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PREFACE

The following notes are an attempt to cover a substantfal and very
rapidly growing field of knowledge in a rather limited space. Therefore, the
required reductions in the amount of material to be presented have been made.
The presentation is aimed primarily at a physical view of thrust augmentors
and the included analyses are designed to strengthen that view ard provide
basic design insights. For more analytical material, the reader is referred
to the notes of two previous lecture series on ejectors held at the von Karman
Institute in 1968-69 as well as the other references noted.

The material presented here relies heavily on the experience of those
individuals directly involved in the thrust augmentation program at the
Aerospace Research Laboratories, Wright-Patterson Air Force Base, Chio.

Many of the basic concepts involved in augmentors as described here are due
to Dr. Hans J. P. von Chain, Chief Scientist of ARL. The major successes of
the program were attained while Dr. Brian Quinn was in the position of

Group Leader of this effort. Captain Paul Bevilaqua, Lt Thomas Rosfjord and
Mr. Howard Toms are prosent members of the reszaveh group and have made
important covtributions to these netes. Other significant accomplishments
were due to the former Croup Leader, Captain ¥ . Tampbhall, and former
members Captaln Richard Fancher, Mr. Charles Eastlake I1, and Captains

David Campbell, Gary Johnson and Roy Stern.
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I. Ejectors as Thrust Augmentors

A. Operation of a Thrust Augmenting Ejector

The basic purpose of a thrust augmenting ejector is the transfer of
energy from a high velocity, low mass flow stream to a lower velocity,
high mass flow exhaust. As a consequence of this process the momentum
flux exiting the ejector is greater than that produced by the primary
nozzle and therefore the thrust of the primary nozzle system is increased
or augmented.

The basic operation of an ejector as a thrust augmentor may be
described by reference to Figure 1. In general, the ejector consists of
a primary nozzle injection system which is mounted in the inlet region
of a shroud. The arrangement of the primary nozzles varies in particular
designs and may resemble the centerbody injector shewn in the schematic,

a Coanda jet type of injection system on the walls of the inlet or various
combinations and permutations of the two.

In general, air from a high stagnation pressure source is expelled
from the primary nozule system into the shroud. Due to viscous mixing
about the periphery of the jet, alr is entrained into the jet from the
surrounding fluid., The entrained ailr is replaced by air from further upstream
In the inlet of the shroud and consequently a steady motion 1s set up in
the secondary as indicated by V1 in the figure. This fluid enters through
the inlet of the shroud, mixes with the jet iu the m;xing region of lenath
. Lm and the mixed flow may be diffused as indicated.

The secondary alr is entrained into the =jector from the ambient
external condition and thus has a stagnation pressure equal to the ambient
pressure. Since the flow of the secondary air is isentroptic until the

alr is actually entrained into the primary jet flow, the Bernoulli equation
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applies and indicates that the static pressure at station 1 is reduced
below the ambient pressure by an amount equal te 1/2 p VIZ.

That the thrust produced by an ejector device is equal to the
efflux of momentum from it may be seen from the control surface illustration
in Figure 2. Sides 1, 2, and 3 of the control surface are allowed to recede
to an infinite distance fror the ejector device while side 4 remains coin-
cident with the exit plane of the ejector. As the three sides move farther
away from the ejector, their length increases linearly with the distance
from the ejector h. When viewed from far away, the inflow into the inlet
of the ejector appears as a sink flow and the velocity distribution induced
by such a fl.+ decuys with distance from the inlet as %~.
Now the force on the control surface is equal to the net outflow of momentum
and so
T, = Lewo 1 pue-

A (1.a.1)

}: —» 00 .

h;~a-oc <E>*§;"<3>*<:>

hy— -
:

i1
'\_
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Therefure, the entrained inlet flow need not be taken into account
in the determination of the thrust produced by an ejector.
Now {n order to develop some insight into the important parameters

fnvolved in the optimization of thrust augmenting cjectors, the following




simplified analysis 1s proposed. f~onsider the diffuserless ejector illus-
trated in Figure 3. The velocity profile at position 1 at the primary
nozzle exit has been idealized as a tcp hat profile, the walls are assumed
inviscid; the flow at the ejector exit, position 2, is assumed to be fully
mixed; i.e., the velocity profile is flat and the primary nozzle is assumed
tc have no losses.

Applying the ~nnservation ¢f momentum between positions 1 and 2:

£ (A A)«p| vtdh =g A+ % G
A »

Evaluating the integrals and solving for the velocity integral at position 2
y 2 2
SV - 0 - ( -.;)'.
[ V2 Al - /‘0\/0 AJ"; Vl At Pc. ﬁ A (1A

The flow in the inlet is defined to be isentropic so the Bernoulli equation

holds
2

{
T?*'— 7)‘ = '2— /QV’ {1.A.0)

The flow in the nozzle {ncurs losses due to viscosity defined by 1 nozzie

¢fficiency ny, and
-
A ooy ”
[
LAY
?N (1.4

then




where p sz A2 is the thrust produced by the ejector configuration while
My VN2 A, is the thrust produced.by the primary nozzle alone, operating
in the reduced pressure environment within the ejector. The ratic of
these two forces is one possible definition of thrust augmentation.
Another definition of thrust augmentation 1s the ratio of the
thrust produced by the ejector device to the thrust developed by the
same primary nozzle system, without a shroud, exhausting to ambient

conditions. For the primary configuration nozzle alone, exuhausting to

ambient (with an effi iency nN)
12 £

Lo =L LV
R-_FQ:%;Z/OV" B Z/)% (1.A.7)

while the same nozzle configuration operating within the ejector shroud
has beeu defined bv Eq. (1.A.5),

Subtracting (I.A.7) from {I.4.%) and combining with (1.A.4),

V& 2
(1.4.8)

AY.AL10)
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where TA is the augmentor thrust while 'I‘N is the thrust of the nozzle con-
figurations withour the shroud. Even from this simple analysis, several
trends are indicated. The inlet area ratio A1/Ao should be maximized. This
is also true of the entrained velocity, which can be improved to a significant
degree by the uge of a diffuser as indicated in Figure 1.

There is, however, a disturbing implication in Eq. (I.A.10) and tirt
is the indication that the thrust ratio is inversely proportional to the
primary nozzle e2fficiency. This is not very intuitively appealing and
points out ore problem with this definition, the fact that the denominator
TN is also dependent upon the nozzle efficiency. Therefore, as Ny decreases,
TN decreases and the thrust ratlo by this definition increases although the
actual augmentor thrust output has decreased.

An additional problem with the thrust definition in Eq. (1.A.10)
is especially important in mass and energy limited systems such as aircraft.
If the stagnation pressure available to the primary nozzle system is held
constant and the comparison made between the thrust produced by the nozzle
system flo-ing into the ambient and the same nozzle mounted in an ejector,
the nozzles within the ejector shroud experience a lower static pressure
at thefr exit and hence pass more mass flow (and energy) than the nozzles
exhausting to ambient, for the subsonic nozzle flow considered here.

A dafinition which overcomes these objections and which will be used

extlusively in the remainder of these notes is

(1:) e  Thrust produced by ejector device
Calculated thrust due to an igentropic expansion of

the same mass flow rate to ambient conditions

b )

2y



The definition compares the thrust obtained to the total thrust available
from the same mass flow.

The following sections will discuss the reasons behind the pursuit
of ejector performance and the type of ejectors of interest and will in

turn be followed by a more detailed analysis of ejector flow fields.

B. An Ejector Analogy *

In order to clarify the basic operation of the thrust augmenting
ejector, consider the analogy of the inelastic collision of two railroad
cars shown in Figure 4. Two cars of mass MO and Ml with velocities V0
and V1 respectively, collide inelastically so that the result is a
combined mass of (Mo + Nx) moving at a velocity Vz. The governing equations

are:

Mo+ M= My (1.B.1)

Mo Vo + M; Vl - MZ Vz. (1.8.2)

A

I ! 2 _ ) 2
S 7 Movu + 'Z—M}vl = H t 37 Mlvz (1.8 %)

gfiens

2.

whare ¥ is the amount of energy dissipated to heat during the inelastic .

I A BT

collision process. The dissipation H is required since the only wav the

s Womsanatin e
i ekt il cor

3 three equations can be simultanecusly satisfied with H » 0 (i.e. no {mpact .
loss) is fn the trivial case Vo - VI - V: . Therefore, even in cases

uvhere there are ne other losses, the impact loss is inescapable.

i? %7 *Suggested by H.J.P. voun Ohain
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Now consider the inelastic collision to take place after both cars

have been accelerated down an incline as illustrated in Figure 5. The {mpact
takes place at a lower elevation, with both cars at higher velocity, and the
two cars together are decelerated as they return to the same initial level.
Coming down the incline, assuming no resistance to the motion of the cars,

the total energy is conserved
2 )%
V, =V, +23h
2 2 A
Vo= Yor2gn

(1.B.4)

Conserving total energy (i.e. no resistance) coming back up the hiil,
\/ ‘ 2 }7
= -2 (1.B.5)
1=V - 29

Relating the energy after the collision to that prior to the collision, the

ratio is the efficiency of the energy transfer

,z m fG-m) V t+ Zm(t—m)[ (145 ) (V +Sz)lz* 52]
mie (1- @)V m (1) (1 +V?)

Mo . % 2gh e
l"l‘,w'ls\‘/bv\/6

where m = (1.8.6)

It may be seen frow Equatiom (1.B.6) that the cfficieancy is maximized at unitv
when the fnitial velocity ratio V is unity. This implies that for unegual

initial velocities, the transfer efficlency may be {mproved by laswering
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the depressionh, as i3 verified by the computations in Figure 6, for

m = ,1 and various velocity ratios,

vt

Now the ratio of the momentum at position 3 in Figure 5 to that

position 0 is

Cp _ My = v5 (1.5.7)

MY @Y,

\/2
but = 3 (1.8.3)
2

{1.5.1

s - | Y.
( ' i = —— Fn_
h ol m 7

Now for the simplest case of a moving body striking a stationary bodv

(V = 0) on level ground (S = 0), Equations (I.B.8) and (1.B.9) reduce t.

rz = f?% (1:) = \/’-EZ-
Iri (1.B.10

s0 the momentum i35, of course, conserved. Howuever, if the same col)ixivn
occurs after the cars have been accelerated down the incline § « 1,

(one car starting from rest) then

ho M +2m(1-m) [('*31)%8"51]
: m* + m(1-m)




RS,
L.

The resulting variation in ¢ with the speed ratio § is shown in Figure 7.

Thus, 1t may be seen that the resultant momentum at position 3 is greater
than that at 1 and a thrust augmentation has been affected.
The analogy to thrust augmenting ejectors is this: The primary

mass flow Mo collides with the secondary mass flow M The efficiency with

1
which this process can be undertaken can be improved if the flows ere acceler-
ated so that the velocity difference between them at collision, is minimized.
This is precisely the role of the ejector shroud; to lower the static
pressure within the mixing region and thereby accelerate the ambient air inte
the device. Thus the elevation is analogous to the pressure within the ejector,
the decrease occurring in the inlet and the increase in the diffuser.

Of course in the real case, there are losses due to friction both
for the case of the cars and the ejector. In the case of the colliding masues,
the track friction and drag losses make it more difficult for the combined
cars, after the collision, to make it back up the hill. If the cars have
tnsufficient energy to reach the top of the diffuser incline, they fall back.
This is analogous to diffuser stall vhere the flow near the wall has insuffic’. .
energy to overcome the pressure gradient in the diffuser.

Since the momentum at position 3 is greater than that at 0 , there
rust be a net force to the left on the earth supporting the track arcangismer:
This is analogous to that force transmitted to the ejector shroud by the
pressu-e distrvibution which becomes the useable force on the afrcraft.

The relative effect of lnlet avea tatio may be seen in the mass rati-
#. A small § corresponds to & high inlet area ratio and leads, (in the ideal.
ne loss case) to i{mproved performance. The analogy to the primary nozzle theust
ef ficiency is the ratio of the velocity of mass “o at position 0 to it velecir.

at a position 0' further up che line where the motion orfginated. The losses




between these positions are analogous to the flow losses within the priv

nozzle system.
Thus, in this analogy, the basic mec..2unism respongivie for tbry-!
augmentation may be identified. This is the irproved tramsfer effirien -
from the primary to the secondary through the uresence «t the shroud whis’ R
accelerates the secondary. However, the optinization of tiifs prosess in the
presence of various loss mechanisms is not straightforward due to the man.

parametric interactlons involved.

3 C. Motivation for the Study of Tnrust Augmenting Ejectors

%1 2: The potential application to V/STOL aircraft propulsjon svateme i
the overriding motivation for the study of ejectors as thrust augmentir

The advantage of ejectors for such an application is that they aftfer o
mechanism to allow the useable thrust of the aircraft to be increased duri--
take-off and landing and hence allow the propulsion syster to be sinzc ! v

. . &
cruilse or combat conditions or other considerations .

k- -i The basic concept for an ejector wing as applied to a vertical
] % take-aff atrcraft is shown in Figure 8. Three modes of operation are
»Yi illustrated; VIOL, transition and cruise. The circular ducts shown in
é the figure serve a dual purpose. They act us the main struciyral clese

of the wing and also serve to bring the primary alr fram the turborgn cne oo

out to the ejectors mounted in the wings. The primary air ix {nlected o

3 g_ the ejector bays (two in this case) from the civrcular ducts throuph 4 primw .
5; aodele systen.  In the VIOL case, the ejector efflux ix direited toward .

sy
FERa Ve AT
P

E ground and the inlet doors on top of the wing are completely open.

Sz

When the atrcraft has attained sufficient altitude, the elevioer

ertiux is directed rearvard and the aircraft beping 4 tranzitisn Yrem duevos




to foreward flight. The inlet doors are simultaneously inclined roreward

te offer a minimum of resistauce to the ambient air being entrained Into
tlie ejector bays. Finally, in the cruise mode, the engine air is directed
out through a more conveational tailpipe and <he ejector wing {s closed to
resemble a conventional wing cross sectionm.

The conceptual applicatlion for ejectors to STOL aircraft is shown
in Figure 9. During take off and landing, the ejector flap unfolds near
the trailing edge of the wing. The operation of the ejertor flap results
in high entrainment of alr from above the wing. This, in turn, leads to
higher velorities on the upper surface of the wing and hence increased lift
is generated as well as increased thrust.

For the ejector configurations described above, there are several
advantages in addition to the fact that they allow the sizing of the rro-~
pulsion system to other considerations besides take off and landing. ne ¢
these is that there are no moving parts in the ejector. There are, of course,
geometric changes which must be undertaken but these are no more irvalved than

the usual flap and slot motions on conventional ajrcraft. In additioan, the

ejectors could potentially be used in flight to achieve a suparior inflight
3 maneuverint capability. Tha low downwash velocities produced by the ejecier

efflux are slse advantageous since they reduce the problem of the reingestion

'g %‘ of expelled sases and hence debris. This &s also reflected in lower tempuer-
o N

e 5 : atures in the ejector efflux as compared to vectored thrust, for example.

‘E The temperature footprint s especially important for ship landings and areas
Aé g of combustible ground cover.

p:

The ejector as appiled to afrcraft also offers a ssooth (ransitiaon —~nde

betvaen VIOL and cruise flight as illustrated ian Figure 8. Many VIOL dewices

QU DE

fan in ving, vectored thrust, helfcopter) which {ncline the thrust vectar

te achieve forevard flight, experience a decrease in altitude during thir




phase because the vertical component of the thrust (or lift ia this case)
has been decreased., However, siace the 2jector entrains air from above the

wing during this phase, a "supercirculation' results due to the i{ncreased

velocity on the upper surface and a 1ift is produced in rxcess of the
expected component of the ejector thrust. This effect can be seen in the
experiments of Thornhill7 and has bean disc:ssed by Quinnl. .

Ejector thrust augmentors also offer the potenrial for reducing the
aircraft noise level by the use of acoustic liners on the internal suriaces
of the ejectecr. The reduction in noise level has been investigated by
0'Keefe and Kellys. A suppression of radiated noise level was achieved bv
applying an augmentor ag opposed to a slot nozzle while further suppression
wa ~ achieved by lining the augmentor with a sound absorbing material.

