-dimensicnal convergent-aivergent nozzle and of
sume surfaces employed at a tertiary flow inlet. The general arrangement
and some details are shown in Figs. 1 and 2. A brief description follows.

2.2 Ar Suaglz

Compressed a.r was suppled from a Turbomeca Palouste 500
Gas l'urbine. According to Ref. 5, this unit is capabie of suppiying 2.7
pounds of air per second at a pressure ratio 3.8:1. The compressed air
was ducted to the settling chamber of the Coanda test rig by means of eight
inch diameter piping after passing through a large water cooler which re-
duced the air temperature from up to 450°F to approximately 60°F.

2.3 The Nozzles

The interchangeable rectangular subsonic and supersonic
nozzles were installed by bolting them to the flanged end of a bellmouth
or contraction section mounted in the end of the settling chamber. In
order to reduce the blockage effect on the secondary flow from the cylindri-
cal settling chamber, the nozzles were made 7 inches long. The nominal
throat area of both nozzles was 1 in2 (8" x 1/8"), giving a jet sheet aspect
ratio of 64.

The superesonic nozzle was designed for an exit Mach number
of 1.3 (pressure ratio of 2. 77). In order to find the actual Mach number,
six static pressure tabs were mounted flush at the exit, three each on the
upper and lower lip. As they all were connected to a water manometer
through a common tube, an average exit static pressure (P;) was obtained.

2.4 The Test Rig

This consisted of the Coanda (deflection) surface, the interior
fiap hinged to its T. E. and the three exicrior flaps. The deflection surface
was a quadrant (R = 4") of the same widths as the nozzle exit (8"'). The lead-
.ng edge of the quadrant was extended by a 1/4" flat surface,and the quadrant
couid be rotated (or tilted) about an axis located some distance away from
its center. The three exterior flaps were hinged together and supported
solely by a frame connected to a strain gauge system mounted rigidly to the
frame of the thrust augmenting rig.
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The quadrant and the flaps {hut not the nozzle) vere euclosed
by glase sidewalls on either side in order to simulate ‘wo-dimensicual flow.
A pit below the mixing channel exit was designed 30 that any ground effect
was eliminated. The weight of the enlire rig was suspended prinarily by a
balance with a fixed fulcrum and the Coaniu quairant plus « -port was sus-
pended by another strain gauge balance situated belcw ‘he sett’ ‘ng chamber,

The variables of the test rig are ghown ir. Fig. 2. The entire
rig could be adjusted horizontally and vert.cally, providing various gap sizes
de’.ned by the distances £ and a. All ihe flar anglee could be varied by
means of the connecting rods. The choice of relating o¢ to the L. E. in-
stead of to the fixed nozzle lip was based on practical consicerations, and
:s in line with the definition used in Part 1.

Unfortunately, there were some mechaunical limitaiions on the
rig. In order to avoid anl part of the balanced rig to touch the fixed nozzle,
*he smallest obtainable was restricted by the glass-plates hitting the
nozzle lip. The flange under the nozzle (see Fig. 1) restricted the tilting
angle & and also the vertical gap size a. Thus at & max =12%(£/t)y,n =1
and (a/t)min = 5.6.

2.5 Instrumentation

The linkages of both sirain gauge balance systems allowed
the u:utual perpendicular coraponents of the lift and drag forces to be mea-
sured independently of each other. The strsin associated with these forces
were measured on two se.arate SR-4 Strain Indicators (type N), and the
actual forces was obtained directly from the calibration curves of the
balances. The indicator connected to the main balance measured the ver-
tical force (I.) and the horizontal force (D) or. the entire suspended rig,
while the other indicator measured merely the vertical (LF) and horigontal
(DF)forces actingon the three exterior flaps. All the strain gauge electrical
bridge network was arranged so that straiu geuges were sclf-compensating
with respect to external temperature changes.

The static pressure on the upper nostle surface was measur-
ed with a probe held parallel to the flow and close to the surface. The same
static pressure probe was employed across the lower secondary flow inlet,
A2, (see Fig. 3), while a rake was used across the upper secondary fiow in-
let (A2y;) and at the exit of the mixed flow (A3). The total head across A3
was measured with a single total pressure orobe. All these probes were
connected to a water manometer.

The primary mass flow was measured by means of an orifice
type meter (Ref. 6) situated in the pipe downstream of the water cooler. A
U-tube water manometer recorded the pressure difference ac:'oss the orifice
plate. The total pressure of the primary air was measured by a mercur;
manometer connected to a pressure probe located in the settling chamber.
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The primary flow temperature was measured with a standard glass thermo-
meter lo.ated just downstream of the cooler. The engine and airbleeding
controls were centrally located, away from the sound-isolated engine »oom.

3. THEORETICAL REMARKS

3.1 Introductory Comments

If by thrust augmentation one means the ratio of the total
inrust acting on a system to the thrust of the primary flow, it is obvious
that one has to strive for the highest possible total outlet momentum from
the system in order to get maximum augmentation. This means a large
mass flow and/or velocity of the exit of the mixing channel diffuser.

As stated in Ref. 7, a thrust augmenting device is in elfect
an ejector in which the emphasis is laid on an increase in the momentum
rather than on either mass augmentation or "jet pump' (pressure rise)
capabilities. Further, in general, thrust augmentation depends on the geo-
metry of the ejector, the flow properties of the primary and secondary flows
and the exit conditions at the end of the mixing channel.

3.2 Momentum Box Theory

Consider a stationary thrust augmenting device as shown in
Fig. 4. The arrangement shown is essentially the same as that which was
used in this experiment. The chosen control surface, indicated by the
broken line(s), may be considered approaching infinity.

The entrainment of secondary air might be considered as a
sink effect at the inlet. By coatinuity, the resulting induced velocity Vv, ,
across the control surface, s, varies inversely with s, i.e. Vioe 1/s. It
follows that for the control surface area approaching infinity, the fiow velocity
across s will become infinitly small, and all terms containing ng will vanigh
like 1/s®. Thus the momentum terms at the control surface, in both the
horizontal and vertical direction of the entrained flow,are of the order

ds
';f 0

and consequently, the static pressure of the control surface (except over A}
and A3) is

lim f? Vi3 ds = const. Um
8-> ® 8-> ®

P=P,—> Py as s+ ,

Hence, there is no pressure difference across the control
surface and the total momentum approaches zero. In practice it was ob-
served that only a relatively short distance away from the ''sink',it was
impossible to indicate any difference between the static pressure and P,
with the static pressure probe.
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If the primary momentum flux enters *hie system horizontaliy
and the mixed flow momentum flux leaves it vertically, by applying the mo-
mentum theorem, the vertical reaction force on the system simply becomes

nysfg V3? dA + (P3 - P,) A3 = Fg
and the horizontal reactiou force
Re=+[ € Vi2dA+ (P - P A = Fy
From these relations it is seen that the inlet momentum of
the secondary flow does not have to enter explicitly into tl.e analysis of Ry

and Rx.

3.3 The Reaction Forces

These are the forces acting on the surfaces in the control box
dve to pressure and friction induced by tne flow passing over them. They in-
clude the forces on the Coanda quadrants, the flaps,and on the nozzle itself
a8 well as on any other structural surfaces in the flow field.

