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Up to the early 1960's, fluld jets were primarily controlled

" and vaectored by mechani~nl systems. These systems were and still are
complex, beavy, and dfficult to adapt to sithar high temperature en-
virvonmonts much as existi in rocket exhaus=ts, or low temperaturs an-
wironmants such a8 exist in apacs. Hechanical systems also bacoms
uursiisble in extrsms anvironments and require costly and heavy backup
sratens to Insure consistent oporation, These dAifficulties have
crnged interest iu purs fluid control syatems. Two types of pure
Tiaid control deviges being invasidgeted tcda& sre the turbulence
inducer and the wall atiachment (coanda-eZfact) nozsle. The latter
davice &aa demonsisrated i1ts superiority over the turbulence inducer in
vectoring (switching; a fluid and it ia a modification of this device
that 1s discussed in this paper. The Coanda-Effect noszie is a deovice

| ‘n wifch a two-diuensional fluid stream is thrust vectored (switched)

by irjecting & secondary fluid perpendiocular to it.

The purpose of this experimental study was to determine the of.
fect of perallel injection of a sacondary fluid jet on the thrust
voctoring of & tvo-dimensional fluid in a coanda noszle. Nozsle
¢gnomatries similer to those used by Elsby (Ref 9) and Opfell (Ref 20)
were sxplorsd in order that s conparisom could be made betwaen the

“parallel and parpendicular secondary injection techmique. Msjor con-
ridarstion was given 4o supersonic (Choked flow) operation of the
ronzle; howsver, some data on subsonic operation of the noszle is
oresentad.  The nolation used in thie repcrd and the non»dinanaion-

Comidon procodure folloved have, wharever possible, bsen made
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consistent with Refs 9 and 20 so that easy comparison of results and
trends could be accomplished.

I wish to thank Major W, C. Robison for the direction end support
given me in his czpacity as my thesis advisor. I would .leso like to
thank Mr. Frook Jarvis and Mr, Joim Parks for the assistance rendered

»e in the laboratory.

Philip P. Pansarella
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Abstract

An experimental investigation was performed to detcrmine the
offect of parallel injection of a secondary fluid on a two-dimensional
coanda-effect nossle used as a thrust vectoring (jet-switching)
device. The effect of leakage in the vortex area of a comventicnal
coanda-effect noszle utilising perpendiculer secondary injection was
also determined. The coanda-effect nozzle used in the investigation
had a wall divergence half angle of 10° and a setback ratio that
varied from 4 to 7. Pressure ratios investigated varied from 1.63
to 3.39. Successful thrust vectoring was accomplished within the
above limits of setback and pressure ratios.

The injection o’ secondary fluid parallel to the cemterline of
the nossle caused the primary jet to deflect toward the secondary jet
and to attach to the nossle sidewall nearest the secondary jet. A
1 to 10 decibel drop in the overall neise level resulted when the
parallsl secondary fluid was injected imto ths mossle.

Athch«atofﬁom-wmu&mmm-mo-dm
sustained by "coanda-cffect® flow in the separstion region formed
between the primary jet and the wall after secondary injection was
discontinued. The wall attachment point was insensitive to increases
in pressure ratic; however, the attachamnt point moved downstresm
along the nossle wall as setback ratio increased from L to 7. The
amount of secondary mass flow needed to switch the primary fluid jet
increased with increasing setback ratio and with increasing pressure
ratic., Lateral thrust increased with increasing setback ratio and
decreased with increasing piressure ratio. The maximum lateral thrust

xiii
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for the minimum secondary inlection flow occurred between a setback
ratio of 4 and 5. The time required for the primary fluid jet to
switch from one nossle wall to the other was found to be .00l seconds.

Interferomster and Schlieren photographs of the thrust vectoring
phenomena that occurred throughout the investigated setback and pres-
sure ratio range are included in the report. .

xiv
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THE USE OF A COANDA NOZZLE WITH
PARALLEL SECONDARY INJECTION FOR THE THRUST
VECTORING OF A TWO-DIMENSIONAL COMPRESSIHLE FLUID