As mry be seen above, the ejector has the potentisl for signitic
advantages o-er «ome other V/STOL devices. However, to achieve that
potential two important chiectives must be met, high performance and corm.a
ness. The latter is especially important for aircrart application sinee
the devices must it into an aerodynamically smooth exterior. These twu
ot jectives are often confliccing and it is the pursult of thelr simultanc.u-

attaimment which is the subject of most of the following material.

D, Ejector Geometries '

The efector flivstrated schematically fn Figure 1 is one ol reveral
eiector concepts which have been and are befng {nvestipated for application
as thrust augmentors. The single cenlerbody design is simple and allows the
integration of the ejector into the aircraft desipgn with 2 ainimuz ~oeplextin.

This devire bas been investigated primarily for applicazien as an ciect -r

flap as {llustrated in Figure 9. The {nlet area ratios ai jinterest, & /A
M &~




are generally less than 10 for such a device.
A higher area ratio ejector, investigated primarily at ARL and

intended for application to VIOL aircraft is illustrated in Figure 10.

* in this case the primary air is injected through a family of nozzles of
a shape resembling a shark fin and attached to the circular ducts serving

as rhe primary alr reservoir. Between the primary nozzles are located

root nozzles whose function it !s ro inject a blanket of high energy air

e

near the walls to overcome the wall friction and thereby avoid separation

e 3 which is detrimental to ejector performance.

g' The bulk of the work at ARL has concerned the two ejector designs

E. described briefly above. The majority of the present material will likewi-.

3 be discussed in relation to these concepts. However, the bas!c insight int:

the flow processes inveolved is a necessary ingredient for anv ejector dewio»
Other ejector concepts have been proposed and some are currestlv

2 .
under investigation. One of these, the Cosnda ejecror’ was examined

theoretically by von Karuans and is {llustrated in Figure 11. The distin
9 guishing feature of the Coanda ejector is the position of the primarv noscte.
et the {nlet scroll for the ejector. The jets remain attached to the roynded

walls by the effect made famous by Coanda. Therefore, by the time the lets

reach the injection planes advocated by the designs illustrated ia Figure« |

E 8 : and 10, they are more intimately amixed with the entratned fluid. Ax will

he discussed in the ejector analysis in the folloviag section, the rate -~ E
é?."¥} : sixing betwoen the primary and entrained flows is a major parametsr geveraing j
_§ i' ejector periormance because of the overall leagth constraint imposed by the f
%. 2 application to aircraft. A Jdisadvantage to the Coanda approarh i{x that é

i the viscous lo~ses on the walls of the ejector are {ncrcased due ta the

13
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presence of so much high energy air near the walls. In additfon, penctrati
of the mixing to the centerline of the ejector is difficult. The Crand.
ejector has been tested by Scott and the results are discussed in Section
I-F. A combination of the centerbody ejector illustrated in Fipure 1 .and
the Coanda elector of Figure 1l is the device being investigated bv the L .1if

1
American Afircraft Division of Rockwell International in Columbus, Ohiol' amd

illustrated in Figure 12. This concept intends to take advantage of the in-r.

mixing due to the Coanda jets and yet not suffer the full extent of the 1!

losses by injecting half of the alr through the centerbody rozzle. fthi-
concept also improves the mixing, (as opposed to pu.- Coanda injectiony . near
the centerline of the ejector by placing a primary nvzzle in that position.
This device will be further discussed in a later section on the aircr.t
{ntegration of ejector devices.

Ejector devices emploving active diffusers have been lavestivated
by Hafght and U’Donnelllz and AlperiniB. The {ormer concept is «hown (2
Figure 10 a~d involves the use of a driven trapped vortex to alioy merc
vapid diffusion of the {)-w. Separation is postponed until larcer di-u o
area ratio because the effective diffuser wall ix sot selid and thas doe-
aor hBave the no-zlip boundary conditien. The remainder of the clec(or ar.
is sche=meticaily the same as that {llustrated in Figoere 10.

The concept investigated by Alyerinls is shown {a Figure v and
involves the yse of a2 jet near the solid diffuser exit asx well as g4 bouneres
inlet. The jet is inclined at an angle to the mean rtveamuine ditection,
#ig intention {s to take advantag. of the pressure differenre actess the
turnting jet s it deflects to the sean streas directied and in 1%i: vy-

aliow the diffusion process to continue dovnsttreas of the difiucer walis.
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The degree to which such an effect is useful is related to the amount of
momentum injecied near the end of the solid diffuser wall. If a sub-
stantial portion of the primary air is injected at that position, then
the ejector is essentially the first step to a staged ejector, from which
some improved performance is to be expected.
The improvement of ejector performance through the use of stagéd

- ejectors hag been demonstrated experimentally by Morrison14. The axisym-
metric staged ejector geometry used by Morrison is illustrated in Figure 15
alone with a representative experimental result. The conclusion that multi-
stage ejectors offer an advantage over the single stage ejector has also

been reached analytically by Nagaraja et 3115 and the computed results are

r?ﬂ*

shown in Figure 16. The pctential offered by staging is indeed promising
but experimental efforts in this direction are in a stage of relative ]
infancy.

In addition to the ejector performance advantages to be gained from ;

staging, a reduction of the duct losses could also be achieved. This could

v

1)

be accomplished by greatly increasing the pressure in the supply ducts

4 .
*
¢
Xk

carrying the primary air from the engine to the wing mounted ejectors. In

0
N
.

this way, the flow velocity in these ducts is reduced aand the duct losses

“«

correspondingly decrcased. The first stage of the thrust augmentor then

[

operates primarily as a mass augmentor. Such a system however requires
some engine development work since a high pressure, high byvpass ratic engine

is not currently available.

Because of the potential for a superior mixing rate between the

primary and secondary streams, ejectors maintaining an unsteady flow are

1
of great interest. A recent paper by Binder and F::wre--Marinet‘6 has

15
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demonstrated the increased performance of an unsteady primary nozzle. The
unsteady component in the primary flow was introduced by a spinning butterflv
valve. Other methods of introducing the unsteadiness into the flow are beine
investigated. A spinning primary nozzle which introduced an unsteady
component was investigated by Foal7. More recently, a fluidically controlted
unsteady nozzle with no moving parts was developed by Vietsls. In addition,
an acoustic interaction phenomenon between the screech tones emitted by a
choked jet and the ejector geometry is currently the subject of an ongoinc
19, 20

investigation . The subject of unsteady ejector flows will be treated

more explicitly in Section III.

E. Ejector Analysis Including Losses

In order to identify those areas of ejector technology which are
most likely to yileld the maximum return (in terms of performance) when
subjected to intense investigation, the following ejector analvsis includin-
iuss mechanisms was performed by Quinna. The analysis is based in principle
upon the original von Karman5 analysis of ejector performance.

Consider the ejector illustrated in Figure 1. Without the assump-
tions employed in the simplified analysis of Section 1A, the continuitv and
momentum equations may be written as

5/'3!,.' C]/‘\ +J/0er[§‘ = /)UGIAZ :j/DU':j’AZ

(r.e.1)

/ -;p+/‘.«‘!_.'1i>dA~ + }(T) /D )C/Ia
< f o i) dh

16
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where f 1s the streamwise component of the total skin friction force exerted
by the ejector walls upon the fluid.

The velocity distributions across any of the streamwise stations
are, in general, non-uniform. This non-uniformity may be lumped into a
single parameter by the defintion of Bi;

J:ﬁb'lc/A P vt dA;

S e s .+ e e i

/(9(‘ ] P 4 ’ 2 (I.E.3)
—A— /JUdA ] /ot Q

Momentum Flux through A1

Momentum Flux Due to a
E: , Uniform Mass Average
P E Velocity Profile

A ST i A s

At the inlet position, the integration is over Ao and Ax'

Here Vi is the mass average velocity through area Ai‘ The skewness parameter

3 i« an indication of the deviation of the velocity profile from an idealized

R R S R i st g v
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uniform velocity. As the profile deviates further from the uniform velocity
case, 8 increases from unity.

In addition, the friction force term may be written as

: , o 2

1 k. 4

3 ‘ = £ f 8 V. Az (1.£.4)
: 3 / ¢ ji & F

vhere

3 . o
4 - T f \ re{/ ,-QL/A (1.E.5)

.
L AV

Ol

“o
5? X For the type of ejector geometry shown in Figure 1, £f would be rather

small but for other types of ejectors, such as the Coanda ejector, the wall

Ayt BT

A

friction lusses can become significant. .
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In order to keep the present analysis relatively simple, the

pressure is assumed constant across any streamwise position and the fluid

is assumed incompressible. These have been shown to be very realistic

assumptions by the experiments described in later sections. .
Besides the frictional losses on the internal walls of the ejector,

there are several other loss mechanisms which detract from overall ejector

performance. These include the loss, &1, sustained by the entrained flow

passing through the inlet. If the inlet had no losses, Bernoulli's equation

would be sufficient to relate the externél conditions to the entrained

velocity. However, the inlet loss results in a modified Bernoulli relation:
2
p=R - £V ()
/ e z ! I (1.E.5)

The entrained tlow is irrotational except in the limited regions which have
been affected by the boundary layers on the inlet walls. Thus the entrained
velocity is esgsentially uniform and a possible B1 term in Eq. I.E.6 is
treated ag unity.

If the ejector configuration has a diffuser attached, then a loss
due to the imperfect operation of the diffuser must be {ncluded. This may

be accomplished by the use of the diffuser pressure coefficient
C. = 7:3 - R
p ) V;; (1.E.7) .
z ol

where 93 {s tha static pressure at the exit.

1f the loss mechanisms described above arve incorporated into the

poverning equations I.E.1 and 2, they may be manipulated into a
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QJadratic equation for the entrained to primary velocity ratio

T,

14

V=]

ek -0 ]34

(1.E.8)

where the losses downstream of the Injection plane havc been lumped into

the parameter q defined by

%:/Bz ZEf‘f'Z"’CP] (1.E.9)

Now consider a situation with perfect mixing, Bz = 1.0, frictionless
A

ejector walls, £ = 0 and a perfect diffuser c, = 1- % . Then the

A
3

function q is minimized and equal to

2
%weu - ] ’ é} (1.£.10
As

§ 3 Then for convenience

S =g [1+ A%
DEAL (1.E. 1D

IDEAL
[+

The fact that it is desirable to minimize the value of q in Eq. 1.¥.¢

.

1o

leads to some interesting, if not surprising, insight. The wall frictiog leus

g' term Ef may be reduced by building the ejector as short and compact as possible.
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However, a very short ejector makes it difficult to obtain a reasonably low
value of 82 because the mixing between the primary and secondary streams is
not rapid enough. This trade-off between the conflicting objectives of
compactness and complete mixing is one of the basic problems in ejector
design. An additional complication is that any attempt to increase the
mixing rate of the primary jet leads to either an increased inlet loss
(i.e., perhaps by using more primary nozzles) or a reduced primary nozzle
thrust efficiency (which will be considered in more detail) or both.
Relatively straightforward is the meassage from Eq. I.E.9 to maximize
the diffugser performance and hence maximize Cp.

Now to allow a numerical comparison of the loss terms, consider the

thrust augmentation ratio as defined in Eq. I.aA.11:

p- I BGA
b [podh VYA,

(1.£.12)

Now Vé is the velocity obtainable by a perfect expansion of the primary

flow from {ts stagnation pressure PT to the ambient conditions Pa s
b
) &

P-r - P + ,£ VN (1.£.13)

J Too 2

Now solving for the ambient pressure from [.E.6 and combianing:

P’i’- = R +§ V, (‘fg,)+§ VN' (1.£.14)




Now the primary thrust efficiency is the ratio of the thrust produced to

the thrust available from the isentropic expansion across the same pressure

difference, i.e.,

(I.E.15)

1

Substituting inte Eq. I.E.12 for V_ and eliminating V32 A by continuity
3

'
E 24712
E oA AV Vi
. Q=pr ) (700
A3 Ao ° (v | v“ (1.£.16)

Attempting to interpret the importance of various loss components
directly from Eq. I.E.16 is a risky proposition since the parameters are
still interrelated. However, the numerical solution of Eq. 1.E.16 along

with 1.E.8 yields some interesting results as seen in Figure 17. For a

particular ejector of A;/Ao = 20 and A)/A2 = 1.5, the relative importance
of the loss terms is shown. The basic message 1s that increased losses

of ene type are acceptable and even desirable if in so doing the lows of

3 f' : another type is reduced.
4 The degree to which the losses are critical to the ejector perferaance

is shown in Figure 18, where computed thrust augmentation is plotted verxus

N RO e
he il aaliet L LN
#

3 3 . inlet area tratic for three loss combinations; no losses, reasonadble and
heavy losses. The labaling of the loss combinations as reasousble or
g : teavy {8 certainly debatable but the conclusion {s clear: succesaful

ejectors for V/STOL application sust have the losses held to a very tight
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minimum since it is obvious from the figure that small percentage changes
in the loss mechanisms can greatly affect the performance.

The theoretical performance limits for augmentors with no losses
are shown in Figure 19. It is clear that performance increases with
inlet area ratio and diffuser area ratio. The calculation assumes perfect .
(or complete) mixing as well as no losses. Physically, the actual reductioons
from the performance shown here are due in large part to the fact that the
mixing attained in the ejector decreases as the inlet and/or diffuser ratios
are increased and that the diffuser performance breaks down completely for
larger area ratios as diffuser stalling occurs.

Not let us consider the q loss term in more detail. The q loss as
defined by Eq. 1.E.9 congists of three parts; skin friction, diffuser
efficiency and degree of mixing. Now if an ejecotr configuration is being
optimized for an aircraft application, tbe length is genmerally not verwy
flexible and the diffuser efficiency in terms of area ratio is relativelvy
well known. The optimization is likely to concentrate on the flow structure
within the ejector. In particular the mixing rate should be optimized

{i.e. %} minimizea) in relation to the nozzle thrust efficiency n A

N

reduction in n, is generally the price which must be paid to achieve

N
increased mixing. Ao analysis which clearly shows the trade-off between
npzzle thrust efficiency and performance as relsted to mixing was performed
by Bevilaqua and Toa521 and is shown in Figuve 20. For a diffuser area
ratin of 1.5, the resulrs clearly show that taking a five percent loss fn
nozzle ‘hrust efficiency to obtain a ten percent improvement in mixing

at the exit {as measured hy 3) can lead to an laprovement on the order of

5% in thrust augmentation retiv. The calculation {s performed holding the

redaining losses to zero.
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The lower half of Figure 2Q illustrates the effect of the above
trade-off on the transfer efficiency defined as the ratio of the kinetic
energy of the efflux to energy of the primary jet system.

Thus the enhancement of the mixing rate is one of the most important
parts of the ejector optimization process, especially for V/STOL application,

and will be considered in more detail in Section II.

F. Some Recent Ejector Results

The thrust augmenting ejector effort at the Aerospace Research
Laboratories has concentrated on two devices -

-~ a high inlet area ratio (324) ejector to produce the high thrust
augmentation values required for VIOL {See Figure 10) and

- a lower inlet area ratio (*8) ejector to be applied as an ejector
flap and to act mainly‘as a mass augmentor and increase the velocity over
the upper wing surface of a STOL aircraft and thereby augment the lift
produced and required for rapid conventional take-off.

The high area ratio device is schematically illustrated in Figure 10.
The throat width is 10 inches (25.4 cm) while the endwall to endwall distance
is 60 inches (1.52 m). A photographic view upstream into half the ejector
exit is shown in Figure 21. The primary nozzles extend cut from tlie round
supply ducts and meet on the centerline of the device. 1In this way the
primary air is distributed over the ejector c¢ross section. Twelve small
nozzles inject primary air on the end walls of the ejector. The desinn of
the {ndividual primary nozzles as well as the root nozzles which supply the
boundary layer control air is shown in Figure 22. The primary nozzles are
in the shpae of a “"shark fin" to minimize the inlet loss to the entrained

air vhich passes over them. The exit shape of the noszles is cut back on
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alternate sides in order to Impart an alternately transverse velocity
component to the flow, as illustrated in Figure 23. This particular exit
shape is called the hypermiring nozzle and is the result of an extensive
investigation of nozzle mixing versus efficiency which will be described

in Section II. Both the primary nozzles and the root nozzles were injection
molded from a Nyafil material.