These forces are the lift and drag (L, and D¢) on the Coanda
surface (including the forces on the interior flap and the quadrant's supporti-
ing structure), the lift and drag on the exterior flaps (LF and DF),and the
lift and drag on the nozsle (LN and DN). The latter forces have to be esti-
mated from static pressure measurements over the fixed nozgle,and the
net lift on the nozgle iz the sum of the lift on the top surface (LNT) and the
lift on the bottom surface of the nossle (LB} i.e.,LN = LNT + LNB. The
other forces are included in the measured (balance) forces L and D, i.e.

L * Lc + LF, D = D¢ + Dp. The total lift on the surface is

Lr*L+LN*Ry=F3
and the total drag is
Dr*D+DN*Rx=*F; &
Assuming that Pj = P3 = Py, the total lift and drag reduce to

Lr*Jzand DT+ J; .

3.4 ’?m Lift on the Coanda Surface

The largest contribution to the total lift naturally comes
from the lift over the deflection surface where the flow velocities are high-
est. In the ideal case of non-viscous flow,the jet sheet would attach to the
curved surface with ccastart thickness (= t) as long as there exists radial
equilibrium between the centrifugal force and the pressure force acting on

e



the jet sheet. Considering an element of the sheet (see,for example Ref. 3)
one finds that

2
Vi
APSPB-P(::?lt'?’
where Pg is the static pressure on the free surface of the jet sheet and P, is
the static pressure at the Coanda surface. For incompressible flow, Bernoulli's
equatiocn would apply along any streamline of the secondary flow, and

Py-Pg=1¢-vg?.

Assuming atmospheric pressure beneath and no tilting of the quadrant, the
lift on the Coanda surface alone is (as in Ref. 4)

chn(Pa'Pc)=R(Pa'Ps+ AP);

thercfore
L¢ = ?11V12+%? Rvsz .

(For compressible flow, a correction for this would have tu be added. )

Therefore, for a given Coande surface and primary jet, an
increase in the lift on the deflection surface can only be obtained by increas-
ing Vg (or decreasing Pg). This means that the pressure on the Coanda sur-
face (P¢) must adjust itself correspondingly to a lower pressure in order to
keep AP constant. The velocity Vg can be increased by promoting entrain-
ment, whereby the velocity of the entrained (secondary) air across the entire
inlet is increased. The prime functiou of the upper portion of the thrust-
augmenting surface is to do this by providing a suitable convergent entrance
channel for better mixing of the secondary flow with the primary jet sheet.

3.5 Mixing

One might consider the mixing of the primary and secondary
air as taking place in two regions (see Fig. 3). The first one can be re-
ferred to as the primary mixing zone. It extends over that portion of the
curved jet sheet, which is occupied by the potential mixing cone. In this
region the thickness of the jet sheet is gradually increased from its original
value of t. Beginning where the primary mixing zone ends, a secondary
mixing zone may be defined. In this region the thickened curved jet sheet
mixes with the remaining part of the secondary mass flow. Mixing in both
regions has to be optimized through a suitably shaped mixing channel, the
de. ired end result being a most uniform exit velocity (V3).

By forcing or guiding the entrained (secondary) mass flow in-
to a direction more or less parallel to the primary mass flow, the mixing
properties will most likely be favourably ch:unged. Consider the unghrouded
and the shrouded configuration in Fig. 3. The entrainment may be consider-
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ed as a sink e’fect, and as a result the induced secondary flow velocity will
| be more nurmal to the primary velocity direction in the first case than in
' the sccond case where, due to the shrouding, the secondary flow has been
accelerated parallel to the primary flow,

3.6 Optimum Configuration

As an attempt to clarify the physical relations between the re-
lated mixed flow exit momentum and the vertical reaction forces, the follow-
ing can be said. By decreasing the entrance area A2 and thereby increasing
V2, Lc¢ would increase as explained above, But at the same time the suction
or reaction forces on the flaps and the nozzle might change in such a way that
they more or less cancel the gain in L, depending on the chosen configura-
tion.

Correspondingly, an increase in \72 may at first seem only
desirable since J3 oc J2: but if A2 (and the diffuser width) is made too small,
it might have an adverse effect on the entrainment and on the mixing proper-
ties, actually resulting in a smaller J3. Whether one considers an increase
in thrust augmentation as a result of either a larger LT or & larger J3, it
seems obvious that there must exist one or more optimum configurations.
“urthermore, whatever the eflect upon the mixing might be, by providing
an entrance channel, more useful momentum can be "picked up" in this case
as cempared with the use of no shrouding.

e it i A S ot -SSR AR TSRS ¢ S RS

From the above diacussion, it can be concluded that the mag-
ritude of the secondary air inlet nomentum flux ( ¢ Vg’ dA) plays a Jde-
finite role in thrust augmentation, while its direction may or may uot be im- ]
portant,depending on the resulting reaction forces acting on the surfaces.
But the total lift L. (e¢ thrust augmentation) is equal to F3 regardless of
what the total inlet momentum, F3, may be. This follows from the fact
that all entrained air is originally st rest at infinity (stationary system, see
Ref. 8).

3.7 Theoretical Prediction of Thrust Aulmcnuuon

So far the origin of thrust augmentation has be~n treated only
from a qualitative viewpoint. In Refs. 7 and 8, where geometr: cally simpler
models were employed, the ihrust augmentation is predicted analytically
after assumptions are madc regarding velocity distributions, pressures, etc.
In Ref. 8 it is shown that the thrust augmentatior in the case of a nonuniform
secondary velocity distribution caa be considerably larger than in the case of
a uniform distribution. In Ref. 7 it is stated that large thrust augmentation
can be cbtained with a large value of (V2/V])2, both for constant pressure
mixing and constan: area mixing, jor incompre:sible flow and compressible
flow. Since the thrust augmentation depends on the square of the secondary
velocity, it is suggested i Ref. 7 that one should perhaps choose a value of
the area ratio A2/A] smaller than that which is conveniional for mass aug-
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mentors. On the basis of this and the discusdsions in the previous roction,
it seems reasonable to believe that it is desirable, in general, to have a
high V3/V] ratio.

In order to predict the thrust augmentation of a system, one
hae to find an expression for the {otal exit momentum of the mixed flow in
terms of known quantities. Consider the twc-dimension device in Fig. 4,
but for simplicity with no gap between the quadrant L. E. and the nozzle.

If one considers the flow through a section across the primary and second-
ary inlets and through a section across the exit of the mixing channel, one
can apply the momentum equation in the x- and y-direction and the continuity
equation. The quantities involved in these three equations are ¢ , A, V,
and Pyand since the walls are not parallel, the reaction iorces Ry and Ry

do enter the momentum equiation as well. For a given geometrical con-
figuration,all the areas are known; and for a given pressure ra‘io also V)
and @) are known. For the case of incompressible flow, P2 1s given in
terms of V2 (Bernoulli) and @2 = ©3 * €a . One may also assume that
Pl = P3 z Pa.

Even if one further assumes a certain velocity distribution of
the flow at the two cross sections A2 and A3 (which in itself may be difficult),
1t i seen that one is left with four unkmvmx(\lz. V3. Rx and Ryland only
three equations. (Of course the terms which include V would have to be in-
tegrated acroass the respective sections.) Allowing for additional entrain-
ment, as for example through a gap between the nozzle and the L. E., would
complicate the analysis further. The mixing equation, or equations, are
obviously the ones which represent and describe the flow mixing process
(or processes), the rate and degree of momentum and energy transfer be-
tween the two flows for the given conditions.