I. Introduction

The Coanda-Effect - Background
In 1933, Benri Coanda, a Rumanian engineer working in France,

observed that if a wall was placed nsar a fluid exiting from an
orifice, the fluid would attach to the wvall. This effect can be
explained as follows. When a fluid jet with a turbulent boundary
exits into an ambient fluid which has an equal or lower viscosity,
the turbulent boundary entrains fluid from the ambient fluid field.
Normally the entrained fluid is replaced from the surroundings and
the only notioeable effect that can be observed is the spresding of
the exiting fluid jet. Now if a wall is placed near the exiting jet,
the fluid cannot be replaced fros the surroundings bsosuse the wall
"blocks off* the replacing fluid., 8ince fluid is siill beiag en-
trained by the jet, the pressure in the region between ths jet and
the wall decreases and eventually the pressure d&ifferential across
the fluid jet canses the jet to move towurds the wall. If *he wall
is long enough, the jet will attach to it, forming a vortex, and
assuning a stable position. The stability of the attached jet is
explained by the fact that the portion of the fluid turned back at
the attachment point is just enough to satisfy the entraimment re-
quirements of the boundary of the jet that is facing the wall. This



QRN 65A/MR/65-7
wal). attachment phenomena is termed the "Coanda-Effect® and is i1-
lustrated in Fig. la.

Coanda-Effect Nossles - Previous Work
Since it is difficult and mechanically complex to construct

variable geometry nossies, that is, to provide for movemsnt of the
wall in the vicinity of the jet, a method was needed to deflect the
main jet near the wall. The first person to efficiently accomplish
this wvas Mr. B. H, Borton of the U.S. Army's Harry Diamond Labora-
tories in 1958, The primary jet was deflected by injecting a second-
ary fluid perpendicular to it, making use of momentum transfer effects.
This was the first trus purely fluid control device and was called a
"Coanda-Effect Nossle", Fig. 1b. Application of Coanda-Effect Nossles
includes fluid amplifiers, digital counters, missile steering, jet
engine controls, analog integrators, flow diverters, turning rate
sensors, ad airoraft flight oontroles.

In 1960 Bourque and Newman (Ref S) dsveloped a mathematical model
for a two-dimemnsional occanda-effect nosale using an incompressidle
fludd jet. A method for determining the mean pressure in the separe-
tion-bubble and the jet attachment point was formulated. Also in
1960, Sawyer (Ref 22) sompleted an experimental study using an in-
compressible fluid exiting from a two-dimensional coanda-effect
nossle. Sawyer's work indicated that the jet spread coefficient was
a function of the curvature of the jet and that the values for the
jot attachment point and the mean separation-bubble pressure predicted
by Dourque and Newman were correct, Both Bourque and Newman and
Sawyer based their work on a method developed by Dodds (Ref 8).
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a. Schematic model of the coanda effect
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b. Schematic model of conventional coanda-effect nossle

FMg. 1

Schematic Representation of the Coanda-Effect
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Olson (Ref 19), in 1962, developed a theory for the prediction of the
attachment point and the mean separation-bubdble pressure of a two-
dimensional compressible jet exiting sdjacent to a flat plate. The
model of the flow proposed by Olson took into account the curvature
of the fluid jet. In a comment on this article, by A. E. Mitchell,
it is pointed out that although the Dodds', .et‘al,‘ metho;! of deter-
mining attachment point and separation-bubble pressure was based on
an incompressible analysis, it agreed closely enough (especially at
low mach nunbers) with Olson's work so tiat it could he used. Also
pointed out in this article is the fact that Dodds' method contains
less ompiﬁcal parameters than Olson's method, and therefore it af- _
fords a much more direct means of determining attachment point and
mean separation-bubdle pressure.

A1l the work done by the above investigators was dons on rela-
tively small scale coanda noszles. In 1963 Elsby (Ref 9) of the Air
Force Institute of Technology performed an experimental study on
relatively large scale choked-flow, two-dimensional, coanda-effect
noszles with perpendicular, high velocity injection of the secondary
Juld, It was found that thrust vectoring could be accomplished in
this typs of noszle by injaction of the secondary fluid into the
separation-bubble. The injection destroyed the low pressure region
in the ceparation-bubdle causing the main jet to move away from the
attached wall towards a centered position. Murther injection deflected
the main jet towards the opposite wall where it attached and remained
after the secondary injector flow was discontimed. Opfell (Ref 20),
also at the Alr Force Institute of Technology, extended this work in
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1964, This investigation was primarily concerned with subsonic flow
in a two-dimensional coanda-effect nozzle and included the perpendic-
ular injection of both high velocity and low velocity secondary fluid.
It was concluded that there were two distinct modes of switching.