The various configurations tested are indicated in Table 1, where Lm
and LD are the lengths of the mixing duct and the diffuser, respectively, as
shown in the schematic of Figure 7, and W is the width of the mixing duct,

The highest values of thrust augmentation obtained to date with this
device are shown in Figure 24 and correspond to configuration F from Table 1.
The lower set of thrust augmentation values have been obtained with a much
shorter diffuser and hence a shorter overall ejecter. The reduction in
performance can be attributed to the reduced degree of mixing achieved in
the shorter ejector. This 1s evident in the fact that the velocity profiles
at the exit of the shorter ejector are more highly skewed (or non-uniform)
than in the case of the lounger ejector. The difference in performance of
these two cases {llustrates the importance of complete mixing to the eiector
process because the longer ejecter requires that one accept an incraase in
wall friction losses (and hence in iq) and yet the performance is improved.

The effect of the length of the mixing duct, LN' on overall performance
{s shown {n Figure 25. The comparison {5 for configurations U and ¥ of Table 1,
which are of equal overall length. It is clear frow the data that a long
wixing duct {s not s impertant as a mere gradual diffusion process. This iy
a somewhat unarpec’ed result since it 1s a generally accepted fact that

diffusion tends ¢t accentuate the non-uniformites or skevness of a flow.

|
|
J




Evidently, there is a very significant amount of mixing occurring within the
diffuser of the present ejector geometry. This effect is related to the sense
of the diffusion relative o the skewness and will be discussed in detail in
Section Il. Unfortunately, the mechanics of the experimental device made it
impossible to further shorten the mixing duct.

The optimization of the primary nozzle depends not only on the mixine

rate of the jet produced, but also on the ejector geomefry itself. Once

- SNttt v g Y o T
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2 the ilow is fully mixed at any streamwise position within the ejector, any

additional ejector length only contributes to skin friction and does not

[—

4
",

enhance performance but rather detracts from it.

Recent experiments by Bevilaquazz, on the same apparatus described
above, indicate the importance of designing the primary nozzles with regard
to their application. By doubling the aspect ratio of the individual element-

on the hyperaixine nozzles (see Figures 22 and 23) from those of the previous

O TS A B PO R Pl S B .
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% the total length ol tne mixing and diffuser sections was more than halved a-
shown in Figure 26. The single low thrust augmentation value at a diffuser
areas ratio of 2.1 was purynsely produced by placing a small roughness element
primary jet injection plane. The sensitivity of tne thrust augmentation v a

swall disturbance in the flowfield is appareni.

g

o e
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To fnsure a sufficlent amount of boundar; layer contrel, primary afy

ey

is placed on the sidewalls by root nozzles of the kind {llnstrated in

i

Figure 22 and on the godwalls by the twalve nozzle spray system shown in the
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lower part of Figure 21. MNot only is it {mportant to have the bevndary

laver blowing, but it must be accomplishaed {n the proper mavner as ma: be

5 _ tests, the thiist augmentation ratio obtained was held practically constant wh

po.

025" (0.64 cm) wide and 0.50" 71.27 cm) high on the sidewall downstresm of th.

I
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seen in Figure 27. Not surprisingly, the poorest performance was obtained

without endwall blowing, If a single nozzle using 9.1% of the primary mass

{low is employed, the performance vises. However, using the 12 segment

nezzle (Figure 21) to more successfully distribyte the flow, the percentage .
of mass flow used for endwall blowing can be reduced to 4.7% and still the

performance is increased dramatically.

The highest augmentation values achieved by Qumnl'3'4 have been
independently verified by Haight and O'Donnelllz. in fact, Quinn's values
appear to be conservative, being exceeded by 2-7% in Reference 12. This
difference is attributed "to small design changes in inlet shape and
differences in external laboratory flow comstraints (walls, ceiling, etc.)".
Haight and O'Donnell12 are basically concerned with a reduction in the
diffuser length by employing the trapped vortex diffuser, as iliustrated in
Figure 13. The basis of this device is the fact that the diffuser wall is
replaced by the dividing streamline between the vortex and the diffuser flow.
The vortex is driven by injection at the upstream lip and hence the separating
boundary layer at that peint is energized. In addition, boundary layer
separation {amd hence stall) can be avoided in principle, since there is
a fluid (instead of solid) interface. The experimental results employing
the vortex diffuser show a dependence of thrust augmentation on primary jet
stagnation pressure that did not exist in the solid wall diffuser case.
Reductions of pressure average peak thrust augnentation ratfos to 1.91 aad

1.88 vere experienced with respactive reductions in total length of 21 and

44X, The concept appears to require more optimization to amake {t a viable

diffusion candidate.
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The low area ratio ejector, shown schematically in Figure 1 was

tested by Fancher23 including the hypermixing nozzles mentioned above and
described in more detail in Section ITI. A cutaway of the ejector on the te<t
stand is illustrated in Figure 28, The maximum measured performance for

an inlet area ratio (Al/Ao) of 8.6 was ¢ = 1.35. A small increase in this

21, 24

value of thrust augmentation was reported by Bevilaqua and Toms by the
use of higher aspect ratio individual elements in the hypermixing nozzles and

subsequent improved mixing.
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I1. Mixing Studies
A. Parameters Affecting Jet Mixing

The fmportance of the rate of mixing between the primary and secondarv
streams on the overall ejector performance has been pointed out in Section |[.

A dramatic quantitative estimate of this effect has been made by Quinnl'z
and is shon in Figure 29. Doubling the zssumed mixing rate leads to very
substantial improvements in thrust augmentation, especially for the short
(length/width) ejectors of interest fur aircraft application. Therefore,
various met™ods of increasing the mixine rate of a primary jet have been
attempted and some of these are presented below. Of course, the enhanced
mixing rate must be achieved at the cost of reduced nozzle thrust efficiency
and therefore a trade-~off between these effects must be negotiated. In
addition, several other mixing problems arise in application including three
dimensicnal effects, and the concurrent processes of diffusien and turning.
The results discussed here are all steady state. The time dependent methods
are delayed until the following section.

A study of several methods which directly affeect jet mixiog vates
was performed by Fejer et 3126'27'28 at the {llineis Institute of Technologs.
This study included the mixing effects due to

a. A disturbance at the interface between the primary and secondary
flows te produce turbulence.

b, & density difference betwveen the jer and secondary {lows.

¢. The addition of a gross swirl compenent te the primsry flov,

The turbulence production at the {lov interface was avcouplished by sountling

a tiag of spheres ztound the oulside of the primary jet nozzle st the exit

plane. fa this way, the turbuleace increase is in the secendary flow and one
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might expect that the effect on the mixing process is proportional to the
secondary flow velocity. This 18 indeed the case as may be seen in:

Figure 30. The effect on both velocity decay and the concentration decay

of the argon tracer gas in the primary flow is significant for secondary
streams of 200 ft/sec (60.96 m/sec). However, the effect is slight for

a secon'ary stream of half that velocity. Of course, the disturbance could
be appli~d to the primary stream instead and the mixing rate further enhanced.
However the losses involved in such a procedure would increase accordingly.
Since the ejector 1s very sensitive to primary nozzle losses any disturbance
of the flow interface must be viewed with a critical eye.

The effect of a density difference between the primary and secondary
flows has been studied by various investigator329-34. The basic conclusion
is that as the density of the primary decreases relative to the secondary,
the velocity decay (or mixing) rate increases. This is true whether the
density difference is due to compc-ition and/or temperature differences.
Thus, it woul” appear that a low demsity primary (perhaps hot engine air)
would be desirable for thrust augmenting ejector applications to aircraft.
However, passing the same mass flow in the lower density case requires
higher primary velocities which in turn yield lower transfer efficiencies;
The advantages (1f any) of a lower density primary therefcre depend upon
the ejector configuration and constitute another design tradecoff.

For very short ejector configuratioans, the effective increase in
viscosity due to higher temperature primaries may offset the reduced transfer
efficiency. This is a basic result of an axisymmetric heated elector study
by Quinn and Tomslq. For the relatively long ejector (L/D = 10.18) shown

in Figure 31, the effect of primary temparature on the ratic of entrained

29
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to primary mass flow (reduced by the temperature ratio) is significant.

Since the eiector is so long anyway, the flows are relatively well mixed,

even in the cold jet case, so a mixing improvement provides no increase

in performance. To th> contrary, the increased wall losses cause the
performance to suffer. However, for a short ejector configuration

(L/D = 4.36, Figure D) the elevated primary temperature produces an increasc
in mixing rate which compensates for the reduced transfer efficiency and hence
the performance (in terms of entrainment ratio) is not compromised. The
change in the shpae of the curves will be discussed in the following section
on unsteady effects.

The significant mixing advantages to be gained by the introduction
of a swirl component into the jet flow may be seen in the experimental
results of Rose35 in Figure 33. 1In tuis case, the swirl is produced by a
rotating pipe, although there are alternate methods available including
gnide vanes upstream of the jet exit. Again the problem arises of the cost
in performance required to produce the disturbance in the jet. This led to
an investigation of the possibility of producing interactions outside the
primary nozzle which will be discussed.

The influence of the state of the boundary layer on the inside of
the primary jet is currently being investigated by Hill and Jenkensjb.
Inirial resu}ts indicate that the state of the boundary layver, laminar,

tyanaitional or turbulent, has a significant effect an the izt mixing rate.

B. Three Dimensional Effects

fn & weries of ploneering papers, Sforza and Trentecoste have

expovimentally clarified the three dimensional sfructure of jets emanating

from orifices of bilaterally symmetric shape. From the point of view of
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ejector application, an important result of their experiments is illustrateu
in Figure 34, Here the half widths in the major and minor axis directions
of an aspect ratio ten orifice are plotrted versus distance downstream. The
half width are a gross indication of the transverse dimersions of the jet
since they contain a majority of the jet's momentum within their bounds and
are defined as the distance between the jet centerline and the point on the
transverse velocity profile where the velocity is equal to the average of
the jet centerline velocity and the free stream velocity. For three
dimensional jets, the half width furthest from the centerline (i.e. on the
short side) initially decreases and then grows while that on the near side
of the jet grows monotonically. The importance of this fact may be seen in
relat‘on to the schematic of the area ratio 24 ejector discussed in Section 1
and shown in Figure 10. In order for the primary jet mixing to penetrate to
the center of the mixing duct, the high aspect ratio jet must grow rapidly
on its short side. However, according to the aforementioned 3-D results,
this {s not possible. Therefore, QuinnAO extended the “shark fin" nozzles
out to the center of the ejector channel and obtained improved mixing on
the ejector centerline which (along with otier changes) resulted fn sub-
stantially improved performance.

An analytical treatment of the flow from 2 finite aspect ratio

nozzle has been produced by Viets“l for a laminar jet issuing from an

elliptical nozzle. The treatment is based on the assumption that the ijet

peples s ipin gty

- § isovels are elliptical, a fact observed at a short distance downstream

3 3
k. 9 ) fn the tarbulent case, even for a rectangular orifice38. This fact allows

I

the separation cf the three dimensfonal problem {nto two 2-D problems,

only coupled by the aspect ratio of the elliptical orifices. The results
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of a numerical solution of the resulting equations is shown in Figure 35 for
an aspect ratio three ellipse and two different coflowing stream ratios. The
qualitative agreement with the experimental results of Figure 34 may be seen.
In order to obtain a quantitative comparison, an eddy viscosity model
applicable to a 3-D flowfield is required. .
The above discussion concerns the interaction between a finite aspect
ratio jet and the coflowing stream. In most cases, however, there is also
an interaction between the primary jet and an ejector wall. This situation
has been examined experimentally by Foss and Jones42 and EastlakeaB. The
latter finds that confining the jet with endwalls (walls aligned with the
edges of the jet parallel to the minor axis) results in a decrease of the
minor axis half width growth. This is due to the fact that the endwalls
prevent entrailnment through that side and therefore prevent the decrease in

37-39 and

the half width dimension observed by Sforza and Tretacoste
predicted by ViCESAl. This forces the jet momentum to fill to the endwalls
and hence reduces the momentum available to the minor axis and results in a
reduced half width growth there.
Foss and Jones42 found unexpected secondary flows in the viscinity
of the walis of a slot jet bounded as that above. The secondary flow causes
a more rapid spreadinrg of the jet near the walls., According to the proposed
flow model, the secondary flow is caused by vortex rings which are shed by
the jet orifice or nozzle and then deformed by the flow field, being
retarded near the walls and blown downstream in the center of the channel.
This model is similar to that proposed by Van Der Hegge Zijnenab and emploved .

by Sforza and Trentacoste’a to explain the velocity irregularities found in

some jet flows. These irregularities involve situations where the maximum

32




I
i
13
!
X
P
£
L
b
P
;

-

L ey per——————

-

iasadiacu i

R R N R T

jet velaeity does not appear on the jet centerline as expected but rather
appears off center resulting in a saddle-shaped velocity profile, Viets
and Sforza45 have computed the motion of a finite aspect ratio vortex ring
and confirmed the calculations with flow visualization experiments. The
vortex ring deforms in much the same manner as the jet cross-section (as
seen in the half width growths of Figures 34 and 35) and thus lends
credibility to the vortex model of jet dynamics. This structure also fits
well with the latest model of turbulent entrainment which pictures the flow
field as consisting of a large scale eddy structure which is responsible
for the majority of the jet entrainment. This model will be discussed
turther below.
(. Nozzle Studies - Origin of Hypermixing

A comprehensive investigation of the effect of primary nozzle exit
geometry in the mixing rate and the nozzle efficiency has been performed bv
Eastlake46. The principle aim of the investigation was to identify nozzle
configurations which yilelded substantial improverments in spreading rate at
a reasonable cost in nozzle velocity efficiency, defined as the ratio of
the actual nozzle velocity to the isentropic velocity due to the same
nozzle pressure ratio.

Some examples of the types of nozzle geometries tested are shown in
the following Figures, The nozzles tested included:

a. Straight cone nozzle - producing a line of axisymmetric jetrs.

b. Alternating cone nozzle - producing axisymmetric jets alternatetle
inclined at *10° to the nominal centerline. (See Fignre 36)

c. Alternating exit nozzie - alternate segments of a converging sliot

noz=le cut back to produce rectangular jet elements fnclined to the ceaterlioe.

13

20 e R R OB 0T SRR 2R G IR I A S i D F T o T RS

1 . $



B
23
%
<

aspect ratio of each element 1s approximstely four, Presently referred to
as the hypermixing nozzle (See Figure 37).

d. Alternating exit nozzle - same as c, but the elemental aspect
ratio is approximately equal to eight.

e, Simplified fin nozzle - producing a line of parallel slot jets.

f-j Scalloped exit nozzle - the nozzle exit is cut back in an
alternating fashion illustrated in Figure 38 to produce inclined jets of
nonuniform shape. This was accomplished to varying degrees with five
different nozzles.

The major result of this nozzle study is shown in Figure 39, where
the nozzle spreading rates are plotted against their price, the nozzle
efficiency. In this case the efficfency is defined as the ratio of the
actual to isentropic exit velocity. This is equivalent to the nozzle thrust

efficiency defined earlier since

2

TActual. - pv Actual - Yactual
Tisen(same mass flow) vactual visen Visen

That the price of rapid mixing is reduced nrozzle efficiency is clear
from the Figure. The particular nozzle chosen for further testing based on
these tests is the .8 alternating exit nozzle having a half width spreading
rate of approximately .17 and an efficiency slightly below 98%Z. It was this
basic nozzle exit design which was employed in the successful test program
dascribed by Quinu3.

Further cvidence of the three dimensicnal effect discussed above mav
be seen in Figure 40, vhere the half wideh growtis of the two altevnating
exit (now referred to as hypermixing nozzles) are compared to tuose of a

slot jet of the same overall aspect ratin. Certainly the improved performance

34
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in the minor axis direction is clear. However, the decrease in the major
axis half width 1s exaggerated as the performance is improved in the-
opposite direction. Thus, as discussed in relation to 3-.; effects, pene-
tration of the jet in the major axis direction becomes = re and more difficult
as minor axis penetration {or spreading improves).