For such an arbitrary thrust-sugmenting device, it therefore
seems impossible to predict theoretically the thrust augmentation with the
present lack of a complete understanding of the mixing proces.

4. THE OBJECT OF THIS STUDY

The cbject of this experimental investigation was to find out
more about the shape of thrust-augmenting surfaces for optimum augmentation
in conjunction with Coanda deflected jet sheets. Also the effect of tilting the
Coanda block and its position relative to the nozzle lip was to be investigated.
All this was done for both subsonic and supersonic jet sheets.

4.1 Part] and Its Findings

In Part I (Ref. 4) the quadrant was kcpt in a fixed untilted
position relative to the lip of the nozzle, the gap being so small that any en-
trainment through it could be neglected. The effect upon ¢b of the position
of the upper flap forming the inlet channel was investigated as well as the
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,-hnpe of the mixing channei. Only the convergent noszle was exployed, but
_ three quadrants of various radii were tested.

In summarizing some of the main findings,it was found that
several optimum configurations yielded a maximum total thrust augmentstion
(@T) of 1.21. There was no significant change in (@ T)p, by varying the
pressure ratio between 1.1 and 1.5, but above this value, a slight decrease
was observed. While ¢§1 was found to be practically independent of R,it
appeared to be a linear relationship between (¢ - A ) and R, which yielded
optimum augmentations. The optimum ahape of the mixing chaanel was
given by a length to width ratio of (d/H) = 6, and a total enclosed diffuser
angle of about 6v.

4.2 Part |l and Its Objectives

In the present work the effect of an additional secondary flow
inlet between the nozzle lip and the L. E. of the deflection surface (ree A2y
tn Fig. 3) as well as the effect of a tertiary flow between its T.E. a.d the
interior flap was wavestigated. Furthermore, the effect of tilting the quad-
rant and variation of the diffuser angle at the same time was investigated.
Also the effects of a rounded L. E. on the deflection surface was explored.
These runs were carried out with both the convergent nosszie (ewnpioyed in
Part 1) and a new convergent-divergent nossle (with the same nominal
throat dimensions) at several pressure ratiocs.

4.3 Basic Test Confliguration

In light of the many possible test parameters involved, a
basic shape of the exterior flaps had %0 be chesca, based om the findings of
Part 1. For the four inch quadrsat, the eptimum (et - /3 ) was found to be
near 30°. A slight decrease of @ was cheorved whea /3> 30°, possidbly
caused by the resulting poorer tchmnasl. The optimum d/t-ratic was
found to be independent of R and was ajprenimately 36 at a pressure ratio

of 1,8, increacing oaly sligtly with insreasisng pressure retio.

On the basis of this, the fellowing basic flap configuration
was chosen for Part II:

Req"

(31

o e
82
. 0°
d.rtﬁll.t
HMd =6

However, a series of runs was performed with ot « 60°, /3 = 40°, all the
other parameters unchanged.
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The middle exterior flap was kept vertical at all times, and
with /3 = 209, the flexible metal sheet attached tangentially to the top and
middle flap, formed a reasonably convergent inlet,

5. TEST PROCEDURE

Before each test run,the I.. E. of the quadrant was set at the
required position and the zero readings on both strain gauge indicators were
taken. Then, the air bleed valve was opened and the desired pressure ratio
(based on temperaturc corrected atmospheric pressure) was set. Due to the
load on the rig, readjustments were ther required on the deflection surface
in order to bring it back to its correct position relative to the nozzle exit.
This was mainly a small adjustment of the vertical distance {a), and at a
given A , it did not affect the zero readings. When the whole system had
attained equilibrium, the following data were taken:

1) the strain gauge balance readings
2) the primary air flow temperature and
3) the differential head of the primary mass flow.

With the supersonic nozzl}e,the exit pressure f’-l was record-
ed in addition. As this nozzle was employed at P.R. = 1.5, 2.0 and 2. 77,
testing time was saved by using the same zero balance readings for all three
pressure ratios . In other words, for a given configuration. the readings
for the three pressure ratios were taken successively by just altering the
engine controls and readjusting a for each pressure ratio.

The subsonic nozzle was only tested at P.R. = 1.5 and the
tertiary flow experiments were merely performed at this pressure ratio,

The test range of the horizontal and vertical gap with the
untilted quadrant was 1< 4/t €8 and 0.8< a/t<€ 6.4. The test range
of & (tilting) was from 0° to 12°, but as & increased, the possible range
of £ and a decreased.

Each time the quadrant was rotated to a new g8 value, the
three exterior flaps had to be reset in order to maintain the basic test con-
figuration described in section 4. 3.

The pressure distributions over the nozzle surfaces, as well
as across the secondary inlet and mixed flow exit areas were recorded for
several near optimum configurations.

It was observed that daily variations in the atmospheric con-
ditions could have a small effect upon the consistency of the test results.
Therefore, when ever possible, a test series was started and completed
on the same day.
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6. RESULTS AND DISCUSSION

6.1 Definition of Thrust Augmentation

The definition of thrust augmentation, @ , used in this report

is based on the ratio of the measured lift,L, (lbs),on the entire rig (excluding
the lift LN over the nozzle) to the primary nozzle momentum flux, J; =m; V,

or

¢ = L =z L >
9y \[ 2k RTg|(Po/Pg) K- 1/ 1I
™)

k-1 [(Py/Pyk-1/k

Here, m; is the measured primary mass flow and V] is the
theoretical primary nozzle exit velocity computed by the above square root
expression. Thus, by this definition, the vertical lift (thrust) on the sys-
tem is compared with the thrust of this particular nozzle if the primary
flow would expand isentropically.

In a few cases,the lift Ly over the nozzle was calculated and
added to the balance measured lift., In these cases, the total thrust
augmentation of the entire system is defined as

¢T . Lt L +LN

Ji J1

6.2 Primary Momentum Flux Used in the Calculation of é

The following values of J1 are used in this report: (see
Appendix for details). At a pressure ratio of 1.8 for doth the subscaic and
supersonic nozzle J; = 13.03 lbs. For the supersonic nossle,J; * 31.6 and
36.75 lbs at pressure ratio 2.0 and 3. 77 respectively.

6.3 Reduction and Presentation of the Test m

The measured units on the straia gange iadicators wese
divided by the respective calibration factors in order to cbiain the actual
forces L, D, Ly and D in pounds. Then these were non-dimensionalised
by dividing by J1.

The bulk of the experimental results is presented as a plot
of ¢ and D/J) versus a/t and £/t at the various pressure ratios and ¢ .
Also L/D is plotted vs. a/t for some A4/t ratios, mostly for a qualitative
comparison with the ¢ -curves.

Unless otherwise stated on the figures, they all correspond
to the basic flap configuration as listed in section 4.3.
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6.4 Results with the Subsonic Nozzle

6.4.1 Effect of Vertical Gap (a)on ¢f _

Figure 5 shows that ¢ increases almost linearly with a/t
until an optimum value of ¢ is reached. With a further increase ir a/t,
¢ seems to stay rather constant, followed by a slight decrease as\a)
approaches its mechanically possible maximum value. A further increase
inia) would have been too risky anyway as the jet sheet was belicved to be
close to separation.