The first mode was the one reported by Elsby, et al, that is, that
injection into the separatiun-bubble caused the jet to switch to the
opposite wall. 'The second mode of gswitching was caused by ths per-
pendicular injection of secondary fluid from the wall opposite to the
wall where the main jet was attached. In this case, entrainment was
set up in the region between the secondary jet and the main jet,
lowering the pressure and eventually causing a large enough pressure
differential across the jet to allow it to break away from the at-
tached wall, overcome the adverse momemtum effects imposed on it by
the secondary fluid stream, and attach to the wall from which the
secondary fluid was issuing. Thie "attraction®™ switching suggested
an alternate approach in the thrust vectoering of a fluid through use
of a coanda nossle, than the one imitially proposed by B. W. Horton.
Cple1l also pointed out that the pure momentum model of jet switching
was in error and that a new model, vhich was called the entrainment
model, should be investigated to account for both the momentum and
oentrainment effects ensountered during the thrust vectoring process.

The Problea
The model of the coanda-effect nossle that Opfell used at the
time "attraction" switching occurred was detrimental to tae switch
because the perpendicular "attraction® jet set up momsntum transfer
and pressure differential forces that acted .n a direction opposite
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to the motion of the switching primary jet. The nozzle used by Opfell
also reauired large secondary mass flows to execute the "attraction®
switch and was not able to consistently switch the jet when operating
under "attrsction" conditions. For these reasons, it was decided to
redesign the nozzle so that the adverse nomentum and pressure differ-
ential characteristics would be eliminated, and so that jet switching
could be consistently demonstrated during subsonic and supersonie
flow of the primary fluid. A comparison between the parallal injector
coanda-effect nozszle and the coanda-effect nozzles used by both Elsby
and Opfell was desirable and, thersfore, the variable geometry aspect
of these nozzles was retained. The redesigned nozsle was then tesied
to obtain basic information on the ability of the nozzle to thrust
vector a supersonic two-dimensional compressidle fluid,

In both Elsby's and Opfell's work leakage of the nozzie in the
vicinity of the junction of the converging and diverging sections of
the nossle was listed as a source of experimental error. It was de-
cided as a secondary problem to devise a way of sealing these coanda
nossles and thus, t¢ qualitatively deteraine the effect leakage had
on the results. The sealing technique discovered in this part of the
investigation war incorporated into the redesigned nozzle used in the
latter part of the study.

As tions
The primary and secondary jets were assumed to be two-dimensional

for this study. As can be seen in Fig. L, page 1l, the main jet exit-
ing from “he redesigned coanda-effect nozzle is indeed two-dimensional;
howsver, the secondary fluid streams exiting from the injectors drilled
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in the diverging base blocks of thae nozzle are not two-dimensional,
The secondary jets were assumed to be two-dimensional because of the
nearness of the walls of the testing chamber tv the issuing jets as
compared to the distance between the sidewall of the nozzle and the
centerline of the primary Jet stream. The boundary layer buildup on
the glass walls of the testing chamber was assumed to be negligible.
Gravitational effects were neglected since the coanda-effect nozzle

was mounted verticaliy on the test stand.

Objectives and Criteria

The primary objective of this experimental study was to deter-
mine the effect of parallel injection of a secondary fluid on a
coanda nozzle used as a device for tarust vectoring a two-dimensiwnal
compressible fluid. A sscondary objective was to compare the parallel
injection coanda nossle with a comventional (perpendicular injection)
coanda nossle. The definition of optimun conditions under which
thrust vectoring ocourred in the parallel injection nossle was also
desired. Mmccessful thrust vectoring in the test nossle was con-
sidered to ocour wvhen the attached main jet could be mude to switch
and attach to the oppysite wall as a result of injection of the
secondary fluid, Optiium conditions for thrust vectoring were con-
siderad to exist when a maximum lateral thrust force was obtained
with a minimum secondary fluid flow rate.

Scope
Due to the comparison desired bstween the parallel injector

coanda nozzle and the convintional nozzle used by Elaby, it was

S T, P2 0
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decided to restrict the investigation to the optimum switching con-
ditions suggested by Elsby's data. After a study of Elsby's work was
made and after reviewing the divergence angles commohly used in the
diverging sections of fluid flow devices, it was decided that the
design conditions were to be: Divergence angle ( © ) equal to 10°;
setback ratio (d/b) equal to lj through 7; and a noszle pressure ratio,
that is the ratio of the total pressure in the noszle stagnation
chamber to the ambient pressure (P,/P,), that yielded primary flow
Mach numbers in the low supersonic rangs. The basic geometric param-
eters of the nozzle are defined in Fig. 2.