The performance of the hypermixing nozzle geouetry has been further

21, 22, 21‘, both experimentally and

investigated in detail by Bevilaqua
analytically, based on the early work of Quinnao. Since the question of the
mechanism of turbulent entrainment is still a3 point of controversv in the
technical community, there is no surprise in the fact that the mechanism of
enhanced entraiQment in hypermixing jets is rot completely clear. There is
little doubt, however, that the increased spreading is related to the
production of streamwise vorticity by the jet as shown in the schematic of
Figure 23.

Recent resultsA7‘50 in the general area of turbulent entrainment have
pointed out the existence of a large scale vortex structure in the entrainwment
process and have attributed the bulk of the entra’nment process to the
action of this structure. This point of view is cousistent with the concept
that the increase in mixing rate in the hypermixing nozzles is due te the
large scale streamwnise vortices produced. A loeical mechaunism for the
producti~n of these vortices is the discontinuity in the transverse velocit:
which exists betveen elements at the exit of the hypermixing nozzle. Another
possible mcchanismSI. however, is the realization that cach elemant of the
hypermixing jet may be viewed as an afirfoil with a jet flap at the trailing
edge.  Thus alternate elements of the hypermixing jet have different amounts

af effective camber and the resultant lift on cach element alternates in

direction opposite to the alternatiang jet deflection. Then the xtreameise
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vorticity mday be viewed as the dovmstream legs of a horseshoe vortex bound
Lo each element ol the nozzle. An analytical description of hypermixing is

included in the following subsection.

D. Eddy Viscosity Models
1. Modified Prandtl Model

Eddy viscosity models have proven to be a very popular techmique
in the mathematical treatment of turbulent flows. Their popularity stems
from the fact that their use laminarizes the problem in the sense that it
allows the use of laminar methods of solution. The effect of turbulence
is then to complicate the otherwise simple evaluation of the viscosity.

The purpose here is certainly not to examine the usefulness of various
proposed models but rather to present two methods of attack pursued at

ARL a~d which indicate some promise and are applicable to thrust augmenting
ejectors. A verv comprehensive review of eddy viscosity models has been
performed by Harshasz.

From the present point of view, a desirable eddy viscosity model
would have the simultaneous features of performance and simplicity. One of
the simplest (and earliest) models is due to Prandt153 and is valid for free
Jets.

Prandtl’s model of the eddy viscosity €, is

€= k b (Umax - Umin)

‘ {1t.0.1)
where K {s an empicical constant, b is proportional to the width of the mizing
region and‘UmRI aund U‘a are the maximus and minimuts values of streamwise

in
velocity at a givean streamwise position,




ARG b aE g o 00 ST R

The ability of the Prandtl model to predict the axis velocity
decay of jet into stationary surrounding uas been demonstratedsz. liowever,
with the addition of a coflowing stream the model's performance deteriorates.

This may be seen in Figure 41 where the centerline velocity u and the

i
1
g

coflowing stream velocity Ue’ are equivalent to Umax and Umin respectively,
The initial velocity of the jet is V, while the velocity ratio is m = Ue/V.
The constant in the Prandtl model is chosen as k = .007 in the region u . .99V
and k = .01l downstream of that region. The halfwidth b is defined as aboue.
A reasonable fit of the available daca52 at m = ,67 is indicated
by the heavy line decaying at X-l (1.e. 45° slope). It may be seen that the
agreement of the Prandtl model, which was designed for a jet intc ambient air.
is not very successful for the case of a substantial coflowing stream. Also
indicated are the results employing a model due to Ferri, Libby and Zakkaybé
which was formulated to account for the effect of variable density in the jet

flow. This model depends upon the difference in mass-fluxes rather than the

velocity difference;
/JE - KF h/l (/ZU‘G* /%u'e) (11.b. )

wvhere r / is defined at any streamwise station as the distance between tiw
HERP

centerline and the peeition at which the mass flux is equal to the avevage !
the centeriine value 2.6, and the coflowing stream value, 24 in additioen,
the constant KF was chosen to be aqual to .025.

A

When veduced to the incompressible case, the Ferri model s simpis

thae Prandtl model with a different constant. Therefore, the resules an in

5 Figure 41, are oerely shifred eather than improved. A e¢orrection factor to
g . : the Prandtl medel te actount for the coflowing stresm can be developed by the

falloving argu&entss:
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The original development of the Prandtl model assumed that the
dimensfons of the lumps of fluid which are transported across the jet are
of the same order of magnitude as the width of the mean shear layer. That

this assumption is affected by the addition of a coflowing stream may be

seen in the limit where the coflowing stream velocity is equal to the jet .

velocity and the width of the mean shear layer is zero. The flow is,
however, still turbulent and the lumps of fluid ttansported)by the turbulence
are of finite size, Thus as the coflowing stream velocity increases, the
size of the fluid lumps can be substantially larger than the width of the
shear layer. Increasing the dimensions of the fluid lumps is equivalent

to increasing the magnitude of the effective viscosity. To incorporate this
effect into the Prandtl model, the eddy viscosity is increased by a term
inversely proportional to the local velocity difference between the jet and
frecstream (U - ue)l(u - ue).

The dencminator of the preceding term is equivalent to the
(umax - umin) term in the Prandtl model, so if the Prandtl model were simply
multiplied by the coflowing stream modification, the local velocity difference
terms, (u - ue). would cancel out and the vesulting eddy viscosity would be
proportional to the halfwidth alone. To avoid this, the modification factor
is raised to a power characterintic of the flow situation, the ratio of the
cofloving stream velocity to the jet velocity, m.

The use of the velocity ratio as the exponent in the modification
term may be viewad as follows. The shortcoming of the Prandtl model in the
coflowing stream case {s its {nability to match the exponential decay rate of
the jet. The experimental decay rate exponent is dependent upon the velogity

ratio, while the Prandt]l codel exponaat is equal to unity. The presest
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modificativn improves the model by making the exponential decay rate
dependent upon the initial velocity ratio. The resulting modified Prandtl

eddy viscosity model is m

£=kb (LL— U.e) [(U" ue)/( U."Ue)J (11.D.3)

Thus the Prandtl model is simply multiplied by the inverse of the quantity
usually plotted as the ordinate of the velocity decay plots, raised to the
pewer of the velocity ratio. Inm the case of the absence of a coflowing
stream, the modified Prandtl model reduces identically to the classicali
Prandtl model.

The ability of the modified Prandtl model to predicc the far field
decay of coaxial jet is shown in Figure 41. The new model successfully
predicts the centerline velocity decay from approximately X = 20 downstrean.

1t is appropriate to point out here that Maczynski56 has sacwn
that the effective mixing length in the rfar field of tbe jet is not propor-
tional to the width, b, of the jet as the basic Prandtl model assumes. Rather
the effective mixing length is preportional the the distance from the jet
nozzle, which grows more rapidly than the jet width upon tﬁe addition of a
coflowing stream. Thus the bracketed term i{n Equationm (I11.D.3) may be
viewed as a modification of the jet width, b, to make it more compatible with

the results of Maczynski. The effective mixing length thus obtained,
Ye
b U.L.u,e v

W~ Ue
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is larger than b, and the difference becomes most pronounced in the far field.
[ 4
Now analogous to the Ferri model, Boyle and Viets)7 rewrote the

modified Prandtl model of Equation (I1.D.3) in terms of mass ratio,

/O K(A b( ) /iy_tg—— (11.D.4)

where A = peue/po U {s dependent only upon the initial conditions and the
constant has been freed to vary with A, In addition, an examination of

the available literature indicates that the density ratio to the half power

has a significant effect on both the enttainments8 and axis velocity decay59

rates of variable demsity jet flows. The inclusion of this factor leads to

| | 3
£

Y _
/aeuK(A)b(/g“;/é }% ;:-/{f

the mcdel,

(11.0.5)

(o]

It now remains to determine the variation of K(A) eampirically and
thereby iliusteate thz applicability of the model. 1In an effort to retain
the simplicity of the model, the comstant in tha second région of the flow
H.e., UL < .99 V) is specified as equal to the second cousfant in the Prandel
model, K = 022, The constant in the first region of the flow is chosen
empirically and depends upon the mass flux ratio, A. The chaice of R(*)
is essentially equivalent to specifying the 1¢ngch of the poteatial cove as

a function of mass flux ratio, 2, and is presented in Figure 42,
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The empirical variation of K with X was obtained by producing the
best match uf centerline decay of velocity, temperature and concentratlon
of axisymmetric jet experiments from ten different sources. The axisvm-
metric geometry was chosen because of the relative abundance of data,
A similar curve could be produced for two-dimensional results. |

The success of the simple model in the case of a heated jet is
shown In Figure 43 and Fi, re 44 for the case of a heated jet of nonuniferr
composition. The experimental results are due to Landis and Shapiroeo anl
the general agreement is good.

2. Hypermixing Eddy Viscosity

The hypermixing nozzle development has been discussed above and
the general flowfield produced is illustrated in Figure 23. [t is desirai
to develop an eddy viscosity for the hypermixing nozzle in order to facilitat«
design studies. The basic difficulty is that the hypermixing flowfield i«
fully three dimensional. This difficulty was overcome by Bevilaquazz, whe
smeared the changes in the spanwise direction while retaining the essential
feature of hvpermixing, the streamwise vorticity. Thus, instead of tr-atinge
individual stresmwise vortices, the analysis treats a distribution a1
vortieigy.

The governing equation for the streamwize vorticity .. is

P
g

0

$o

L2 XQ rEVR

{(1t.D.6)

a8 o

where . can he {nterpreted as the strafaning of the voriicity by the main
fiow and 77 as its diffusion by the turbuience. As the jot toves downstre .
spreads and decclerates, the characteristic streamwise dimension deocreasres

and thus the streasswi-e vortex is compressed, seo




X = 'g‘)'g's (11.D.7)

Then, if the vorticity is not a functiun f time but merely convected down-

stream, the resulting vorticity equation is,

; 51{1 - élJC 2 | 11.0.8
)c;}?—-xﬂ-ﬁEVQ (11.0.8)

{f the vorticity is written as the product of two terms, turbulent diffusion

diffusion Qt and the rate of strain due to compression, then (11.D.3) becomes,
eiﬁz:t — 2 (11.D.9)
U. ¥ =tVvVa,

This equation may be transformed and solved for the velocity distribution
within the vortex as well as the size of the vortex (definex as the radiux
at which the maximum velocity occurs) and the maximum velocity. Emplorine
the size of the vortex and its maximum velocity as the mixing length and
velocity scales, the vortex induced stress can be determined. The derail
for these operations are presanted in Reference 22.

The gzoverning equations for the jet flow containing the vorticity
may be selved for the case of a self preserving jet, to withia twp constants,
e wan be determined by the magnitude of the jet spreading rate far frowm
the nezzle while the second is determined fvom the neav field of the jet
by matchiag the faitial spreadiog rate (which 13 indicative of the ﬁtfﬂﬂtl}
a{ the hypernixing vortices).

The comparison between analysis and experisent (s shown in

Figure &5, Siace therte are two free constants in the suodel the guaatitatiw
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comparison 1s not the most important thing, but rather the qualitative shape
of the jet growth. Work is currently underway on an improved analysis
based on the concept of approximating the various elements of the hypermixing
nozzle by jet flaps51 and thereby to define the free constants in the above
model.
E., Simultaneous Mixing and Diffusion

Ejectors for aircraft application are constrained to be rather short.
This leads to situations where, in spite of the rapidly mixing primary
nozzles described above, the velocity profile at the inlet to the diffuser
is not fully mixed (i.e. not flat). Therefore, superior performance
demands that as much mixing as possible take place within the diffuser.
However, Prandthl contended that diffusers tend to accentuate the flow
nonuniformati~s (or skewness). During some early experiments at ARL, it
appeared that this was true in one sense relative to the velocity profile
and not the other and that the difference between the two is due to the
direction of the diffusion process relacive to the mixing process. Consider
an unmixed velocity profile at the inlet to the diffuser. The question then
arises: 1Is there a preferred direction «f diffusion? That is, is it more
effective to diffuse the flow in the plane of the velocity profile (Figure 46)
or in the plane ncrmal to that of the velocity profile (Figure 47)7 The
schematics in Figures 46 and 47 show a square inlet in order to separate
the directional effect from that of aspect ratio.

1. Theory62

For dlffusers of moderate expaunsion angles, the character of the
flow is that the cross flow velocicies v and w ~re small compared to the

streamwise velocity component u. Therefore, as in Reference 63, the
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boundary layer assumptions are applied in both the y and z directions.

The resulting non-dimensionalized boundary layer equations are
N —— e ™ + _~ - — + "'.-'-,.
IX 33 OF x R 2T Nt

(II.E.1)

&
i |

o

Jua’A = 1

The velocities are non-dimensionalized with respect to the average

and continuity

velocity at the diffuser inlet Uo; the distances with half the initial wall

separation Lo: and the pressures with the dynamic head p Uoz. Thus R 1is the
pUL

Reynolds numbar, dafined as R = -—{%il- + In addition, due to the double
symmetry sbout the y and z axes, the analysis will treat only one quadrant of
the yz coordinate system. Therefore, the area A(x) ic one fourth the total
area distribution.

Now U(x) is defined as the average non-dimensional velocity in

the duct of diffuser. Then from the conservation of mass

U(,‘()-‘: U(O)A(o) |

—

A (x) Al

vhere A(x) = g(x) H(x) is the streamwise arca distribution in one quadrant.

(11.8.2)

Considexr the initial velocity profiles (at x = 0) such that the
deviation of the velocity from the average velocity, [uo,y) - UO], is small.

If, in addition, the diffuser angles are small, the transverse velocities,
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v and w, are small. Then the streamwise momentum equation (la) may be
linearized about U(x) by introducing u' = u - U(x), noting that u', v, w,
and %g are small and neglecting terms of higher than rirst order in these
variables.

The res.iting streamwice momentum equation is (including

Equation (II.E2)):

LoJd (1 Y, ol _de, 1fdu,

- L
A dx L A) x| R 9y
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Also, dve to the definition of u' as the deviation from the .average velocity,
i .
( U C{'j dz = O (L.

Now, in neither diffuser flow situation is the velocity a functiou

of z, so »u'/iz = 0 and Equation (IL.E.3)

Lo, J_é(_*__ R
A Ix AdxA)

, g
"1‘ \U—" ,ru' d.1dvz +_d.(;‘_" +A€{_E-_'_ dZ %_L_{‘! (1.1 .00
B b 9

9]

fn Jdiffuser analyses, it is not uncommon for the core flow to be treated

separately from the boundary layer flow on the diffuser walls. Thus the




core flow has an inviscid boundary condition and this, along with the condition

g

= 0 in Equation (II.E.6).
o
The integral term on the lefthand side is zero from Equation (II.E.4). Then

.d__ (7&.) +A %’g =0 . (11.E.7)

of symmetry on the diffuser centerline, means dJu'/dy

dx

or Equation (II.E.3) simplifies to:

_l_ é}_‘l _ _L .é_i“_‘, (II.E.8)
A OX R bsz
Let (I1.E.9)
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The solution to Equation (II.E.1Q) with boundary conditions (I1.E.1ll) is,

| © _nintd .
4 | u’(é.,*()'—'zze ) {_) F(P?)Cos nmz dr( COsnn'? (11.E.12)

n:t 0




In order to illustrate the effect of direction on the diffusion
process, consider the simplest case of a straight walled diffuser. Then,
the equation of the expanding walls for diffusion in the plane of the
velocity profile, Figure 46 is g(x) = ax + 1 where a is the slope of the

expanding walls. The transformed streamwise coordinate is

X
! ds _ I ¢ \
_ = N 5 an(ax+1) (I1.E.13)
o

s+

Now for diffusion in a direction normal to the plane of the velocity profile,
Figure 47, the equation of the expanding walls (for the same area ratio
between exit and inlet) is the same as above, h(x) = ax + 1.