Because of the inherent growth in thickness of the jet sheet
due to entrainment, the actual vertical gap between the jet sheet and the
Coanda surface decreases with increasing £ . Hence the "safe" (safe
against separation) nominal vertical gap size is smaller at small than
at larger 4 values and amin is defined as that gap at which the jet sheet
18 just hitting the L. E. of the deflection surface. This explains why for
optimum ‘ , both a/t and £/t have to be relatedly increased as shown
in Figs. 5 and 6. It also explains why the optimum a/t seems to he smaller
at small £/t values than at large £/t values.

In Fig. 6 thi results are plotted for a similar configuration
as in Fig. 5, the only difference being the increase in o« and 3 to 60°
and 40 respectively ( € + 0° in both ceses). The trend is the same in both
figures even i the -curves are less iinear in Fig. 6 and indicate
a maximum of £/t = 8 rather thanat 4/t = 3 as in Fig. 5. However,
@ ata/t+ 5.6 (Fig. 6) differs little with £/t. The maximum thrust
augmentation, @hep in Fig. 8 (0L * 40°, 3 = 300) was ¢ m = 1.452 at
4/t + 3anda/t' = 8.8, while in Fig. 6 (o = 60°, 3 = 40°) reduces to

me*1.48at 4/t *8anda/t w5, 5. These cbservations agree with
the findinge in Part | (Fig. 34) which indicate for the case of a negligible
a/t that the augmentation is practically unchanged for thes  two configura-
tions.  The slightly higher ‘m in case 1 was the reason why this con-
{iguration was used throughout the present experiments.

It was found, as in Part I, that case 2 yielded a slightly
higher lIift over the nossle because the upper secondary airflow was more
parallel to the nosrle usis.

6.4.3 Efiact of Horisontal Gap (L) on ¢

Thias effoct is partly illustrated in Fig. 5: but it is shown
best in Fig. 7, where the maximum ¢ -values (taken from the various
£/t-curves in Fig. 5) are plotted versus £/t. Figure 7 shows that for
& + 0°, the optimum value of A is about 3 to 4 times the nominal throat
height. Unfortunately (for mechanical reasons), the only position of the
quadrant at which the er* ¢ range of l/t could be investigated was at
€ - 0Y. The €& = 0% curve is rather flat;and since it gives the variation
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of ¢m with 4/t for an almost constant a/t value (= 4.5 +4- 5. S)yit can be

compared with the curves in Fig. 5 for constant A4/t-values. Such a com-
parison indicates that the vertical gar has a much stronger effect on 4 than
the horizontal gap, in that the variation in ¢§ over ine entire 4/t range
was only about half that which resulted from the variation iu a. However,
the effect of £ seems to become more pronounced as & is increased (see,

_ for example Fig. 7 for & = 10°),

6.4.3 Effect of Tilting the Quadrant ( € ) on i

Tilting of the quadrant led to an increase in . This is
illustrated in Figs. 7, 8 and 20. The maximum thrust augmentation observ-
ed was at g = 109, where #m & 1.545. Increasing & from 0° to 10°
resulted in an increase of ¢ . given by A¢ (=1.545 - 1.27) = 0.275 or
21.6%. This was obtained at a total enclosed diffuser angle (9 + ¥) of
about 8° but at slightly different a/t and 4/t values for & = 09 and £ = 10°
(see Fig. 8).

The test results with the tilted quadrant (Fig. 7) showed the
same trends as those with the untilted quadrant. In other words, by de-
creasing 4 from its maximum possible value, ¢ increases initially. The
dotted lines on Fig. 7 indicate the expected dependence of ¢ and £ which
most likely exists at /£ -values smalier than those which could actually be
obtained on this rig.

6.4.4 Effect of Diffuser Angle an @

The angle > was kept constant at 6° while ¥ was varied
between 0° and 6° at various angies of tilt of the quadrant. At moderate
degrees of € , the augmentation ratio was found to decrease with ¢ (Fig.
8). The rate of decrease becomes smaller with inc ing tilt angle. From
about & = 6° and larger, a considerable increase in was observed
when the interior flap angle was incressed %0 about !‘. hat decreased
again with larger -values (see Fig. 8). In conclusion, at 0°0€¢ < 8°,
the optimum enclosed diffuser angle (P + ¥ ) was about 69 while at 6°
<& < 12°% (| +7°) was ubout 89, A combinationof ¢ = ¢°, ¢ =4° (at
large ¢ ) caused practicaily no change in ’ in most cases, but with = 20,
QC = 8°, there was a decreas:. Wool-tufts indicated that separation along
the interior flap occured at this valus of = €.

The relation between ¢ , &€ and indicates that the pri-
mary (and mixed flow) possibly was turned a bit more fully vertical by in-
creasing & , thereby increaaing ¢ and allowing a more symmetrical
diffuser with respect to the vertical.

Again, the variation in ¢ with l is reflected by the two

curves at £ = 8% in Fig. 8, where obviously the lower £/t-value (closer
to the optimum) yields a higher ¢ . For the same reason, the curve for
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€ =120 (at 4/t = 8) would most likely lie above the & = 10° curve if L/t
could have been kept at 6. 25 also for € = 120 (see Fig. 7).

No attempt was made to change the length (H) of the diffuser.
The diffuser length to width ratio (H/d) was at all times kept at about 6, which
was found in Part I to be the optimum value. This figure is the same as ob-
tained in the work described in Ref. 9.

6.4.5 Effect of Tertiary Flow

In order to investigate the effect of a tertiary flow through a
gap between the T.E. of the deflection surface and the interior flap on
thr st augmentation, a series of tests was conducted for several different
configurations, of this opening, some cf which are shown in Fig. 26.
Different shapes of the curved inlet surfaces were tried in conjunction with
variations of the gap (b), the step (c) and the angle . These runs were
carried out with £/t = 1 and a/t = 3.2, and the position of the three ex-
terior fiaps being the same as in previously discussed tests. Also,a series
of tests was carried out at € = 5° and 8°.

In no case during these runs was there observed any gain in
the cugmelntation ratio compared with the previous runs when the interior
flap was hinged directly to the T.E. of the quadrant. Actually, the highest
thrust augmentation was obaserved when the tertiary gap was closed (b = 0),
and still it was 4 - 5% lower than with the exterior flap hinged directly t.
the T.E. By increasing b, a gradual drop in ¢ was observed.

6.5 Results with the Supersonic Nozzle

This nozzle was run at pressure ratios of 1.5, 2.0 and 2. 77,
the latter being the design P. R. corresponding to a Mach No. of 1.3. The
justification for testing also this nozzle at P.R. = 1.5 was to see how it
compared with a subsonic noszle (at same P.R.). In the event a super-
sonic jet sheet should indicate superiority, it would be of interest to know
also how it performs at lower pressure ratios.

At P.R. = 2 and 2,77, some variations were observed in the
measured exit static pressure P’; with a at small vertical gap sizes. This
indicates the existence of some interference between the L. E. and the shock
system. The average values of P} were 3.4", 6" and 2. 5" H20 below P,
for the three pressure ratios respectively. Based on the average Pg = 29,3"
Hg,this gives the following Mach numbers:

at P.R. = 1.5 M; = 0.79
2.0 1. 06
2.717 1.348

The results obtained with the supersonic nozzle are plotted

4 figures 9 to 20.
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6.5.1 Effects of a, £ anc &

In short, it can be stated that the effects on thrust augmentation

of these test parameters were the same in trend as those observed with

'the subsonic nozzle. The shape of the ¢ -curves is almost the same for

all pressure ratios and angles of & , any deviations from the "expected
shape' being most likely within the experimental accuracy.