Thrust vectoring phenomena and the geometry of the flox were
observed with photographic and pressure sensing techniques. Schlieren
and Interferometer optical systems were used for the photographic
analysis while static pressures taken at specified points along the
nossle sidewall were used for the determination of attachment point
and lateral thrust measurenent.
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. Apperstus

Dosign Coosiderstions
The Coands-Effect Nossle used in this study was a modification
of the nossle used by Elsby (Bef 9). The main modification to the
nossle consisted of the design of a pair of parallel injectors in
accordance with criteria recommended by Barrédre' (Ref 4:383), and
installation of these injectors into the diverging section of the
nossle. Ope wvall of the diverging section of the nosxle was also
modified to accommodate 1li instead of the 9 static pressure taps
previously installed ip it. During the wodification, redesign, and
mamfacture, extrems care wvas taken to conserve thes original dimen-
sions of the nossle. This was done 20 that a basis of comparison
would exist between the results obiained with the parellel injector

coanda-effect nossle amd those obtained with the nossle used by Rsty.

e applicable plysical parameters of Klsby's nossle are listed de-
low for the comvenience of the readsr:

. 10°

e variable frem | %0 7

» 0.125 oq. in.

® 4,60 in.

"‘J’scb

Asoestly god Sealing of Nossle_
The oomponents of the coanda-effect nossle, that is, the con-
verging blocks and the sidewall blocks, were machined from ¥ inch
brass stock.
The circular base plate of the test section was machined fiva

Js inch aluminum stock snd had a slot cut in its center. Two frames

10
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wers mounted on the base plate adjacent to the slov and parallel to
the long side of the slot. These frames were held in position by
Allenhead bolts inserted from bensath the base plate and into holes
tapped in the bottom of the frames. Formica cement was placed be-
tween the base plate and the bottom of the frame to insure an air-
tight seal. The converging blocks of the nossle were then inserted
between the walls forwmed by the frames and into the slot cv.t in the
ba.s plate. These blocks were held in position by four bolts which
fitted through holes drilled in both the blo-ks and the frame. The
horizontal surface of the convergent block had a keyway cut into it
to accept a key-tab in the base of the diverging section of the
noszle, a threaded hole was also tapped in each block below the key-
way so that the traversing assembly bolt oould be accommodated.

In assembling the apparatus, a thin layer of formica cement was
brushed into the keyway of the oonverging sectiom and the diverging
blocks were mated to it and positioned at a specific setback ratio
(4/b). Now the sides of the ocomverging and diverging blooks that
would contact the glase walls of the tost section were coated with a
thin layer of formica cement. The glass walls with their aluminom
supporting rings were then dolted to the two supporting frames and
the cement was allowed to dry. When the forwdca cement vas fully
cured, a thin flexidle film existed detween the glass wall of the
test section and the brass blocks, thus forming a leakproof gasket.
The entire assembly was then attached to the settling chamber by bolts
inserted through the holes drilled in the base plate and into the
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tapped holes in the settling chamber cap. Mgures 3 and L shov the
noszle components in various stages of assembly.

Bach wvall of the converging section of the coanda nozzle had a
30° convergence angle and had an injector inserted in its horizontal
surface at throat exit plane. These injectors were comstructed so
that the flow exiting from them would be parallel to the primary jet
flow. The diverging walls had a divergence angle of 10°. There were
9 static pressure taps in one wall of the diverging section and 14
static pressure taps in the other wall of the diverging sectiom.
Stainless steel tubes were inserted in each of the 23 static pressure
taps. These tubes were sealed and cemented in place with Epoxy resin.
The detail drawing of the modified coanda-effect nossle can be found
in Appendix C.

Reid Supply Syste

Dry, odl-free air was supplied dy two s.ectrically driven com-
pressors. Tre larger ocompressor which provided air at a maximum line
gauge pressure of 93 peli was used as a source of air for the primary
flow. The secondary injection air was provided by a smaller compress-
or which supplied air at a meximm line pressure of 80 pei. Mill
flow regulation of both of the air supplies was obtained by dverting
excess air to an exterior exhaust. This prooedure provided a nearly
steady nass flow rate for each experimental condition. The total
pregsure in the nossle settling chamber was regulated by a set of
hand operated valves comected in parallel upstream of the settling
chamber. £ condary injection air was regulated with one quick-acting

12
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valve located upstream of two simple on-off flow valves. A schamatic
representation of the fluid supply system is shown in Fig. 5.