Then the transformed streamwise coordinate is

X
\ 2

E’Z: (QQ—Li)dS — Q‘:l(. + X (IT.E.14)
0 e
dow consider two diffusers of equal length but different sets of diverging
walls, as illustrated in Figures 46 and 47, what is the difference between
their exit velocity profiles? The simplest way to examine this question is
to compare the two streamwise coordinate transformations, as shown in
Figure 48. The two transformed coordinates are plotted versus non-dimen-
sionalized physical distance downstream for the case of the wall slope a
= 0.1. Then at any x position downstream, the corresponaing value £ {s
divectly related to the amount of mixing having taken place up to that
streamwise position. Thus it may be seen from the figure that diffusion
nermal te the plane of the velovity profile always leads to improved mixiog

in contrast to diffusion in the plane of the velocity profile, rince °

.
-

evervwhere.




The difference in the degree of mixing indicated above can be
substantial. Defining a variable D as the difference between the transformed
coordinates at any x position divided by that x position, the value of D is
19% at an x location of two. The difference D grows very rapidly, reaching
values of 28% and 44% at x locations of th¥ee and five, respectively.

Some insight into the problem of concurrent mixing and diffusion
may be obtained by noting that for no diffusion the transformation of the
streamwise coordinate degenerates to ¢ = x. (It should be kept in mind that
the walls are assumed inviscid). This situation is depicted in Figure 48
by the dashed line. Then it can be clearly seen from the figure that
diffusion in the plane o the velocity profile (&1) inhibits the mixing
proucess while diffusion normal to the plane of the velocity profile (52)
enhances the mixing process.

A physical explanétion of this process may be the following.

For diffusion in the plare of the velocity profile, the diffusion process
tends to accentuate the nonuniformity of the velocity profile while the
mixing process tends to reduce the nonuniformity. Thus the two processes
oppose each other. For the case of diffusion normal to the plane of the
velocity profile, the mixing tends to smooth cut the nonuniformities while
the diffusion process works in a dilferent direction. Therefcre,'the two
processes do not oppose each other.

As o simple example, consider the deviation fram uniformity of
the velocity profile at the entrance to the diffuser ts be F{n)e b cos ¢ n.

Then the coefficient of the Fourier series salution, Equation {11.E.'2), s

’ b, n=i |
b CaS’ﬂ'r( Cos n‘rr? d? = {11.£.15)
o f

4\‘0 Nyl




and the solution for u' reduces to

_TLZ; |
;z 1 (I1.E.16)
Cos Trrz

-—

(g =b e

Thus the shape of the velocity profile remains qualitatively unchanged
while the deviation of the velocity from uniform flow decays as the

exponential -1 25
Now suppose a = 0.1, R = 100, and the diffuser length is X, = 4 (here R
may be viewed as the inverse of an eddy viscosity term). Then the transformed

streamwise coordinate is &1 = 3,36 for diffusion in the plane of the proefile

and © = 4.80 for diffusion normal to the plane. The ratio of the magnitudes

s
N

of u' at the exit of the diffuser in the two cases is
-
-Wzg = 153
///’/, 653 2

Thus the mixing rate has been improved by approximately 15% bs
diffusing the flow normal to the plane of the velocity profile rather than
fn rhe plane.

An independent treatwment of the same problem was presented hy
Quinnha. who vas able to predict the concurrent mixing and diffusion in an
ejector configuration by modeling the flow as a series of large scale
transverse vortices. These vortices have been found to persist several
hundred characteristic lengths downstreat in the wake of a cylinder&a.

Mhers have fouad this large scale phenomenon in jet {lows.
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Depending upon the orientation of the diffsuion process relative
to the velocity profile, the transverse vortices may be either stretched or
contracted. For example, the vortex filaments contained in the shear flow
of Figure 46 are aligned parallel to the z axis. Thus, during the
diffusion process, the length of the vortices remains unchanged. The
vortices in Figure 47 are aligned in the same direction but the diffusion
process takes place in a direction 90° removed from that in the previous
figure. During the diffusion process, the vortices are stretched by a ratio
equivalent to the area ratio through the diffuser.

According to the Helmholtz vortex theorems, when a vortex filament
is stretched, its angular velocity and induced linear velocity are increased
by an amount specified by the conservation of angular momentum.

Quinnab defined the velocity at any point to consist of the

sum of the leocal wean velocity V and a not necessarily small perturbation u'
]
= +
U Vi u (X)‘j) (11.E.17)

where u' varies inversely with the length of the vortex, X;

! / .
) A
o Uy (11.E.18)

A Ar
Here ( )r fndicates reference values.

Employing the analytical form for the perturbation component due to straincd

line vortices suggested by Keffer65’66 the skewnegs factor § (defined by

Equation 1.E.3) way be writtenm,

ﬁ-| _ A 2 A {FZ I 1 (11.£.19)
A Al \A, ’[ [
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where F is the decay function of the local perturbation velocity,

F = (—-(-'f-l-) (11.E.20)
",
" Jocal

and 1 is the integration of the induced velocity due to the vortices.
With this vortex decay uwdel, Quinn produced expressions for the

pressure coefficient

K = P‘”"b — T(X) (I1.E.21)
P ’21n16 - FD

r

in a highly skewed flow for the case where the vortices end on walls of

constant separation,
Y 4
K :I-r{_\{'.’ 2(5 ")(6")"‘2(:;(\’-&4'!)!- (11.£.22)
r
P V H W
and for the flow situation where the vortices end on diverging walls,

K= (B - v 20 [B 61

Ztan 6 }% In (L))}'O'ZL;(H ')\fjr} (11.E.23)

G (bm

vhere

G=1+2IA ’*V'/Vo X (11.E.20)

[+ V[V [ W
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length of constant wall separation
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K
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empirical constant determined to be = 1.5

Mixing experiments were performed in the large area ratio ejector
described in section I.D and illustrated in Figure 10 and 21. The data
within the ejector were obtained by pitot-static tubes and sphere probes.
The excellent comparison between the predictions of Equatiors II.E.22 and 23
and the experimental data is shown in Figure 49. Configuration 1 consisted
of a 5 in (12.7 cm) constant area mixing section followed by a 45 in (114.3 cm)
diffuser while configuration II had a 16 in (40.64 cm) mixing section and a
34 in (80.36 cm) diffuser. In each case the diffusion was out of the plane
of the velocity profile and therefore the vortices were stretched. An
increase in the decay rgte of Kp is evident at the end of the constant area
mixing section, at which position the straining of the transverse vortices
begins.

Thys, by the results of Quian's model, the vortices in the case of
the traditional diffusion method shown in Figure 46 would remain of constant
length while the vortices in the case of diffusion out of the plane of the
velocity profile (Figure 47) would be stretched and thus lead to more rapid
wixing and heance lower skewness.

ln order to sore clearly define the effect of direction on the process
of concurrent mixing and diffusion, an experiwent was perforaedb7 on a diffuser

of unit aspect ratfo, much the same as shown schematically in Figures 46 and
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47. The skewed velocity profile at the inlet to the diffuser was created
by 1, 2 or 3 primary slot nozzles, The secondary flow consisted of the
entrained ambient air brought into the device.

A gross indication of the relative performance of the two methods
of diffusion may be obtained by measuring the secondary flow entrained
into the diffuser. If indeed one diffusion method is superior to the other,
it should result in greater entrainment into the device. A number of
static pressure probes were mounted in the diffuser inlet and the results
are shown in Figure 50. The total pressure of the secondary flow is the
ambient pressure, so the ordinate of the graph, by Bernoulli's equationm,
is proportional to the entrained velocity squared. Thus the level of
entrainment is plotted versus the diffuser angle for two different diffusion
methods, the traditional diffuser (B) and the diffusion out of the plane
of the velocity profile (X) as well as for two levels of primary nozzle

total gauge pressure P Boundary layer control air i{s injected about

T
the periphery of the in?ection plane su that premature separation of the
flow i3 avoid and the effect of direction on the diffusion of the core

flow can be identified.

{t may be seen that the entrained velocity into the ejector config-
urations {s consistently superior for the case of diffusion out of the plane
of the velocity profile than for the more traditional diffuser.

{n addition, the skewness of the velocity profile at the diffuser
exit has been meayured for each of the diffuser configuration described

above., A three disensional version of the skewness parameter §, defined

by Equation (1.£.3) is employed,
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The effect of direction on the skewness of the exit profile is shown in
Figure 51. For the case of diffusion out of the plane of the velocity
profile, the skewness of the exit profiles is considerably lower, especiallv
for higher diffusion angles. This is true for both the ihree nozzle inlet
velocity protile and the single peak inlet profiie produced by a single
nozzle,

PBurs the ef fect of the diffusion direction on the diffuser pertormanc,

must be considered, especially in cases {(such as aircraft applications) where
3 . . relattoo o Lishily skewed velocity profiles must be effectively diffused. o~

shown aboye, the effect can be demonstrated by both analysis and experiment.

{ fhis directionagl effect is also likely to be of importance in other applica.
i § ’ g 68

i - tionn, one roasitility being in the case of dumn combustors

.
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I11. Unsteady Flow Effects

A, Background
The concept of the introduction of unsteady components into a jet
From a

flow to increase the mixing rate has been examined for some time.
physical point of view, each of the methods to cause a time dependency in
the jet results in a lengthening of the interface between the jet and its

The interaction between the two is thereby enhanced and the

surroundings.
However, in some cases the lengthening of the inter-

mixing rate improved.
face is accomplished by a gross disturbance of the jet while in others it

is tne result of the amplification of existing instabilities in the jet

structure.
In addition to lengthening the interface, unsteady primary jets

present the pessibility of transferring momentum from the primary to the
This is an

secondary by pressure waves rather than viscous phenomena.

inherently more efficient transfer and is therefore very desiravle for

ejector applications.
The mechanics of the pressure transfer may be thought of in terms
A higher pressure

of a slug of fluid passing through the ambient air.
The siug there-

results on the front of the traveling slug than the rear,

fore {mparts Some momentun to the ambient fluild ahead of it by means of o

pressure transfer process.
Tvo of the earlier studies on unstecady flows were performed by Lin

and Lighxhill’ , althougin for unsteady flow effects on the boundary laver
Lin's analyeis iavoiver an order of

rather than the free shear layer.
magaitude argument by which the governing equation i{s veduced to a linear

form and the overall solution may be obtained in closed forwm.
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Lin's analys.s has been adapted by McCormack71 et al, who applied f{t
to the probiem of a free jet which is subjected to a very high frequency
transverse oscillation as illustrated in Figure 10, 1In terms of the analvsis,
this is viewed as a periodic high frequency source of vorticity at the nozzle
exit. The computed results of the analysis do indeed show an increase in ’
the gpreading rate with an increase in the amplitude of the transverse
oscillation. An experiment performed on the device schematically illustrated

in Figure 52, found a significant increase in the mixing rate as illustrated

3 2 in the streamwise velocity profiles shown in Figure 53. The two cases of the

i s

vibrating jet were conducted at the same frequency, but at different accelera-

iAo

tion or 6 loadings. It may be seen that the simple theory predicts the cffe.t
of the time dependency quite well.

An analysis which examines the effect of an unsteady primary jet
in an ejector configuration has been performed by Jobnson and Yang72 by the
method ot characteristics. The specific solution invelves the case where th.
primary low {wien it is on) completely fills the ejector. The analvsi« makc-
reasonable predictions of the performance of an accompanying experiment. Ao
interesting point brought out by this experiment is the existence of an

aptimum frequency (in terms of performance) of the pulse jet. The measure

21 pertorcance {s the ratio of the total wass flow through the cjector de-i.«

zfr"* te the prinary =ass {low rate. Thus, for this tvpe of ejector, ss the

frequency of the latermittent primary flov incrcases past the optimum, the

flevw within the ejector becomes closer to the steady state conditien and

thy advantage of the intermittency is lost. .
in the device examined by Johnscn and Yang the intermitlent flow

wax produced by a “chopper” type of device. Two plates with the same sin:

patiers machined into them vere placed in the prisary air line upstrean of

the viectoer. One was held stationsry and the other rotated, producing
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an intermittent frequency proportional to the speed of rotation. Such a
valving device would be unlikely in application due to the very substantial
losses entailed.

The investigation described above was based on an extensive study of
intermittent flow on a thrust augmentor Jdevice by Lockwood73.

The time dependent primary flow in this device was supplied by the
pulse jet, illustrated schematically in Figure 54. The operation of the
pulse jet is as follows: Rapid combustion tzkes place in the chamber
indiéaled. The hot gases so produced expand and travel down the tubes
toward both exits. Once the momentum in the tubes is set up, the slugs of
fluid travel out of the nozzles leaving a lower than ambient pressure in the
combustion chamber. Thus ambient air is entrained into the combustion chamber,
mixes with fuel and the remaining hot gases there and the combustion cycle
begins again. As far as the augmentor shrouds are concerned, they see an
unsteady pulsating jet, each pulse of which completely fills the shroud.
Therefore the slug of air acts somewhat in the manner of a piston traveling
through the shroud.

An alternate method of producing the unsteady flow is the location
of a valving arrangement oa the inlet to the combusion chamber. Such a
concept was employed in German alrcraft as early as the mid-forties. In
Lockwood's investigation, the embodiment consist;d of a one-way airflow
valve at the inlet.

The advantage of the systems described above is the pocential

improvement in performance. However, a major drawback 1s the fast that

the time dependency is evidenced by an unsteady thrust component, not

just unsteady flow in the augmentor. Then one must be concerned with the




energy

bv Foa

either

by Foa

as the

values

system

t rom the ursteady primary to the entrained fluid withir che augmentor occurs

view of afrcraft application, the most important analvtical resulss of these

interaction between this variation in thrust and the rest of the system,

especially in terms of performance, nolse and .ietgl fatigue.

Une of the basic results of Lockwood's work were achieved by hich

speed fiow visualization. He found that the mechanism of the energy transt

as "a combination of a jet-piston-like action coupled with relatively high

compression and rarefaction waves".

An unsteady flow ejector device which has received substantial

attention in the past and is still being investigated, has been proposed
17,764,375

. The basic device is illustrated in Figure 55 and consists

of 4 rotatinpg nozzle mounted in an ejector shroud. The rotation is due to

the action of the incoming primary flow on some turning vanes (or

nozzles) or to a power source external to the device. Analysis of the devieo

75

indicates high values for thrust augmentation, but here ¢ is defin. °

ratfo of the thrust of the device to the thrust of the primarv nows:il

svitem without the shroud. Therefore comparison with the augmentation

of Secticn 1 is unclear since the efficlency of the primary nozzle

and the increased primary mass flow in the ejector geometry must be

taken into account.

A detailed analysis of the flow in a rotary jet ejector has boew

. 16 11
periormed by Hohenemser — and Hohenemser and Porter . From the point o

studier ape:

a, For a given geometry, there exists an optimum rotational *

speed for the primary nozzle.
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b. For equal total temperatures of the primary and scecondary
flows, the predicted thrust augm~ntation ratio is moderately greater. For
clevated primary temperatures, the predicted performance is substnatially
greater.

¢, Miking reduces the maximum thrust augmentation, especially
for elevated primary total temperatures, Therefore, the results are
inconclusive because of the trade-off indicated by (b) and (c).

Two recent tests of rotary flow thrust augmentors have been
performed by Maise and Dunn78 and Maise79. The observed temperature
dependence78 was, contrary to the predictions discussed above, that the
rotary ejector performance decreased with increasing primary jet temperature.
In the nonrotating configuration, the performance improved slightly with
primarv temperature.

By improving the shroud design, the performance of the rotary flow
augmentor was substantially improved, reaching levels in excess of 1.5 for
an inlet area ratio of 19.6 and a length to diameter ratio of 3.9. The
improved performance also decreased the sensitivity of the device to primary
temperature.

There are, however, inherent disadvantages to the rotary augmentor
as described above. Foremost is the added complexity involved in incorpor-
ating a moving part into the ejector design. This is dramatically pointed

78,79 where it was necessary to cocl the

out by the high temperature test
bearings to avoid a failure, In addition, the integration of an axisymmeteic
ejoector into an aircraft wing preseants some difficulties as will be discussged
in Section 1V. Therefore, the rotary flow augmentor, although intuitively

appealing, fs as yet unproven and inciudes important drawbacks for aircraft

application,
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Because of the potential advantages of time dependent jets as

discugsed above, they have attracted considerable attention in the past

t several years. A pair of stimulating papers on unsteady jets were prepared
by Bincer and Favre - Marinetl6 and Curtet and Girardeo. The former
illustrates the improved rate of mixing achieved by pulsating the flow at
the jet exit as opposed to a steady jet. The increase in the rate of
halfwidth growth may be seen in Figure 56, where S indicates the strouhal
number. Clearly, the inclusion of an unsteady component in the jet flow is
highly desirable. However, an important consideration is the method by
which the time dependency is introduced. In the case of reference 16, a
spinning butterfly valve was located upstream of the jet exit and produced
the pulsation. Such a device, although excellent for laboratory tests, las
large losses associated with its operation and thecrefore is unlikely to be
applied in practice.