The optimum a/t is seen to be about 4 to 5 {25 before) and
seems to become more pronounced with increasing &

These resu'ts, however, did not show the dependence of A
and £ as clearly as with the subsonic nozzle (Fig. 7). Therefore, in Fig.
19, ¢ is plottedas £/t at constant a/t = 4,and this plot together with
the rest of the figures indicates that the optimum .£/t-ratio still is at around
3+4. Figures 15 to 17 show clearest how ¢ decreases with { after tre
optimum {/t ratio is exceeded. Again, variations of the vertical gap
seemlto have a greater effect upon ¢ than variations in the horizontal
gap (£ ).

The thrust augmentation increases with & as shown,for ex-
ample,in Fig. 20. The optimum value of & may have been reached at the
end of the mechanically possible range of & , i.e. at € = 10° to 120,

But when studying this figure, it must be kept in mind that with the present
rig it was technically not possible to keep a desired gap (£ and a) at all
angles & tested. Therefore, the curve for the subsonic nozszle is pro-
bably not that peaky at ¢ = 100 as shown in Fig. 20,since a value of Adit<s
at & = 12° most likely would increase ¢ as indicated in Fig. 7.

6.5.2 Effect of Pressure Ratio (P.R.) on ‘.

Figure 30 also demonstrates that ¢§ decresses with increas-
ing P.R. A possible exception from this seems to be for ¢ = 09 at which
@ increases somewhat if the P.R. is ipcressed from 1,5 to 2.0 (see also
Figs. 9 and 10). But at P.R, = 3.77, drops again. At, for instance,
the configuration given by £/t = 5.85, a/t = 4.8 and & = 8° and the super-
sonic nozzle, the augmentation ratio drops about 3% if P.R. = 1.5 is raised
to 2.0, and another 5% if P.R. is increased from 3.0 to 2. 77.

Also, a comparison of the d data obtained with the two
nozzles at the same P.R. = 1.5 shows that the subsonic noszle is superior
to the supersonic nozzle.

6.6 The Measured Horizontal Force or Drag (D)

The ratio D/J; is plotted vs. a/t for various A/t-ratios
(Figs. 5, 6 and 9 to 17). The resulting curves are rather flat and the
scattering of the test points prevents any rigorous concluasions to be drawn
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as to the drag variations with £ and a. However, it can be said that the
D/J} ratio varies from unity (except for a very few cases) by only ¥ 5% for
all configurations and pressure ratios tested, and whether the jet sheet was
supersonic or subsgonic.

6.7 The L/D Ratio

According to theory:

F;=DT =D + DN
Fg =Lt =L +Lpn

A systematic comparison of these quantities could not be carried out,as iy
would have involved too many pressure measurements in finding LN and D\.

The seondary flow induces suction forces on the nozzle sur-
faces which, resulting in DN and L), cannot be neglected in a proper com-
parison. But such a comparison fcr the ratios F3/F] and L'r/DT could only
be made for one case (see section 6.1.4).

However, evaluated L/D ratios were plotted for various At
values in order to compare them with ¢ = LL/J1. The shape of the L/D
curves and the corresponding ¢ -curves are naturally quite similar, since
the percentage difference between L./D and L/J] was only of the order of
15% (due to D/J}, deviating from unity by only 15%).

6.8 The Forces on the Three Exterior Flaps (Ly and DF)

These forces are included in the balance measured lif\ and
drag forces (L andD) on the entire rig, but could also be measured scparate-
ly in order to investigate their contribution to L and D.

A typical and representative set of readings for Ly and Df
are plotted in Figs. 21 and 22 for three different pressure ratios and the
supersonic nozzle. In Fig. 231. a/t is kept constant while 4/t is varied,
whereas the opposite is done in Fig. 22. In both cases the quadrant is
tilted by & = 49,

These curves show that there is an optimum value for 4/t
and a/t also with respect to the lift force on the flaps. The optimum 4/t
value seems to be arcund 6 while optimum a/t & 4. These are approximately
the gap sizes which gave maximum thrust augmentation. This inaicates
that L and LF are largest for the same configuration (also at P.R. = i.5}
The external flap lift LF, except at P.R. = 1.5, was negative in all cases
where a/t and £/t were near their optimum values and the quadirant was
tilted. This means that with the particular flap configuration used through-
out these tests, the suction forces on the inside of the flaps were larger than
the suction forces over the rounded lip of the top exterior flap in most all
cases.
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Although of course LF increases with pressure ratio, the
ratio LF/J] decreases, indicating again the disadvantage of the larger
pressure ratios with this particular rig.

The horizontal forces on the fiaps (DF) are always negative,
raturally, and varied with a and A more or less in the same way as Lg did.
DF was relatively large, for example at P.R. = 20, a/t = 4, L/t 8,&= 40
(Figs. 13 ard 21), while Dp/J; % -2.1and D/Jg = + 0. 885,

Thus the drag force D¢ (positive) acting on the Coanda sur-
face and the interior flap was about one and a half times as large as the
drag on the exterior flaps (DF) since D = Dc + DF. This is due to the strong
suction force acting on the interior flaps (at P.R. = 2.0, J; = 21.6 lbs.).

6.9 Secondary Flow Around the Nozzle

The measurements of the static pressure acting on the upper
aud iower surfaces of the nozzle showed that the velocity profiles taken per-
pendicular to the nozzle axis were quite symme.rical laterally (see Fig. 23).
The nonuniform longitudinal distribution was partly due to blockage effects
from the settling chamber or the structure under the nozzle and partly due
tu the glass sidewalls which did not extend beyond the nozzle lip. Thus the
air was entrained also from the sidea. This particularly applied to the
lower surface since a flange almost touched it, preventing a natural inflow.

The static pressure measured along the 1/4-lines differed
about 25% from the readings along the midline (at all pressure ratios and
configurations) and was found to give a good average value for the pressure
distributions on both surfaces. A typical plot of the longitudinal distribu-
tion is shown in Fig. 23,

The pressure over the aozgsis was measured for s sufficient
number of configurations to establish its effect on the total lift. The para-
meters 4 , s and ¢ , were varied one at s time. It was found that Ly

increased with £
decreased with a
decreased with ¢

The lift on the top surface (LNT) was practically unaffected
by these parameter changes. The variation in prossure or LNp on the
bottom sur-face was a result of varying magnitude and direction (relative to
the nozzle surface) of the lower secondary flow. By tilting the quadrant
(keeping 4 anda constant),the lower secondary flow inlet was improved, and
the combination of forcing the flow closer to the nozzle and increased mass
flow rcsulted in a higher suction pressure on the bottom surface.

The variation in LNB with a was particularly noticeable at
sma!l A/t ratios, but vanished at larger horizontal gap sizes. This be-
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haviour can be explained as follows. The entrained air bends tc "crowd "
around the L. E. of the quadrant, whereby the velocity and suction pressure
on the nozzle underside is reduced, resulting in an increase in Ly.

No connegtio found in the variation of LN with the flow
cross sectional area o¢ ;12 + a! . This indicates that it 15 not as much the

flow area itself as its position relative to the nozzle which has an effect
upon L. The pressure distributions were integrated in order to find LN
for a few uear optimum configurations. (See also table in next section.)