Instrumentation

The stagnation flow temperatures were measured using a potenti-
ometer connected to copper-constantan thermocouples located in the
fiowmeter pipes upstream of the measuring device. The thermocouples
were installed in accordance with ASME standards. The mass flow

rates cf both the primary and secondarv asir streams were determined
by a method reported in the 1961 ASME Flowmetar Computation Handbook
(Ref 1). A4 1.05 inch diameter sharp-edged orifice with flangs tape
installed in a 2 inch diameter schedule-4O pipe was used to measure
the flow rate of the primary air, while a .500 inch diamster sharp-
odged orifice with flange taps installed in a 2 inch diamester schedule-
LN pipe was used to measure secondary air flow rate. Both the flow-
neters used in the test were imstalled in acoordance with the stand-
ards listed in Mef 2.

The primary fluid pressure uwpstrean of the orifiocs was measured
with a C to 200 inch meroury dial mancmeter greduated in 1 inch in-
croments. The secondary fluid pressure uwpstresn of the orifice was
neasured with a 0-100 psi gauge greduated in one pei increments. The
pressure drop across both the primary flow orifice and the secondary
flow orifice was measured with a 30 inch water filled U-tubs mancmeter
connected to flange taps. The nossle stagnation pressure was measured
with a 0-200 inch mercury dial manometer graduated in 1 inch incre-
ments. This manometer was comnected to a static pressure port lo-
cated in the wall of the settling chamber. The difference between

1€
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the total and static pressure measured ir the settling chamber was
neglected becsuse the area ratio of the settling chamber to the
nossle throat was more than 4OO to 1. The static pressure on the
diverging walls of the nossle was measured using twenty-three, 30
inch, U-tube, mercury msnometers. The static pressure taps vere con-
nected to the manometers through 3/32 inch stainless steel and X inch
plastic tubing.

Optical Equipment

A Mach-Zender type interferomster (Fig. 6) wvas used as the pri-
mary optical system for viewing thrust vectoring phenomsna which oc-
curred in the parallel injector ocoanda nossle. A oontimmous souroce
sirconium arc lamp with a wave length of approximately ShH60 engstrom
units was vsed as the light source for ths interferomster. The resader
1.m&muw1§m.mm»&~«u-wum
fercmeter. The interfercmster was oconverted 40 a schlieren eptical
system by inserting a pisce of pasteboard in fremt “< the ocombining
splitter, 20 that the light net passing tirough the test sectin was
completely blocked off, and inserting a knife o¢dge at the focal point
of the light beam ahead of the viewing peint. Omission of the kmife
odge in the above procedure converted the interferometer into e
shadowgraph device. The sireemium arc lasp wes used as the light
source for the schlieren and shedowgraph systems. Photographs were
taken using a camera fitted with a Polarcid film hoelder. Wben using
the interferometer as a schlieren or shadowgrsph system half of the
light was blocked off, and the simtter speed had to be changed.

17
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Polarcid type 47 film wes used for both intarferometer and schlieren
photographs.

A fastax camera vas used at 7,000, 4,000, and 1,000 frames per
second to mske high speed, interferometer, schlieren, snd shadowgraph

films of the thrust vectoring phenomena. A timing signal was placed
on the film so that jet switching time of the main fluid streem sould

bs mesasured. The film used in the fastax camera was Dupont 16 mm,
9314 rapid reversal for black and white photography and Eastman-Kodak
ERB 430 for the color photography.

Sound Recording Equipment

A Qeneral Radic type 1550-A Octsve Banl Noise Analyser with a
frequency range of 20 t0 10,000 cps vas used to record the change in
noise level at the position indicated in Fig. 6. The noise analyser
is calibreted in decibels and yields noise data in eight distinct
band widths which are 20 %o 75 ops, 75 %o 150 cps, 150 to 300 cps,
300 to 600 ops, 800 to 1200 ops, 1200 to 24,00 cps, 2400 to 4BOO cps,
and 4800 to 10,000 cps. The analyser can also be used to give an
overall noise level in the band width 20 to 10,000 cps. A complete
desoription of this equipment can be found in Ref 10. This equipaent
was incorporated into the tost apparatus so that any noise redustion
that occurred by using paraliel injection of the secondary fluid
could be sensed.