The flow visualization results of Curtet and Girard80 dramaticall~
fllustrate the fact that the pulsating jet consists of a series of vortex
rings expelled periodically from the jet exit. In this case the unsteady
jet is produced by a piston driven by an eccentric cam and operating in a
stand-pipe configuration as illustrated in Figure 57. Again, such a device

is ideal for a laboratory, but unlikely to be of great use in practice due te

its complexity and the requirement for an external power source.

Another indication of the advantage of the use of unsteady flows
k. 8 may be seen in the resulets of Williams, et 5181. who employed a pulsating
wall jet to study its effect on boundary layer attachment. The conclusion

E ? was veached that the unsteady nozzle did lead to increased mixing and

-
v,

entrainment. Compared to a steady well jet, the unsteady jet mass flow

could be reduced by more than half without affecting the performance.
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Again, the time dependent jet was produced by a device which was unlikely to
be employed in practice, a sliding valve plate which is opened and closed
by an eccentric cam.

A device which overcomes the practical disadvantages of the unsteady
Jjets described above was proposed by Hill and Greeneez. The operation of
this nozzle is based on the instability of the flow in a very rapidly
expanding pipe section. The flow oscillates rapidly from one attached
positicn to another and thereby produces a rapidly mixing unsteady jet.

The mixing advantages to be gained by such a device is shown in Figure 5%
by the growth of the "full width" which is equal to twice the halfwidth
defined above. The mixing effect is substantial and the mechanisgm i=x
simple with no moving parts. The missing piece of information is the
nozzle thrust efficiency; the price which must be paid to obtain the
increased mixing.

In addition to the mechanical or large scale jet stimularinm
desﬁribed above, an important area of investigation is the stimulation !
the jet structure by acoustic means, produced either from within or withont
the jet. This phenomenon was xnowm to nmusicians who noted that the flame
in a gas lantern flickered when bombarded by certain notes produced by
a violin. That the acoustic stimulation caused a change in the vortex
structure of the jet wes shown by Btoun83, who employed a two dimensional
smokeseeded air jet oxposed to external acoustic waves. The fact that a
free jet developed a distinguishable vortex structure at low Hevanlds
numbers had been demonstrated for the aszisymmetric case by Johansonsé.

Becker and Hassaross and Roffman and deasﬁ found that vxteraal
acousti. stimulation incrcased the spreading rate of the jet, althuouch

they do not agree on the frequency dependence to which the jet §s most

sensitive.
6l
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Very interesting results, from the point of view of recent
turbulence research, were obtained by Vlasov and Ginevskiy87 for turbulent
jet of Reynolds numbers up to 520,000. They found that low frequency
acoustic signals had a positive effect on the turbulence intensities and
spreading rates of the jets, i.e., increased turbulence intensitives and
jet spreading. However, high frequency acoustical bombardment resulted
in both lower turbulence intensities and lower spreading rates. This
result is completely consistent with some of the latest models of jet

. 47-50,88
mixing

» specifically that it is the large scale structure of the
jet which is responsible for the mixing and entrainment process rather
than a small scale viscous "nibbling" at the jet interface.

Thus the relatively low frequency acoustic waves could stimulate
the large sclae jet structure and hence increase the mixing rate while
the high frequency stimulation could enhance the small scale turbulence
structure and result in an increase in viscous dissipation and a decresse
in mixing =ate.

A theoretical treatment of the effect of acoustic stimulat’on on
the turbulence structure of the jet has been performed by Simcox and Hoglundgn
Their results concur with the discussion above since they found “significant
changes in the time-averaged vorticity can occur when the wave number which
characterizes the vorticity fluctuation in the direction of travel of the
acoustic wave equals the wave number of applied sound". Thus the applied
sigral and the vorticity structure must be tuned. In terms of the

fntensity, "it is apparent that the relativc location in the energy

spoztrum of the eddies with which the direct interaction occurs wilil

determine whether there is an increase or decrease of mean intensicy”.




%3 The definitive work on acoustic stimulation from within the jet
has been performed by Crow and Chfmpagnego, who mounted a loudspeaker
upstream of the nozzle exit. By operating the loudspeaker at certain
frequenciee, they were able to stimulate the jet structure and increase
the rate of mixing.

This is esnecilally significant since a rather small variation in
the exit velocity (lesa than 5%) resulted in a substantial increase in the
mixing rate, In addition, they found that the jet was especially sensitive
to disturbing frequencies characterized by the Strouhal numbers

st = £ 2 0.3 ana 0.6.

B. The Flip-Flop Nozzle
In response to the potential performance advanta,es of unsteady jets
discussed abeve, a nozzle development program was undertaken at the Aerospace

18’9l to produce a time dependent flow at the nozzle

Research Laboratories
exit. Since the unsteady jet was desived Yor ejector application and a
basic advantage of ejectors is their simplicity, a requirement of no

moving parts was i{mposed on the unsteady nozzle adve lopment.

Due to the earlier work on unsteady flows discussed above as well
as the jet mixing investigations related in the preceding section, two
facts were relatively clear at the outsaet of the unstesdy nozzle study:

;3 (1) 1Inclining the notzle exit flow st a wmoderate angle to the

Ry,
-

streamwise direction can cause a substantisl increase in the jet wixiag rate,
N ;. espectally 4f the angle is alternately positive and negative.

; _§ (2) Introducing an unsteady compoaent inte the jet flew can
: likewise cause an increase in the mixing rate. However, the unsteadiness
must be produced without a large efficiency loss ot a great {ancreasa in

complexity. In addition, the method should be self contained and not require

an external driver.
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: 1. Concept and Preliminary Experiments
In principle, the unsteady nozzle development is based on.the
simple fluid amplifier in general and the fluidic oscillator in pariicular.
1he operation of the fluid amplifier is dependent upon the fact that a jet
exiting into a space between two sufficiently near walls is bisrable (i.e., .
may attach to either wall). 1In addition, a rather small pressure gradient
across the jet at its exit may cause the jet to detach from one wall and

attach to the opposite onegz. A simple bistable fluidic element, showing

N
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the effect of the more important parameters, has been examined by Warren93.

A fluidic amplifier with the two control ports connected to ea.h
other was investigated by Spyropoulosga. In this way, it was possible.to
cause the jet to oscillate from one channel to the other. The basic

principle of operation is as follows. Consider the jet to be attached tu

v, HE (e P S

wall A in Figurc 59. Then, due to the large amount of entrainment into

the jet, the pressure at the contrnl port A' is relatively low while the

pressure at the control port B' is relatively high. Since the ports are

attached to each otter, a compression wave travels from port B' to port A',
Ctending to raise the pressure theve and push the jet off the wall. Simul-

taneously, an exparsion wave originates at port A' and travels to port R',

teniing Lo Jower tue pressure there aand pull the jet onto wall B. Thux,

if the clement iy well designed, the jev will separate from wall A and

attach to wall B, at which time the process begins anew.

At.:hix'poiat.khc question arizes: Can this oscillation phencorn

be applied at 2he uxir of a primary nozzle?! If so, it offers a combination .

7 E: ; of the hypermixing rozzle ¢ moept of fnclining the flow to the streamwise

divection a~d the concept of an unsteady flow component introduced to

accelerate the wixing process.
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Three basic necessary chunges from the device tested by Sperpoulos94
present themselves immediately:

(1) To avoid large losses, the proposed nozzle exit must be
far shorter than the conventional fluidic elements.

(2) The splitter plate (Figure 15) must be removed entirely.
This is due to the fact that the splitter plate is exposed to the high
velocity stream at the nozzle exit and would cause substantial losses.

(3) The nozzle exterior must be aerodynamically smooth to
avoid large losses when exprsed to the entrained flow.

In order to test the oscillation potential of a short element
without a splitter, a variable gecmetrv nozzle was constructed. The
nozzle was built of plexiglas, and a wide range of geometrical changes could
be combined. These included the variation of the powder jet exit size, the
size of the control ports, the angle of the diffuser, the length of the
device, and the location of the splitter, if any.

The observations made during the initial experimental runs were
simply to see if the oscillation occurred and, if so, the sensitivity of
that nscillation to other perturbations such as pressure variations ov
blockage at the exit. The basic result of the experiments was clearly
that the nozzle could be made to oscillate in spite of its short length
and the absence of the gplitter. Further, more detailed tests utilizing
new nozzles were then pursued.

2. Swmall Scale Nozzle Tests

Based upon the ilasight gained from the tests of the adjustable

plexiglas nozzle model, a series of brass nozzles was construtted. The

objective of this portiun of the program was to do 2 limited parasetric
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study of the effect of the geometry on the nozzle thrust efficiency as well
as the basic ability of the nozzle to oscillate. The designs for the nozzles
employed in this portion of the investigation are shown in Figure 60 along
with a schematic of nozzle number one with its mounting plate.

The oscillating design basically consists of a contraction sect:on
and a straight section, followed by a sudden diffusion (see Figure 60). At
the point of diffusiun,control ports are attached and connected to each other.
As in usual fluidic devices, tne jet leaving the contraction section attaches
to one wall. The static pressure on this wall is then lower than the static
pressure on the opposite wall, and the flipping of the jet from ome wall to
tiie othrr occurs as described ahove.

For each of the nozzles shown in Figure 60, the depth is omne
inch, yielding an aspect ratio at the throat of temn. The contour of the walls
immediately downstream of the sudden diffusion varies from the more than 8°
half angle diffuser chrough the parallel walls of series number 3 to the
contraction section in series number 4. In addition, series number 5 employvs
a curved wall contour. The x dimension referred to in nozzle series 2 through
3 is due te the fact that, after each nozzle was adequately tested, its length
was reduced in order to obtain further data. The x dimension will be referred
to in the follewing descriptions as the diffuser section of the nozzle,
whether or not {ts actual shape {s that of a subsonic diffuser.

The aspect vatio at the nozzle throat, referrcd to above, was
found to be 4 paramcrer critical to the operation of the nozzle. If the
aspect rgtio is too low, the endwall effects dominate the flow in the nozzle,
3+d the oscillation {s destroved. In the case of a very large aspect ratia,

various parts of the oscillating flow are cut of phase with each other. This
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results in a cancellation of the compression waves from one part of the
nozzle by the expansion waves from ancther part. In this way, no coherent
wave pattern is set up in the connecting tube between the two control ports,
and the oscillation is destroyed.

As in any physical process, a price must be paid in terms of
efficiency in order to cause the jet to oscillate from side to side. A
nozzle turust efficiency is defined as the measured thrust divided by the

isentropic thrust of the mass flow through the nozzle. Thus

where n is the nozzle thrust efficiency, T is the measured thrust, m is the

rate of mass flow, and V, is the isentropic velocity which would be obtained

i
at the nozzle exit if the flow were expanded from the stagnation plenum
pressure to the ambient pressure witii no losses.

The measured thrust efficlencies of the nozzle configurations
depicted in Figure 60 are shown in Figure 6l. The norzzle identification
refers to the nozzale series as well as the particular "x" dimension as noted
in Figure 60. The encircled data points are those taken at a plenum stagna-
tion pressure of | psig, the lowest plenum reading taken. Since the preszsure
tx relatively low, the errors involved are relatively nigh, and these peints
should be consfdered suspect. The remaining data are taken in the pressure
tange betweon 2 peig and 15 psig. It may be seeqt from the Figure that the
mont efficient nozzle tested §ix number D, followed clesely by norzle 4D,
Foth of these nozzles have partallel wall diffusers. That g, the diffuxion

process ix very abrupt (as in all the noz2zle designe) and is then {ollowed

by a parallel wall section.
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Contraction sections on the nozzle apparently destroy the oscilla-
tion, as indicated by nozzle series #4. No oscillation occurs while a sub-
stantial contraction section exists on the nozzle. However, when the nozzle
is cut back toward the 0.10" parallel wall segmerit so that the contraction
is essentially gone, the jet not only oscillates but also operates relatively .
efficiently. When the nozzle is cut back even farther, the efficiency
in-reases slightly. With respect to the contraction, a probable explanation
is that in order to maintain a sufficient pressure difference across the jet
and thereby control the flows, the static pressure in the control ports must
be less than the ambieat value. With the presence of the contraction section
at the nozzle exit, keeping the pressure below ambient is not possible, and
the oscillations de not occur.

In terms of nozzle thrust efficiency, the effest of decreasing
the total nozzle length is to increase the efficiency. This may be seen in
series two and three and, to a lesser exteni, series four and five. In series
three, in particul-r, the increase in efficiency with decreasing nozzle
length is rather dramatic.

Nozzle thrust efficiency is not the complete answer, since nozzles
with high thrust efficiencies generally possess relatively poor mixing
qualities. Thus there must be a trade-off between the two basic parameters,
rozgle thrust efficiency and the nixing rate.

The time average halfwidth growth, as defined in the aixing
section was chosen to indicate the mixing rate and obtained by cmploving a
constant tusy- rature hot wir? anemumeter.

The halfwidth growth is presented {n Figure 62. The varicus

nozsles tested are the last members of each nozzle series and therefore each




3 _-? - is the most efficient nozzle in its series (see Figure 61). The dashed line
i in Figure 62 indicates the halfwidth growth of a two dimensional slot nozzle.
The increase in mixing rate is dramatic but must be tempered by the atteadant

reduction in nozzle thrust efficiency.

§' : . By comparison of the halfwidth growth data with the thrust
' ; i efficiency, some general cbservations can be made. As might be expected, the
spreading rate decreases as the nozzle thirust efficiency rises. This ig
most clearly illustrated by a comparison of nozzle 1 with nozzle 2A. The
two nozzles are of similar geometry, differing only in diffusion angle
and length. In terms of nozzle thrust efficiency, nozzle 2A is clearly
superior, while in terms of jet mixing, nozzle 1 is the better. Thus the
penalty in thrust efficiency must be accepted in order to accelerate the
mixing of the jet.

In addition to the rapid halfwidth growths of the flip~flop
nozzles, they also offer the potential of an energy transfer from the
primary to the secondary through pressure waves as opposed to tha transfer
by shear forces. This is similar to the performance potential of the Foa
designs as discussed above. However, in this case there are no moving
parts and no external stimuilstion is required.

The time dependeat character of the flow may be seen {n oscilli-
scope traces taken near the exit of nogzle 3D and shown in Figure 63. The
sagnitede of Lhe velocity is plotted as a function of time at the ncrzle
centerline (b) and at the two halfuidth positioss (a,c). The flow at the
halfuidth position may be seen to have almost a square wave shape; so the
dvt s either "on” or "off"™ at any particular time. it is {nteresting to

rote, hewever, that even in the "off" coufiguration the velocity at the
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halfwidth position is not zero, This indicates that the <:={ilating jet has
sat up a steady motion in the entrained flow in addition to ko time
dependent fluctuations. Thus the jet cannot be treated as quasi-steady.
That is the entrainment patiern is not the same orientation. Tuis induced
steady motion ‘s what leads to the increased entrainment and mixing rates
which distinguish the unsteady iet.

3. Scaled-up Nozzle Tests

A scaled up version of nozzle 3D (see Figrnre 64) was constructed
to further investigate the phenomenon. The throad dimersion is 0.3 in
(7.62 cm), the width is 4 in (10.)6 cm), while the separation of the parallel
wall diffuser section is 0.55 in (1.40 cm ).

The parallel wall geometry was chosen due to a favorable combina-
tion of nozzle thrust efficiency and spreading rate. The scale of the throat
dimension was chosen to match approximately the exit dimension of scme
previous low area ratio thrust augmenting ejector tests run ar ART23’ 26.