6.10 Effect of a Rounded L. FE. of the Quadrant

In order to investigate the effect of a smoothly curved
quadrant L. E. on both L and LN, a piece of wood was glued to the quadrant
as shown in Fig. 24. The quadrant was tilted to the maximum angle & = 12°
and the wedge angle of the wood was made 12° so that the piece was vertical.
This configuration was then compared with that where the original quadrant
is at & - 0° and for the same £ and a values. The results for the subsonic
nozzle at P.R. = 1.5 and a/t = 6.4, are listed in tlL.+ table below:

TABLE 1
SHARP L.E. ROUNDED L. E,

2t 3 5 3 5
L (lbs.) 15.63 15. 50 18. 800 17.030
Ln_" -0, 98 -0, 98 -4, 194 -3, 378
L 14. 65 14,52 14. 606 13.652
1. 31 1.29 1.563 1,418
1,22 1. 21 1.216 1. 136

A o(fp-d)% | -6.9 -6.3 -22.1 -20.0

D (lbs.) 11,87 11.67 11, 99 11, 99

This shows that a rounded L. E. does considerably improve
entrainment, but what was gained in this way in the form of a larger lift (L)
on the test rig was lost by the increase in negative lift LN. Thus the total
thrust augmentation was even slightly smaller in the case of a rounded L. E,
of the quadrant. The readings above again indicate that also for the rounded
L.E., the optimum 4/t ratio is about the same ae that for the sharp L.E.,
i.e.y A/t =3+4.

The data for L (or ¢ ) for the sharp L. E. do not fully agree
with readings taken previously for the same configuration, the reason being
that the calibratior constants of the strain gauge balance nad changed slightly
during a period of several months which elapsed between both tests. However,
this inconsistency does not affect the comparison present in the above table.
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6.11 Estimation of Total Thrust Augmentation (¢r)

The values in the table above show that in the case of a sharp
L.E. the drop from @ tc ¢t ir 3 - 7%. The configuration with £/t =3
and a/t ~ 6.4 was found to give a maximum thrust augmeantation of
@ m = 1.45 for the untilted quadrant, & = 00 (see Fig. 5). The correspond-
ing lift was L = 17.44 lbs. Therefore LT = L + LN = 17.44 - 0. 88 = 16, 46
Ibs. and P = LT/J1 = 16.46/12.02 & 1.37, which is 5.5% less than ¢ p,.

When €400, the near optimum configuration was found at
£ = 10° to 129 (Fig. 20). Ly was calculated {rom pressure distributions
for the cagse of & = 120tube Ly = -2.7 lbs. From Fig. 7,the average
lift for this configuration was 18,03 lbs. ( ¢ x 1.5); hence ¢T =(18. 03 -
2.7%12.02 = 1.273, whkich is a drop of 15. 1%.

The maximum value of thrust augmentation obtained during
all runs with the subsonic nozzle was ¢ m* \.545at & = 10°. Assuming
a linear increase with € of the lower secondary entrainment, interpolation
of A¢ (%) between a value of 5.5% at & = 0° and 15.1% at ¢ = 12° gives
A = 13.5% at € = 100 at which the total thrust augmentation then becomes
fT = 1.545 - 1,545 x 13.5% = 1. 336.

Thus by comparing the optimum total thrust augmentation
obtained with an untilted ( @ T = 1.37) and a tilted ( ¢T = 1.336) quadrant,
it seems rather difficult to say which one can be considered as the better
configuration.

A series of runs was carried out also with the supersonic
nozzle at P.R. = 1.5, 2.0 and 3. 77 with the rounded L.E. The lift on the
nozzle was calculated from pressure distributions and the ratio Ly/L and
A@® (%) was found to be practically independent of pressure ratio.

For the supersonic nossle, the drop from to ¢ T wWas
about 25% smaller if compared with that for subsonic noszlies (see Table II).

6.12 Flow Vslocity Profiles

There were investigated for several near optimum configura-
tions. By means of wool tufts, the general flow picture was found to be
as illustrated in Fig. 3,where also the flow cross sectional areas are defined.

The upper and lower szcondary flow velocity profiles and the
exit flow velocity profile for the subsonic nozzle are shown in Figs. 25 and
26 for the configuration and characteristic values, which follow: P.R. =
1.5, & =12°, A/t =8, a/t =6.4, ¥ =60, ¢ =120,0l = 400, /3 = 20°,

d/t « 26, H/d » 6. Inviscous, incompressible flow theory was employed
for the calculations of the velocities.
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6.12.1 Upper Secondary Flow Velocity Profile (Figure 25)

The static pressure was measured in the A2y plane (see Fig.
3) with a rake of longitudinal stations, 1/2" apart. The glass aidewalls
enclosed the entire flow cross section,and the velocity was foind to be uni-
form in the lateral direction. The nonuniform velocity profile (in the
longitudinal direction, Fig. 25) shows that the flow is speeded up around
the lip of the top exterior flap and retarded due to the tlockage effect of
the settling chamber (near the nozzle iip).

6.12.2 Lower Secondary Flow Velocity Profile

This was calculated from static pressure nieasurements
along the extended midline and the two quarter lines (see Fig. 23). Due to
the entrainment from the sides, the velocity had the same nonuriform
lateral distributions as found previcusly over the nozzle itself. The 1/4
line readings (average) are plotted in Fig. 25. V2 increased strongly to-
ward the L.E. of the quadrant.

6.12.3 Exit Mixing Channel Flow Velocity Profile

The total and static pressures were measured 1n the exit
plane (A3) along three sections located one inch {rom each glass plate and
along the midiine. The calculated velocity distribution is plotted in Fig. 26.
It shows that the nonuniform spanwise velocity distribution at the lower se-
condary flow inlet is still detectable at the outlet. It also shows that ‘he
peak velocity occurs clo.ie to the exterior flap where the velocity was found
to be nearly uniform in the spanwise (lateral) direction. In the plane of
symmetry, the exit velocity V3 at the exterior flap is seen to be about twice
the velocity of the interior flap. Wool tufts indicated that in the mid portion
of the fluw, the velocity had a component toward the exterior flap.

This somewhat unexpected distribution has also been observ-
ed in similar experiments performed at DeHavilland Aircrast Co. of Canada
Ltd. and at this Institute. Since the velocity peak has shifted toward the
exterior flap,one may assume that optimum mixing has been reached. For
this particular diffuser, this cbservation could be caused by the fact that it
is not symmetrical with respect to the vertical ( ¥~ = 6°, Y- 29).

6.13 Estimation of Secondnlund Mixed Massflows

For the particular configuration mentioned above, the {low

. ross section areas were: A2y * 49.25 in2, A2p = 10.0 in2, Ay = 1in2,
A; 44.8 in2? and the area ratio A2/A; = 59.25« 60. The massflows

deA were integrated graphically and found to be: m2 = m2y + m2L =
0.0558 + 0.0278 = 0.0836 slugs/sec. The meusured primary flow mj] =
0.0148 slugs/sec which "theoretically" adds up to m3 = 0. 0884 slugs/sec.
Actual measiured m3 = 0, 1030 slugs/sec. This is a difference of about
4.5%. The mass augmentation is seen to be

20




- i

m 6.1030‘7“
M wE Tt

If the secondary massflows, obtained with an untilted quad-
rant ( £ * 0°) but everything else unchanged,is next compared with the
above case, it is found that in the latter case m3; was 17.3% larger,
whereas the total secondary massflow m3 increased by 4. 2%. Tne increasc
in the thrust augmentation from & « 0°tc & = 120 with 9 = 2° (see Fig.
8) was about 17% and indicates the connection between ¢ and mg;. From
this it can be conciuded that the lift on the Coanda surface was increased
by allow:ng a larger mass flow (or higher velocity V2; ., since £ anda
were unchanged) through the lower secondary flow inlet. However, the
simultaneous increase in the suction pressure on the bottom surface of the
rnozzle resulted even in an overall decrease in ‘T with the present experi-
mental set-up.