19
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III. mmmm

General
Data runs were made on the parallel injector nossle at setback
ratios (d/b) of L, 5, 6, and 7. The nossle was operated at pressure
ratios of 1.86, 2.20, 2.89 and 3.39 for a setback ratio of L, at
pressure ratios of 1.86, 2.20, 2.60 sad 2.89 for a setback ratio of
5, at pressurs raticy of 1.80, 1.86, 2.20 amd 2.35 for a setback
ratio of 6, and at pressure ratioe of 1.63, 1.70, 1.87 and 1.91 for
a setback ratio of 7. The criterien that established the maximum
pressure ratio to be used at a specific setbeck ratio was the limit
at which the secondary jet could cause switching of the primary fluid

Jot.

Typiosl Tegt B
A typical test run was conducted in the followimg manner:
(1) Set up and seal nossle at the desired setdack ratio.
(2) Attach primary fluid jet to the desired nossle sidewall,
(3) Detadlish messle pressure ratio (Po/P,).
(L) DNecerd mecessary data to measure M, and T,.
(5) Switoh primary jet through use of parallel injection of the
seoondary fluid and record dete t0 measure ¥, and 7,.
(6) Ot off injeseticn of secomdary fluid and conduct the static

pressure survey,

Test Procedure
The noz:le vas set up and sealed in the desired geomstrical con-
figaration following the methcd given on Page 10 of this report.
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Attachment of the jet to the desired sidewall was accomplished by in-
Jocting fluid from the secondary injector near the sidewall om which
attachmert was to occur and then opening valves to start the primary
fluid flowing through the nozzle. This procedure caused the primary
fluid to attach to the designated nozzle wall in all cases. Ths pri-
mary fluid jet was switched by injecting the secondary fluid on the
side of the primary jet opposite to where the initial separation-
bubble was formed. The mechanism that explains these phencmena is
discussed in detail in the Results Section of this study.

Noise level and schlieren and interferometer photographs were
obtained on subsequent data runs which immediately followed the static
pressure survey run. The purpose >f these runs was to record the
change in noise leval associated with the parallel injection of the
secondary fluid and to record photographically the switching of the
Jot from one nozsle wall to the other. These additional runs also
served as a cheock on the mass flow rate data and the temperature data
obtained on the original test run.

After all the necessary data for a specific setdack ratio was
obtained, the nossle aseembly was dismantled from the settling chamber
and soaked 18 to 24 hours in commercial grade acetone. This soaking
was necessary to break the formica cement seal formed between the
brass nossle blocks and the glass test section walls. The nossle was
ther taken apart, cleaned, rsassendbled, and sealed in the next set-
back ratio configuration.

The minimum secondary mass rate of flow required to switch the
nain jet from one noszzle sidewall to the other was obtained by open-
ing the supply line to the secondary injector near the wall vhere

a
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the primary jet was attached and then starting the secondary fluid
compressor, thus allowing the pressure in the injector stagnation
chamber to gradually build up. When the primary jet switched, the
nacessary data was recorded to determine the mass rate of flow of
the secondary fluid. The gradual buildup technique gave consistent
and repeatable data at the individual test conditions.

Since the jet switching encountered in this test occurred almost
instantaneously, a high speed (7,000 frames per second), 16 nilli-
meter film was made to record this phenomena. This film further docu-
manted the switching characteristics in the parallel injector coanda-
offect nossle and shows the switching phenomena using interferometer,
schlieren, and shadowgraph optical techniques.



GAM 65A/ME/65-7

IV. Data Reduction Methods

Determination of Primary and Secondary Mass Flow Rates

Tne method used in this study for the calculation of both the
primary and secondary fluid mass flow rates is given in the ASME
Flowmeter Computation Handbook (Ref 1) published in 1961. This method
is particularly useful in that the iterative procedure required by
the older method (Ref 2) has been carried cut for most commonly used
flow pipe-orifice combinations and the iterative results are listed
in the form of tables. The newer mass flow computation method siwply
requires knowledge of the flow-pipe diamster, the flow-pipe schedule
number, the type of orifice being used and its diameter, the type of
fluid being used, and the temperature of the fluid. Fluid mass flow
rates are easily found since all of these quantities are usually
knovm. The newer =ethod also eliminates the use of costly computer
time and special progrsms for quick computation of mass flow retes.

Determination of Jet Attachment Location

Crossley (Ref 7:120) and Sawyer (Ref 22:1552) defined the Jet
attachment location as the point on the nossle sidewall where the
naximun static pressure occurred, but Olson (Ref 19127) determined
that the attachment point was upstream of this location. A. B,
Mitchell (Ref 16:71), in a comment on Olsomn's article, concluded that
tho method for jet attachment location proposed by Sawyer et al, was
i1 close agreement with Olson's work at the lower Mach mumbers. The
jet attachment point was taken as the point of maximum wall static
pressure because only low Mach number flow was used in this study.