In addition, this nozzle demonstrated that the control ports
could be swept back on the nozzle surface to present a smooth aerodynamic
nozzle exterior. This is a requirement for thrust augmenting ejector
applications since the 2ntrained air must pass over the primary nozzles
and any nonuserodynamic shape will lead to intolerable losses {n the ejector
{nlet.

In crder to indicate visually the echanced spreading rate of the
osciliating jet and also to show that the jet i3 indeed flapping from sids
to side rather than existing as a sceared jet across the entire exit ;igne,

a schlieren experiment was performed. Heliuwm was added to the jet flowv to
increase the phoutographic contrast. The results ave shown in Figure 65, with

the jet flowing from left to right.
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The quantitative effects of stagnation pressure and feedback length
on oscillation frequency of the flip-flop nozzle in Figure 64 are shown in
Figures 66 and 67. The former figure indicates that frequency rises with
stagnatio: pressure. A likely explanation is that, as the stagnation pressure
increases, the velocity within the nozzle increases and therefore the rate
of mass entrainment within the nozzle increases. The production frequency
of the pressure waves in the feec¢hack loops 1s proportional to the entrainment
rate of the deflected jet within the nozzle and therefore oscillation frequency
rises with stagnation pressure.

At first glance it is evident that the oscillation frequency must
be inversely proportional to the length of the feedback loop from one contrel
port to the other. This is due to rfact that the pressure waves which
pass through these tubes move at the speed of sound. Thus, if the actual
time required for the pressure waves to cause the jet to flip is ignored,
the frequency is simply inversely proportional to the time required for the
waves to pass through the tube or, equivalently, th~ length of the tube. For
such a situation, the data will fall on the minus one slope line indicated in
Figure 67, where the frequency is plotted as a function of feedback tube
length.

The experimental results shown in the figure confirm the expectation
that for iong tube lengths the frequency does, indeed, vary inversely with
feedback length. Thus, in this regime, the switching time required for the
jet actually to flip from one wall to another is negligible in comparison
with the time required for the waves to pass through the feedback tube,

For shorter lengths (and correspondingly higher frequencies), the
data diverge from the minus one slope. In particular, the frequency is not

as high as would be predicted by extension of the inverse proportionality.
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This is due to the fact that, as the tube lengths become shorter, the timz
required for tbhz actual f£lipping of the jet from one wall to the other
becomes a significant fraction of the time required for the waves to travel
through the feedback tube.
4, Multi-element Nozzle

A nine clement nozzle, each of whose elements has approximately
the same geometry ae the single element nozzle has been constructed and
operated and is shown in Figure 68. Each nozzle element has in independent
feedback loop and therefore each one oscillates with no specific phase
relationship with the elements on either side of it. Although the oscilla-
tion frequency of the elements is nominally equal, there are small variations
due to constiructlon and thus any existing phase relationship is constantly
changing. The nine element nozzle has been tested in low area ratio ejector

”
23,24 14 the initial

correspcuding to some earlier hypermixing nozzle tests
results indicate that the flip-flop nozzle lacks the overall performauce of
tue best hypermixing nozzles. Further development work 1s required to
match the nozzle mixing rate to the particular ejector application. In
addition, the feedback loops on the nine element nozzle do not present an
aerodynamically smooth exterior (although they are swept back toward the
nozzle body) and present a significant inlet drag which can be improved.

Further studies on ursceady fluidically controlled jets have
been performed by Platzer and D68195 and include frequency measurement to
higher stagnation pressures and confirm the trend of the data in Figure 66
that the frequency levels out for higher pressures.

Additional unsteady nozzle tests have been performed employing

a different feedback mechanism and will be disccused in part D of this section.
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Curtet and Patural88c have produced a similar flowfield by a
purely mechanical method and studied it by visual observation. The iet was
flipped from side to side by mechanically bringing a circular rod in from
one side until the jet attaci:ed to it and was deflected by the Coanda effect.
The rod was then withdrawn and another simultaneously brought in from the
other side to cause the slot jet to deflect in that direction. Therefore
the resulting flow flip-flops from side to side in much the same manner

as the fluidically controlled jet.

C. Acoustic Interaction

In order to clearly identify the effect of primary temperature on
the ejector pricess, Quinn and Toms19 performed an experiment with a heated
primary and a simple axisymmetric ejector geometry. The inlet for the
entraine? flow was carefully calibrated to allow the accurate measurement
of the secondary flow rate., The primary mass flow was measured by a
renturl calibrated bv the National Bureau of Standard. Thus the mass flow
determinations were guite accu--~*e,

A typlcal result for a long ejector length to diameter ratio, L/D,
is shown in Figure 31, The reduced mass ratio, equal to the ratio of the
primary to secondary mass flow (mi/mo) divided by the ratic of the
absolute temperatura ratio (Q) is plotted versus stagnation pressure ratio
of the primary jet to ambient value. It may be seen that the mass flow
ratic decreases with increasing pressure ratio, This is basically due to
the reduced transfer efficiency of the energy from the higher pressure and
hence higher velocity primary. The same kind of effect s evident with in-
creasing primary temperature which results in increased primary velocity

(for the same primary mass flow). Another factor involved in the reduction
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in mass entrainment ratio with primary pressure and temperature is the fact
that the frictional wall losses are increased since they are proportional
to the entrained velocity and further downstream to the average velocity.

A more interesting variation appears in the case of a smaller length
to diameter ratio of the ejector shroud, as shown in Figure 32. The mass
flow ratio still generally decays with pressure but now the decay is not
monotonic. Two peaks are evidently superimposed upon the decaying mass
entrainment function. In addition, there apprars to be no discernable
trend in terms of primary temperature. The reason for this is due to two
of f-setting effect: (a) the flow in this shorter duct is not fully mixed
at the exit and therefore increasing temperature (and hence increasing
viscositv) improves the mixing process and thereby the mass ratio; (b) the
degrading effect of temperature in terms of transfer efficiency and skin
friction losses.

The line spacing of the data with pressure leads to the conclusion
that the peaks reflect an actual flow condition and not data scatter.

It was also observed that the appearance of these peaks coincided with a
particular acoustical tone being emitted by the test apparatus. With this
information, Quinn and Toms19 were able to correlate the observed results
witn an acoustical interaction between the screech ton:zs emitted by an
overchoked primary jet ad the geometry of the ejector shroud. Powe1196’97

empirically determined that an underexpanded primary jet produces identifiable

screech tones of a frequency,

a

d Y ER - PR¥

f =
screech !
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where:

fscreech = gcreech frequency
. a = ambient speed of sound
d = Jet exit diameter
PR = ratio of jet stagnation pressure to the
local static pressure at the jet exit
. PR* = PR at the onset of choking
K = empirical constant = 1/3 for axisymmetric jets

1

The interaction leading to the observed entrainment peaks occurs
when the screech frequency is tuned to one of the transverse modes of the
mixing duct, which are (from Morse98),

(symmetrical mode)

£, = N % ; N = .766, 1.77,

(asymetric mode)

f N, = 1.2, 1.96, 2.23,

37N TN
Thus the effect of the acoustic interaction is a dramatic increase
in the mixing rate within the duct by a pressure transfer mechanism which
is, as yet, not fully understood. The increased mixing is also evident in
the exit velocity profiles obtained by Quinn and Toms, which are very
uniform for the tuned cases and rather skewed for the untuned conditions,
The mechanism proposed by Powell for the existence of th: screech
tones proceeds as follows: Consider the structure of the overchoked jet,
with its diamond shaped shock pattern. Assume that some sound sources
are embedded within the flowfield. These emit signals which travel
upstream outside the jet and disturbs the shear layer at the jet exit,

These disturbances are carried downstream and amplified while passing through

75

Y OO I I




il isy R A - 3 . Pt A a9 ) e AV ek,

the shock system and hence become the embedded sound sources assumed above.
Not all embedded sources are amplified since they must be in tune with the

¢ disturbance of the shear layer at the jet exit, Therefore only those at
certain positions in the clearly defined and repeatable shock structure
lead to a screech tone. Another necessary condition imposed by Powell
was that the amplification of the signals by the shock waves must be
greater than the dissipation during signal generation and transmission,
or elgse the signal would, of course, die out.

Powell's results were extended for higher pressure ratios by Merlegg,
who found that an improved fit of the experimental frequency data is,
a/d
vV PR - PR*

a
2 4
2 d Ka

where Kz = 7,7 x 10_2 ; K3 = 0,38

However, neither Powell nor Merle accounted for the observed discon-
tinuities in the frequency versus pressure ratio curves in the axisymmetric

case and the fact that they do not appear in the two dimensional case. A

program to carefully examine the flow structure of the overchoked jet and to
identify the temperature effect on the primary was undertaken by Rosfjord

and Tomsloo. A basic result of their study is shown in Figure 69, screech

3
b
f

frequency versus pressure ratio. The data indicate a jump in frequency ac
a pressure ratio of approximately 3.7 and is therefore consistant with the

9,97 and Merlegg. However, closer examination reveals some

results of Powell
more structural details. When the frequency spectrum is displayed for a jet
exhibiting a screech tone, that frequency appears as a dominant spike on another

smooth and weaker distribution of frequencies. As the pressure ratio approaches

the apparent discontinuity, the dominant spike decays and another spik. appears
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at another frequency. This is illustrated in the blow-up portion of the
figure as two distinct frequency dependencies. This discontinuity or

swictch from one dominant frequency to another is defined by the arrows to

take place at the pressure ratio where the two spikes are at equal strength.
Thus there is no actual discontinuity but rather a rapid shift (in terms of
pressure ratio) from one screech tone to another. As may be expected, Merle's
curve fit with two constants gives abetter mean fit than the single constant
of Powell's curve.

By obtaining the frequency dependence on pressure ratio for various
primary temperatures, Rosfjord ard Toms found that the frequency was indeed
also dependent upon temperature. One possible mechanism to allow this
dependence is a change of the shock structure with temperature. That
this is not the case may be seen in Figure 70, where two of the characteristic
lengths of the shock structure are plotted for various temperatures as a
function of pressure ratio.

The mechanism proposed by Rosfjord and Toms100 to correlate the
temperature effect is based on the speed of the feedback signal traveling up-
stream. Powell and Merle had assumed a wave speed equal to the ambient speed
of sound. However, for hot primaries, the waves are likely to be traveling
in a heated layer about the outside of the jet., Then the speed of sound in
that layer should also reflect the influence of the primary jet temperature.
The method chosen is to base the speed of sound in this layer on the average

of the ambient and jet exit temperatures,

C =/YR (Emb*'Te

2
K S +K £/d

o
H
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The degree of success evidenced by this model is shown in Figure 71.
The scatter is due mainly to the rapid jump in frequency discussed earlier
and the only way to obtain further improvements is to incorporate the

mechaaism responsible for the jump into the theory.

D. Two Phase Flip-Flop Jet

The opsration of the fluidically controlled Flip-~Flop nozzle discussed
in Section I11B is consistent with basic requirements of rapid spreading
and high reliability with moderate loss in efficiency. In order to widen the
possible ra-ge of applications, the operation of the flip-flop jet was
attempted in a two phase mode, i.e., a liquid jet exhausting into a gaseous
environment. As may be seen in the schematic of Figure 59, when the jet
is attached to either wall it entrains fluid from the feedback loops as
well as the diffuser section of the nozzle, It is this entrainment from
within the feedback loops which causes the pressure waves which in turn
cause the oscillacien.

In the two phase flow mode, as the liquid jet entrains liquid fro= the
feedback loops, some of the ambient gas leaks into the loops to replace the
entrained liquid. This gas pocket then acts as a damper, absorbing most of
the energy in the pressure waves passing through the loop and causing the
vscillation to cease.

There are important potential applications for a time dependent
liquid jet. One is the fuel injector, since a majority of the fuels ia use
today are liquid as opposed to gaseous (especially in aircraft applications
where storage volume is an important constraint). Another application is
the generation of fire suppressing foam for sophisticated alrcraft fire

fighting. This process is undertaken in an ejector where the primary liquid
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jet contains a foaming agent and entrains large amounts of ambient air
to produce the required foam,
In order to pursue these applicationg, an alternate feedback metho)

101’102, again based on fluidic switching experience

was attempted,
(reference 92, page 65). A schematic of the two phase device is shown in
Figure 72. The jet leaving the throat section is bistable due to the
nearness of the walls and must attach to one wall. A portion of the jet
is then scooped off at the nozzle exit and directed back upoa the jet
just downstream of the throat., This causes a pressure gradient across the
bistable jet and it flips to the opposite wall and the process begins anew.
The process is a positive feedback and hence operates in both the
single and dual phase modes. Since it does interrupt some of the jet flow
by the scooping off process, it is inherently not as efficient as the
acoustic method employed in the single phase flip-flop nozzle., This fact
has been quantitatively determined by Platzer103. However, for the fuel
injector application, and to a lesser extent the foam generater, the
efficiency of the nozzle is not as critical a parameter as in the thrust
augmentation application.

_ The advantages of the unsteady liquid jet may be seen in the high
speed photograph of the flowfield showi in Figure 73. The flopping of the
jet at the exit has produced a growing slinuscidal wave of liquid traveling
downstream. The oscillation frequency is approximately 350 hertz and is not
visible in real time. 7To the naked eye, only a smeared fan including the
limits of the oscillation is visible. The two basic advantages of this jet

are the spreading rate, which allows the very rapid entrainment of large

quantities of air, and the intimate mixing between the liquid and gaseous
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phases, which is ideal for either combustion or foam gensarationm.

The actual geometry of the nozzle producing the above flowfield is
shown in Figure 74 along with an isometric of the device. The actual per-
formance in terms of spreading rate (defined as the half angle of the
spreading fan) and oscillatlon frequency is illustrated in the following
Figure 75 versus the stagnation pressure at the nozzle., After the onset
of oscillation, the frequency rises monotonically with stagnation pressure
while the spreading half angle increases by about a factor of two. It
should be noted that the spreading rate, even without oscillation, is
already greater than that produced by a slot nozzle.

The onset of oscillation is a very dramatic occurrence. As the
stagnatio: pressure is raised, the jet begins to show some signs of unsteadi-
ness with random, low frequency excursions from the streamwise direction.
As the critical pressure is reached, the jet literally "pops" into the
larger spreading fan mode. As the pressure is lowered, the process is
reversed and the oscillation ceases just as abruptly. A movie film of this
procedure is available on loan from the author.

An alternate geometry with longer feedback loops and with lips
attached at the nozzle exit to encourage rapid rzattachment is illustrated
in Figure 76. In addition, the feedback loops are hinged to allow a
variation of the percentage of the flow in the control ports. The results
for two feedback settings are shown in Figure 77 (scoops account for 122%
of the throat) and Figure 78 (scoops = 1132 of the exit). The change does
not have a significant effect on eit'er frequency or spread. As in the
tests in Figure 75, once the nozzle is oscillating, there 1s no strong

effect of pressure ratio on spreading.
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The results described above were achieved by the use of a very cimple

device which consisted of two pressurized water tanks and a motor driven valve.

EH WL P T 2 e et h

The data were obtained by the use of high speed photography. The devives

themselves are really too large for fuel injector application, so a scaled

down version of ?igure 74 was constructed with a throat dimension of .059 in

E (.13 cm) and a depth of .250 in (.64 cm). The low mass flow requirements

of this device allowed it to be tested by the use of the building water supply.
The flowfield of the small scale nozzle is shown in Figure 79. There is

4 no clear sinusoidla flow pattern, in the sense of Figure 73, however, there

are two facts which lead on to the conclusion that the device is csrillating.

AP A K.
e e kodl 3

(1) The rapid popping of an increased spreading angle at a critical prevare
as discussced above. (2) The appearance of crescent shaped filaments o7 Fluid
as seen in the figure. The origin of these shapes mav be seen in Fivur 71
where the outside of the spreading fan (and hence the tops and bottom: ¢! the
sinuscidal curve) are retarded by the ambient fluid and start to reserbl.
-3 crescent shapes. At the higher frequencies (on the order of 1000 hevtz) .
3 ' the small scale nozze, the appearance of the cresceat shapes would th. ref....
be expected.
The question of time dependent two phase nozzles is currvently under

further investigation. There are undoubtedly numerous industrial applicariine
3 (perhaps in the area of material transport) for such devices in additien to

those emphas{zed here.
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IV, Aircraft integration

The purpose of this sect’on is not to present design information but

rather to illustrate some recent attempts to incorporzte the ejector concept
‘ into an aircraft design as well as a present program to build two V/STOL
prototypes.