6. 14 Mixed Flow Total Momentum (F3) Compared with Lt

The exit velocity V3 was _squared, plorted and integrated
graphically across A3 to obtain J3 = € V32 dA for the & = 12° con-
figuration. J3 was founr to be 15.7 lbs. The average exit static pressure

Py was ¥ 0.6" H3O below the atmospheric pressure Py, and Ag = 44.8 inZ,

This resulted 1n a pressure thrust of 0. 97 Ibs. Thus the total exit mo-
mentum becomes

F3 =33+ (Py - Pg) Ay = 15.7 - 0.97 = 14.73 lbs,

The measured average total lift L together with the estimated Ly gives
then Ly = 16.03 - 3. 70 w 15.3 lbs. This valuwe confirms quite well the
theoretical prediction of Fg » LT, the ditherence being « 3. 7% which most
likely is within the accurecy of the measured and integrated exit pressures.
Similarly, one gets for Fy o Jy « (Py = Pg) Ay = 13.02 - 0.1 = 11. 92 lbe.
The average measured drag D » ll.“lh.. estimated Dy » 1.0 1bs.;
th.r'forO,DT s 13. 06 lbe. Am“

-'-!- '-‘-:2-!],”‘

7, 1.8
and

L’l . .l....'.! . 1.101

Dr 13.86

indicates about the same percentage difference as above.
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6.15 Mixing Efficiency

- The mean velocities for this configuration ata P.R. of 1.5
were: V2y = 70.5 ft/sec, Vg, = 173 ft/sec, V3 = 143 ft/sec and V) = 825
ft/sec. Defining the mixing efficiency as the ratio of the kinetic 2nergy of
the exit flow to that of the primary, one gets (based on mean velocities)

= 2
m3V
Q. —3—-3-5—- 7.06 x(143;=7.06x0.17352 = 0.212
825

m,V,

Thus about 79% of the primary kinetic energy is lost during
the mixing process due to viscous losses, i.e,, turbulence and friction.
The values above also illustrate that the massflow ratio m3/m} is increased
more than the decrease in the velocity ratio V3/V;, with the result of aug-
mentation of the thrust.

6.16 Accuracy

The angles oL and 3 could be set within 20 accuracy, and
€,Y and r within ¥ 19, The diffucer inlet width d varied within 0, 1"
due to the varying suction pressure on the external flaps with different
pressure ratios (slack and elastic deformation). Therefore, d/t varies
between 26.0 and 26.8. The gap sizes a and 4 were within 1 0.03". Due
to vibration of the rig during the runs the needle on the strain gauge indi-
cators oscillated somewhat and a mean reading had to be taken. The atmos-
pheric conditions, i.e., wind direction and slipstreams from passing air-
craft, were found to affect the inlet air of the engine (and the readings) to
a noticeable extent. But in test runs near the optimum configurations, two
or more sets of readings were often taken and the scattering of the results
(¢ ) was in the worst case 3.4% (taken at different times).

The obtained thrust augmentation ratios ¢ are believed to
be accurate well within  5%.

.17 General Discussion

It has been established that thrust augmentation can be obtain-
ed by means of additional surfaces even whcn the resulting lift force on
these surfaces was negative. Furthermore, by increasing the secondary
flow entrainment through an additional gap between the nozzle and L.. E. of
the quadrant, augmentation can be increased because the secondary mass-
flow was increased. This massflow is the more useful the higher its velocity.
By increasing the vertical gap (a), a convergent entrance channel is created
for the lower secondary massflow, tending to increase V2j, (see Fig. 3).
This is in principle a similar effect to that created by the upper portions of
the exterior flaps whereby V2y is enhanced. In addition, such an additional
gap on the jet sheet underside takes advantage of the large entrainment of
curved jet sheets at a position, where its velocity is highest.
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In this connection it is interesting to note that a thrust asug-
mentation of about 1. 06 has been obtained solely by means of &
shaped inlet channel to the underside gap between nossle and Ccanda surface
(De Havilland Aircraft Co. of Canada Ltd.)

Looking at this observation from a reaction force view poiat,
the increase in the lift (L) obtained by this additional underside entrainssent
must come from an increase in the lift (L) over the Coanda suriace itself
because L ig increased even when LF is negative. This increase in L is
the result of a decrease in Pc and/or a more favorable pressure gradient
along the quadrant surface.

The increase of L. with g is the result of a) a somewhat pro-
moted channel effect b) additional lift acting oa the inciined straight surface
of the quadrant and c) the tilting of the deflection surfacy, might possibly
tend to turn the exit flow more perfectly vertical (See also Sec. 6.4.4.)

The optimum horizontal and vertical gap sizes ( At and u/1)
were found to be of about the same order as those cbrained by Korbacher
(Ref. 3) in his investigations of maximum )jet sheet turning efficiences with-
out any thrust augmenting or additional surfaces.

In a self-sustained vehicle which makes use of thrust aug-
menting devices, all reaction forces created by the induced flow have to be
taken into account in order to estimate the total augmentation ( '1‘). In the
present case, the effect of £ and a on the ncssle lift (L)) indicated thet a
slightly larger £/t and a slightly smaller a/t ratio than those giving maxi-
mum ? -values, should be chosen in order to schiove meximum oMl aug-
mentation, (s1y, 4/t « ¢ and a/t » ¢4). Dt this again is very depeadeat
upon the shape of the lower secondary air taint.

The shape and position of the uwpper ssecndary intahe seems
to have a smaller effect on thrust augmentetion than the paremeters defia-
ing the lower intake and the mixing chonnel (difuser). Boe aloe Ref. 10.)
The obtained figures for ¢ T i 1he oresent cuperiments are of the same
order as those obtained in similar recent teste (Mel. 10).

6.18 Suggestions for the Incregse of Thrust Aygmentetics

The estimat.on of Ly was here performed ia a reather crude
way. If the thrust augmentation is to be estimated from the measured forces
on the rig, it would be of great importance for the accuracy of the resuits
that also the forces on the noszle are measured directly and separately or
that LN is included in the total cieasured force of the rig. An altersative
for the determination of ¢ is to exact'y measure the tctal and static
pressures across the entire exit area A3, and by integration obtain an ex-
act value for F3 & L. For this alternalive, no balance would be required.
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Basea on the findings of the effect which & has on L aud
LN and the favorable effect a rounded quadrant L.E. has on m2;,, a con-
figuration as shown in Fig. 24 may be well wortn to be tested. Iere the
deflection surface is extended under the nozzle and forms with it a smoothly
convergent entrance channel with a streamiine L. E. The resulting suction
forces on the noszle underside are believed to be compensated for by addition-
al lift on the extended deflect.on surface,

The experiments with a tertiary inlet promised no increase
in @ . The reason might be, as also stated by Scott (Ref. 10), that it is
important te locate the curved inlet close to or at the T.E. of the deflection
aurface in order to increase ¢ . A tertiary flow inlet arranged as shown
in Fig. 24 might therefore increase ¢ , but it is not believed to have as
great an effect as a relatively large well shaped inlet at the L. E. Another
tertiary gap located slightly below the lip of the top exterior flap where the
flow still has some curvature might also possibly contribute to a larger ¢ .