23
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The attachment point, for the various setback ratios, was taken fronm
pressure coefficient versus non-dimensional wall distance plots

(Pigs. 53, 5k, 55, and 56).

Determination g_g Nozzle Thrust

A nozzle thrust couparison was made using theoretical axial
thrusts and computing lateral forces from the pressures measured along
the nozzle wall. The theoretical axial forces were the forces that
the choked flow exiting from the throat and the secondary injector
exerted on the noszle. These forces were found from the isentropic
thrust equation for a fluid exiting from a choked convergent noszle

(Ref 23:103). The equation used was:

Fo = Po Ay [2(3y) &1 - - ]

vhere the appropriate throat area and stagnation pressure were used
t0 yield the forces exerted by the primary and secondary flow, re-
spectively, on the nossle. The lateral forces acting on the noszle
wvere determined by a mechanical integration of the static pressure
versus distance curve odtained from measurements mads on the diverging
walls of the nossle. The curve was extrepolated to the noszle throat
so that a presswe could be determined between the throat of the
nossle and the first static pressure tep. This integration yielded a
resultant force acting perpendicular to the nossle sidewslls. The
addition of the axial component of the resultant force to the two
analytically determined forces was defined to bs the thrust of the
noszle. The component of the resultant force that was normal to the
noszle centerline was defined to be the lateral thrust of the nossle.

24



GAM 65A/ME/65-7

The effects of friction, lateral =mmmentum, and the pressure
acting on the area between the nozzle throat and the setback nozsle
walls were ignored in the thrust analysis.

Determination of Reynolds Number
The method used to determine the Reynolds mamber based on the

width of the nozzle throat was the same as that used by Elsby
(Ref 9:115). The derivation is presented for the convenience of the

reader.

The Reynolds mumber, based on the nozzle throat width (b), is
given by

but

., _ 0.532 Pyb
My =~ (Ref 23185)
VT, .

therefore,

,0.532 Py b

R
b Kt To

Determination of Separation-Bubble Pressurs

Separation-bubble pressure, that is the sverage pressure within
the vortex, was experimentally determined from the interferometer
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photographs taken during tlis study using a modification of the method

described in Ref 15, The method used consists of first finding the

density in the separated regian by using the formula
Po Ve |
P= P, - nf,-f)T_‘ €

end then using the perfect gas law (P =P RT, to yield the pressure

in the separation-bubble. The temperature used was assumed to be the

stagnation temperature of the main fluid stream.

26
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V. Discussion and Results

Effects of Sealing on Switching Requirements

Six test runs were performed in the initial phase of the study
to obtain data so that a comparison betwsen the switching require-
ments of the sealed conventional (perpendicular secondary injector)
coanda nozzle and Elsby's (partially sealed) conventional coanda
nozzle could be made. The first two %test runs were performed to
indicate what effect nozzle leakage had on the total nozzle pressure
ratio required to obtain the "full flow" limiting condition descrited
by Elsby in Ref 9 as a flow condition where the main fluid stream
spontaneously attaches to both nazzle walls. The runs were performed
at a aetl;ack ratio of i and at total nossle pressure ratios of 4.80
and [i.72 respectively. The reculis of these runs indicated that a
Tt reduction in pressure ratio was obtained using the sealed noszsle.
The remaining four runs were designed to indicate what change in the
secondary mass flow rate required for jet switching ocourred by ueing
the sealed nossle, Two of these runs were conducted at a setback
ratio (d/b) of L and a pressure ratio of approximately 2.70, the
other two were conducted at a setback ratio (d/d) of 6 and a pressure
ratio (Po/Ps) of 3.06. The results of these runs showed that the use
of the sealed nossle reduced the sascondary mass flow rate required
for jet switching by 33% at a setback ratio of L4, and by 35% at a
setback ratio of 6. A sumnmary of these results is shown in Table I.

Switching Mechani sm-Parallel I_:_q.ctor Coanda Nossle

The switching maechanism for the parallel injector coanda nozzle
is radically different from the conventimmal switching mechanisa

27
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described by Bourque and Newnan (Ref 5), Sawyer (Ref 22), Dodds
(Ref 8), and othera. A brief review of the conventional switching
mechanisa is repeated hare for the convenience of the reader.