The information presented here is due primarily to the cooperation of
two organizations: The USAF Flight Dynamics Laboratory (J. M. Byrnes,

R. D. Murphy, K. §. Nagaraja, D. L., Hammond) and the North American Divisiom
of Rockwell International (V. Hancock, P. Marshall, M. Schweiger). Their
cooperation is much appreciated.

The probable aircraft applications for thrust augmenting ejectors are
shown in Figure 80 in both a takeoff and cruise mode. One is the ejector
flap system for STOL abplication and hence primarily for transports. The
other is the ejector wing {shown here with two ejector bays) which is
designed with vToL capability. When possibtle, the ejector wing aircraft
would also be uperated in the STOL mode in order to increase its range and
payload and rzduce operating costs. However, in those situations where it
is required, the VIOL capability would be available. This overload capability
is an i{mportant p:us for the ejector concept and is directly related to
ancther lmportant advantage, the performance during the transition from
vertical to foreward flight. Both of these conditions are due to the
creation of super circulation about the wing and a resultant increased Mift.

A, Mating of the Engine - Thrust Augmentor System

1wo basic questions which arise immediately in any consideration of
the integration of thrust augmentors in alrcraft are: Can the engine and

augmentor be successfully mated without causing serious reduct’ s {v the
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performance of one or the other? and, if so; can the performance of multi-
channel engine driven ejectors be predicted by single channel, compressed
air driven full scale laboratory ejectors?

The affirmative answers to thcse questions were supplied by Campbell
and Quinn104 who investigated a full scale, four channel ejector configuration
driven by a turbo-fan engine. Temperature effects were not considered since
only the bypass air was augmented. The engine inlet, as well as the ejector
inlets on the top of each wing are shown in Figure 81.

The geometry of each, of the channels is shown in Figure 82 and is
generally the same design as the single channel test reported in reference 3.
The gecmetrical differences between the center and outside ejector channels
are evident although the nominal inlet area ratio for each of the channels is
23. As might be expected, the performance of the center ejectors is superior
to that of the outer set. The data were obtained by a corvelation of the
performance with inlet static pressure as described by Quinn3.

When the total wass averaged thrust augmentation is calculated from
the data shown in Fig@re 83 and compared with the single channel data, the
agreezent is rather good, as seen in Figure 84. Therefore, cold multi-channel
ejector performance car de predicted by single channel data and a turbe-fan
engine (which operated stably and safely throughout the experiment) can be
succe: sfully mated to an ejector configuration.

B. Wind Tunnel Hodel Studies

A recent study of the performance of a thrust augmenting ejector

device under forevard speed conditions has becn conducted by Brown and

&urphylos. Their basic configuratiw consists of a single channel augmentor

i
as showa in Figure B85, located on the trailing edge of the wing. This
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location simplifies the mechanical problems of varying the diffuser area
ratio as well as folding up the ejector completely. The diffuser flaps
could be adjusted independently while the primary nozzle orientation
remained fixed. Thus one of the basic results of this investigation is the
indication that significant augmentat’on can be achieved even if the primary
flow is not aligned with the mean diffuser angle.

The augmentation levels achieved under static conditions exceeded
values of 1.8. However, under forward speed conditions, additional lict
is generated by the super circulation produced by the ejector itself. This
effect is shown in Figure 86 where ACL is defined as the difference between
the lift coefficient generated by the device when the primary air is on
and that generated with no primary flow. The theory is due to Spence'3106
jet flap theory and the fact it is not attained suggests possible improvement
in the flap design. Since the thrust of the augmentor itself can exceed the
nozzle thrust,‘it i~ possible for ACL to exceed the 2-D theory.

An important observation wade by Brown and Murphy from their data
is that there {c no evidence of stall, even at high angles of attack. This
is also important to the transition problem ard is reflecied in the data of
Figure 86.

€. Demonstrator Design Studies

Desonstrator vehicles, which are essentially scaled doen versiuvng
of flight designs, have been proposed as oune sethod to determine the
operational potenifal of high tarhkenloyy advances in the state-of-the-art
as they come out of the laboratory. 1In addition, the desonstrator {tself
tay be designed for a particular remotely pilcted vehicle (&PV) mission.

A design atalysis of a desonstrator vehicle has been performed by

the V/STOL Design Gtou9107 ai the USAF rFlight Dynamics Laboratory. The
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j basic areas of concentration were:
a. Ejector aerodynamic and mechanicél design.
b, Exhaust gas ducting — aero and mechanical design.
c. Controls ~ analysis and mechanical design.
d. Turbo-~fan engine installation.

These areas were judged to be of greatest importance to the proof

of the thrust augmenting ejector concept. A design resulting from this

study is shown in Figure 87 and includes a canard and a forward fuselage
mounted ejector as well as a wing ejector.

The distinguishing attributes of this cenfiguration, as presented
by Reference 107 are:

ADVANTAGES

-~ STOL or high speed wing design

t

Flexibili'§ (engine flow to wing or forward ejectcr)

VIOL balance and cruise stability/control are uncoupled

-~ Permits modulation of the ejector thoust for coatrol

Both thrust augmentatiow and l1ift supercirculation

DISADVANTAGES
- Two ejector tvpes
- Fuselage ejector has center of pressure shift with velocity
~ Fuselage volume used by forward ejactor., Aa alternate RPV
design is shown in Figure 88. Ia this case the ejectors
are mounted in nods. Such a configuration does not allow the

production of super~iiculation and therefore {s not a likely

candidate for a full scsle afrcrafe.

8%
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D. ¥DL Full Scale Preliminary Designs.

There preliminary designs are shown in Figures 89 - 91. The dis-
tinguishing features of Figure 89 are the fuselage mounted ejector and a
trailing edge ejector, an auxillary inlet behind the cockpit, the ability
to exhaust primary air through the vertical stabilizer section of the tail
and a pitch/yaw control at the aft end.

The design of Figure 90 includes twin engines, a trailing edge
ejector as well as a multi-channel forward canard ejector. Figure 91 is
another twin engine design with a somewhat more conventlonal planform. 1In
this case, th2 ejector is totally wiag mounted.

E. Rockwell International Deaignlne

As mention:d in an earlier section, Columbus Ailrcraft Division cf
Rockwell International is currently under contract to the US Navy to design
and construct two prototypes of a V/STOL afrcraft employing the thiust
augmentation principles discussed above. The basic eajector design consists
of a center body primary nozzle (passing half the primary air) and two wanda
nozzles on the walls (contributing the other half of the primary flow) as
shown in the schematic of Figure 12, An artists conception of the North
american design, the XFV - 124, is shown in Figure 92. The arrangement
consists of a single channel wing mounted ejector as well as one in the
forward canard. The vertical control surfaces are mounted at the wing tips
and an auxiliary engina inlet tor low speed flight 1is locsted behind the
cockpit.

In order to minimize the construction costs, comporents of existing
aircraft have been employed where possible. The fuselage, nose gear and
wain gear are from the McDonnell Douglas A-4, while the wing box and the
inlets are from the F~4 by the same manufacturer. The eagine is an F-401

developed for use on the F-14B.
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Th» full engine flow is blocked by means of a diverter ralve (developed
109 _ . .
by Pratt and Whitney ) and the flow passes radlally into a dedivated ducting
svstem which suprlies the ejectors. 7The aircraft tnen sils on four posts of
thrust, one at each ejector. The actual control is deszi;ned Lo e accorplished

by modulating the « fertor itself. As was sven in Flguies 24-7v, Lagmentation is

a function of dirfuser area ratlio. Thercfore, beforr torrnt i fitpu-er flaps
are vpened to the maximum augmentatio. position and the thomar o ient ratio

necones greater than unlty resulting in takeofr,

Some Alrvernaft Statistics:

Lenglh 43.16"
He {eht 9.25"'
Width 28.0"

Thruy<t to Weight Ratio
Engine (nstalled 0.72
Takeof { 1.12

fosinlled Engine Thrust 14,070 1b

Litt Thrust 21,800 ib

Takeoif Gross Welght 19,300 1b

Augentation ratio 1.55

A typical VTOL flight sequence is shown {n Figure 95 oo hoit 1o

right, At takeotf, the cjectors are set for maximum vevticeal thea v,
During $TOL/Conversion (or transition) the ejectors direct somwe oi thu
thrust toward the atft end and the aircraft accelerates fervard.  \t this
puint th: diverter valve is released and the engine exhaivt expe Lic b thineigh
the tailpipe. The ejectors are simultaneously folded up to nresent g wwspth,
high pertormance airfoil section. This is especially imporrany o - ey

application, as the XFV-12A is designed to exceed Mach 2.

v—
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The design of the flaps, which make up the ejector geometry, is
accomplished with more than one purpose in mind, as seen in Figure 94.
Besides forming the ejector during hover and transition and the airfoil
section during cruise, the flaps can also be maneuvered to act as speed
brakex. This, along with the vertical thrust ability of the aircraft
results in the extreme agility desired for in-flight maneuvers.

The development of the ejector device has necessitated the develop-
ment of a rotary test arm, dubbed the "whirley rig" and shown in Figure 95.
The full scale ejector configuration is mounted at the end of the test arm,

as shown in the top of the figure. The primary air is supplied by an ¥-401

ﬂ

engine mounted near the center of rotation. The primary mass flow into the

R T RS T S T A S

ejector is measured by a venturl section shown in the blowup. The whirley

rig has allowed the full scale hot testing of various ejector desires in

i

N

T
.
)

forward flight as well as the investigation of the effect of modulating
the ejector flow as a control mechanism.

An important testing result is the confirmation of one of the basic
advantages of the ejector concept, that during transition from hover to forward

flight, the lift does not decrease and hence there is no loss cf altitude.

1

This fact is shown in the test result of Figure 96, The total lift does not
drop below the static value as the forward speed is increased. The augmented
jet 1lift, consisting simply of the vertical component of the ejector efflux,
does decrease but the loss is more than made up by the increase in the circula-

tion lift caused by supercirculation. This is also the basis for the superior

_,.,W.{,V;s',ywwmwmnwmm: 3:.‘ "

overloaded STOL performance of ejectors.

There are, of course, other problems which have not been treated in

[P 2R

i the space avaiiable here. However, in geneval, the thrust augnenting ejector

88
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concept leads to unconventional designs for unconventional missions and

the success of an aircraft of the type discussed above may revolutionize

the aircraft industry.
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Table 1. Dimensions of duct diffusers in inches

Configuration Ly Lp L=Ly+1lp
A 13 32.35 45.25
B 13 15.25 28.25
c 5 23 28
D 16 34 50
F 5 45 50
H 5 453 50

aConfiguration H had a compound diffuser.

The first 14 in. of Lp diverged at

an included angle of 369, the remainder used to obtain the required Aj/A;.
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Figure 11 Coanda ejector
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Figure 12.  Rockwell Internacional design ~
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Figure 14.

Boundary |
Layer
Control

(A3~A2)/A
deg. s/x=] | s/a=3 |
0 0.0625| 0.1875
10 . 0.2627 ] 0.3877
20 0.5100] 0.6350
30 0,7969 | 0.9219
40 1.1147 ] 1.,2397

Sciematic of the Coanda/ 13
Jet Flap Diffuser ejector
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AUGMENTATION

EFFICIENCY
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Figure 20. Tradeoff between nozzle éYruBt

efficiency n, and mixing
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Figure 21. View upstreum3 into the exit of the
ARL area ratio 24 ejector schematically

f1llustrated in Figure 10
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Figure 22. Primary and wall blowing nozzles
from the ares ratic 24 ejector
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Filgure 28. A cut-away view of the gsea ratio §
ejector f{lap experiment<’.

110




1.4 = < _MIXING RATE
DOUBLED.
H-
12 b TURBULENT MIXING
RATE.
L
1.0 = A l —
0 5 i0 15
LENGTH
WIDTH

Figure 29. Estimate on performance of a
doubling of the turbulent mixing
rate



*gzsSueails 3uyror3zos ur s3af

JTXJBUWWAS TXE JO SABIIP UOTILIJUIOUOD

pue £3T0073a 3yl uo siojeisuald
oousTnganly Tedtasauds jo 109333 *0€ 2an313

B/x p/x
& o0z St o1684 9 6 4 ¢ 4 Se o2 St 0T68 49 & 4 € 4
LN B IR Pyt LA v R DL 20
- No -
saxayde ,052° ~ O gazagds ,062° - O
8¥xads ou -« (@ - waaaydy ou - {3 —~
ooz/oon = °o/ffa - ¢ 5 oot/oon = *3fa o ¢
- a 4
- o] -
Mvo 14 ,.....v | >
a] 7
a_© -4 9 a -4 9
a < o B
a o -4 < & = A
S & ] 154 18
— g . o
p/x p/x
&2 o2 st 01684 9 &6 4% £ 2 g2 oz 61 o168l 9 6 ¢ ¢ 4
] 1 rrr b 717§ 1 LA | v LI B I D R D A B .
— NQ - — NC .m 4
sazayde ,062° -O ; eoxands ,,062* - O W
s83xads ou - [J - - 833uyd® ou - [ . a :
°F .2 o o
00Z/00h = a e oo/oon = o/ n — €
ANO. . — IMW a . Onu
o —q % e @B -4 %° PP.N
18] 194 & [3
= 0 — G e o Go ®
o © a ~
nunu & —~ 9°* o -4 9*
g © o 4 ¢ 151 4 4
w %6 o 2 u |2 LR 1
o3 . 0°1 m o'l




T O A D T P T T P Py e oY T
A o ey o

e reeaoniar fe s a v £ MY

. % = 10.182

e
l>§10
N

(@)

e
pgo
>Bo
>ae
>ao
>oo
oo

B
fi
¢
{
¥
§
!
i
i
S
B
A
4
3

2¢
f+
0 + -+ +— + -+ +
i 2 3 4 5 6 7
Pr/pa
. Figure 11. Effect of temperature on the mass flow
through a long (L/D = 10.182) ejectorw
113




Py

R R

= 4.364

ojr

| 4
0 + ‘ + + -} + 4
| 2 3 4 S 6 7 8
Pr/ Pa
Figure 32, Effect of temperature on the mass floY
through a short (L/D = 4,364) ejector ’
114

-0 o9\



R R Y

£3To0719A TATMS wnulxeu 3yl jo

s
Keoop m.a.mnvmmu&w 19( uo [ayms Jo 152334 °gf aan3yd
P/ .
Ol o0t
r T S e e e v - - —r—r ~.O—
SAIAMNS IVIQUH WONI STI0EMaAS DT
7 :
, [ E L
‘¥isny 1 @ -
v 27 ] 4
O’D\:w v v q - 4
m/ v o 2
° ;
W, O % o A
A 7 WS -0l
NRA T4 s .
*, Co N ® e
WOIX l1xY N Og O w
{s4,)*n 01 15 ,muoo ] :
TIANVIN O o B . i
ALISNIINI O v/ n@ g 5
- TUIMS  HIMS OQ %
7 ON @O o
KITSNIINI oﬁo o /M 1 : §
IINTINGENL TVIXV ONV Ry X% 1 L
: X130 TIA-NVIN ¥ & ) Pl
._m. < : i
Ro ‘N ] o
1 \C®o o 8@ o o W
4 u,,
£ : .
.




St St btk Sl e Budl ez e o i e AU SRR RIS TR A il b i B2 S AR e,

|6
12
212
d
8
N
d

25

SQUIRE AND TROUNCER

(¢%=0.0067)
60 100 120 140 160

80
X /d
Figure 34, Halfwidth growths in major and minor

axis directions for a rectangular slot
of aspect ratio 1037

! 1 | ] ] ] 1 ] ]

1 1
20 40 60 80 (00 0 140 160 180 200 220 240
X

Figure 35. Effect of aspect ratio and coflowing stream
on the growth of a lominar elliptical jet38

116

..q.-.-u&w.\va.ﬂ-.;,.-w"“. e,




T

46

Alernating cone nozzle
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Figure 46, A traditional manner of diffusion63
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