All areas from which the inlet air i8 drawn should be free
of obstructions,and inlets shouid be streamiined.

7. COSXCLUSIONS

These experiments proved the existence of uptimum hori-
zontal and vertical gap sizes between the nozzle lip and leading edge of the
deflection surface. They were found to be of the order of L/t =alt =4
for both a subsonic and a supersonic jet sheet, and practically independent
of the nozzle pressure ratio and the tilt angle ( ¢ ) of the quadrant (deflection
surface).

The thrust augmentation ratio ¢ (excluding the lift on the
nozzle) increased with g to a possible optimum at € - 10°tc 120, The
increase in @ due to varying ¢ from 0° to 100 was about 21%, but there
was no obvious gain in the estimated total augmentation ¢'r (when the lift
on the nossle is included). The highest cbserved was at & = 10°, where

* 1,345, while the highest @T = 1.37 was found at & = 0°. At € = 10°,
T @ 1,34,

Thrust augmentation was smaller with a supersonic jet sheet
than with a subsonic ons,and both ’ and 'T decreased with increasing
pressure iatios.

Experiments with an additionsl tertiary entrainment slightly
below the T.E. of the deflection surface suggest no increase in ¢ .

The use of a rounded L. E. on the quadrant led to an iacrease
in the entrained massflow and @ , but not in @ with the present rig.
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The best diffuser configuration seemed to be for a length to
width ratio of about 6 and 2 total enclosed angle of 8°. The lift force on
the exterior flap was in general negative (except n=ar the optimum con-
figuration), but even then there was thrust augmentation.

Best observed ¢ Tic Part I: 1,21

Best observed ¢T in Part U: 1,37
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APPENDIX A

Primary Massflow Calculation

The expression for the primary massflow m is given in Ref.
6 as

E x 21.4 x D? '{h P At
X wX ( = at 30" Hg abs. and 6(°P F)
GxT hr

capacity ractor

specific gravity of manometer fluid

flowing temperature (°R)

flowing pressure (psi a)

internal pipe dizameter (inches)

maximum differential head of fluid meter
("H90 at 68°F)

OCw-0lm
LA | I T A [ [ ]

-3
€

Inserting the actual values, this reduces to

h
m = 18. 93 _‘, w X Pg (cu.ft.)
T sec.

In order to reduce the amount of work involved in the data
reduction, a representative average atmospheric f.essure based on all
runs was chosen: Py = 29.3 "Hg = 14. 33 psi.

Assuming a deviation from this value of I 1" Hg (which was
about the maximum that was ever observed), the corresponding change in
the massflow was less than 3%.

The measured primary flow temperature during all runs
was very close to 60°F. Since the pipe flow is low (e.g.,at P.R. = 1.3,

Vpipe = 12 ft/sec),the measured temperature was taken as the primary
total temperature To. Then

O x g-g% x 0. 002378 = 0.00232 elugs/cu. ft.

and
x P slu
m = 18. 83 x 0. 002378 .\’ hwxPo  slugs
To sec

or
lugs YOR
m YT = 0.044 Yhy x Py (5 ) (1)

secC

where P, is given by the relevant pressure ratio Py/Py.
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The observed mean values of hy, were 2.65"H20 at P.R. »
1.5 for both nozzles, and for the supersonic nozzle hy = 3. 90"H7O and
5.75"H20 at P.R. = 2,0 and 2. 77 respectively. The macsflows are listed
in the next table,

Calculation of Primary Exit Velocity Assuming Isentropic Flow

The following assumptions are made at the exit of the nozzle:

Pl = pa and Tl = Ta

T‘ ——
V) =a; M = YkRT| . M; =kn'\‘-f;.f1‘°. M
..l e

k
M1 ;sz-l [( :: ) i 1}

- k-1
Ty Py k
To ( Py \
Therefore - .
vy 2kR [ (Po/Pg) K . }
'To k - l (polpl)(k-l)[k

Withk = 1.4 and R = 1716 ft3/sec? ©°R

- 1200 x )
' lo (polp.)oo 386 secC i UR

The values of V,/ {To are given in the next table.
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Primary Momentum Flux (J1)

J] is calculated from Egs. (1) and (2) and listed in the Table

below:
\4
P.R. = m{To | Vi/{To |m; Toxﬁl_, =3,
o
P, slugs xT°R ft
lbs.
P, sec secW
Subsonic and
Supersonic 1.5 0. 332 36.2 12,02
Nozzle
Supersonic 2.0 0. 465 46.5 21.6
Nozzie
2.77 0. 665 55.25 36.75

Primary Nozzle Thrust and Performance

The total thrust of the nozzle is
THT =J; +(P1 - Pg) A1 = F} (3)
If Py% P,, then J; will vary according to Eq. (2) if the actual P; is applied
instead of Py. Thus, if P <Py as was the case in these experiments, the

pressure term gives a negative contribution to the thrust while Jj becomes
somewhat larger,

For example at P.R. = 2.77, the total thrust as calcu-
lated by Eq. (3),with P, instead of Py in Eq. (3), was found to be practially
the same as the thrust calculated by TH = J] » m1V] based on P.R. =
Po/Pa. Therefore, it seems justified to negiect any pressure thrust, i.e.,
to use Pj = Py in the calculations.

Next, the ideal isentropic massflow mj is compared
with the measured mj. The ideal isentropic massflow is given by

Vi
Subsonic Nozzle: m] 4 To = $1A1 1==g To
To

Supersonic Noszle: mjyTg = QeVe As TTo = @#asAs T,

gk + 1
= (kfl)f- EE'” ©c 20A* f'?;ro.svs Po 20A* YTo (k = 1.4)

Here the nominal Ay = A% = 1in2, k = 1.4, the speed of sound is
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ag = 49 "'I‘o ft/sec, and T, = 520°B.
Example: For P.R. = 2.0, o =2 x 0.00232 = 0.00464 slugs/ft3

and
oo

Vi 5
==, = 46,5 ft/sec J°R
'To

m YTo = 0.579 x 0.00464 x 49 x 520 TiT = 0.476 (slugsT°R/sec)

which means ‘hat the measured m, 'JT = 0. 465 is 2 2.3% (-2.3%)
smaller than the ideal isentropic (m; YTo).

The corresponding values for P.R. = 1.5 and 2. 77 are
-2.92% and 0. 76% respectively. The variations in the ideal and the mea-
sured primary massflows are due to one or more of the following reasons:

1) the flow 18 not purely isentropic,
2) the throat areas are not exactly equal to the nominal values.

The difference between the momentum flux as calculated
by (mjjeal X Videal) and (mmeasured X Videal) is naturally of the same
order as the difference between the two massflows. Since this varies with
type of nozzle and pressure ratio it,seems most practical to express the
thrust of the nozzle as

TH = J1 * m1peagured * Viideal °

The values for J; shown in the previous table are calcu-
lated in this way.
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FIG 1 THE THRUST AUGMENTING SURFACES, QUADRANTS AND NOZZLE
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