When a fluld jet with 2 turbulent boundary exits into an ambient
fluid fieid which has an equal or lower viscosity, the turbulent
boundary entrains fluid from the ambient field, If a wall is placed
near the issuing jet, this entrainment is disrupted and eventually a
low pressure regicn is formed between the jet and the wall., The low
pressure region causes the jet to deflect and attach to the wall. At
this time a vortex is formed between the jet and ths wall and the
fluid stays attached to the wall. This phenomena is called the coanda
effect. Now the conventional method for switching this fluid jet from
the attached wall is to introduce a secondary fluid jet into the
vortex (separation region) at right angles to the jet. This has two
eoffects, it destroys the low pressure region and vortex, and it pro-
duces a momentun deflection of the primary jJet. Both of these effects
cause the jet to move avay from the attaching wvall. Once the jet is
detached from the wall it is moved, say in the vicinity of another
wall, by a force which results from the momentua transfer between the
main fluid jet and the secondary fluid jet. Since the main jet is
now in the vicinity of another wall, the coanda effect described
above takes over and the jet attaches to the other wall. The above
sequence is illustrated in Figs. 9 and 10, pages 52 and 53.

In the cases of the parallel injector coanda nozzle, the jet
switching sequence (Fig. 7) starts when a secondary fluid flow that
is parallel to the main stream 1s initiated on the side of the main

29
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Sequence - Right to Left, 1 through 5

Mg, 7
Thrust Vectoring Secuence: Interferometer, d/b = 6, Po/Py = 1,87
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fluid jet opposite to the side facing the attached wall. The second-
ary Jet does not attach to the nozzle wall nearest it hecause although
the pressure in the area between the secondary jet and the wall is
decreased by the entraimment of fluid from the region bty the jet, this
decrease is small because the area from which the entrained fluid is
taken is large with respect to the jet, and because the secondary jet
is three-dimensional. Consequently, only a slight difference in pres-
ure exists across the boundaries of the high energy secondary jet,
(Po/Pa)s = 5 to 7. The small pressure difference is not enough to
cause the jet to move closer ‘o the wall and therefore the jet remains
parallel to the centerline of the nozzle. The secondary jet also en-
trains fluid from the quasi-ambient region between it and the prinmary
fluid jet. The entrainment by both the primary and sscondary jet
rapidly reduces the pressure in the region between the two jets to a
level that is lower than the pressure existing between the main jet
and the attaching wall. A prossure differential now exists across

the boundaries of the main fluid jet and the main jet moves towards
the secondary jet. This movement causes the attachaent point of the
main jet to move downstreem along the nossle wall uatil it detaches
from the wall, destroying the vortex that formerly existed betweenm it
and the wall. As the main jet passes through the centerline of the
nozzle, it comes under the influence of a strong vortex system which
has been foraed between the secondary jet and the nogsle wall nearest
it. This vortex is caused by the entrainment of the fluid in the
region between the wall and the turbulent boundary of the secondary
Jet, and by the circulation induced by the secondury jet itself in
this region. The vortex "attracts” the main jet and causes it to

n



QA 65A/MB/65-7

attach to the wall. Upom attachm~ni, a portion of the fluid flows
back into the vortex and a stable "coanda-effect" s!tuation is estab-
lished (see Fig. 12). The secondary jet can new be diseantiméd,
setting up pure ocoanda-effect flow, and the primary jet remains at-
tached to the noszle sidewall.

The above mentioned pressure differential that axists across the
boundary of the main fluid jet implies that tha pressure on the side
of the fluid jet away from the attachment wall is lower than the pres-
sure on the side of the jet fac ng the attachment wall. In order to
explain this, a discuesion of the relationship of velocity of a fluid
streamn ou the entrainment of fluid from a region adjacent to the stream
is in order. RKivaick (Ref 11) demomstrated that the amount of fluid
entrained from the surroundings by a turbulent jet incre:s as the
velocity of the Jet incremsed. 7The secomdary jet operated during the
test at a presswre retio that was spproximately three times grsater
than the pressure retio of the primery fluid jet, and therefure had
a higher velocity tham the primery fluid Jjet. The surface area, based
on ¥ the ciresaference, of ‘he ssocmdary jet was larger than the sur-
face area of the primary jet and since the velocity of the secondary
Jot was greater than the velocity of the primary jet, the entrainment
of the secondary jet was greater than the emtraimment of the primary
jet. Now whem parallel injection of the sscondary flow is established
in the nozzle, both the secondary Jet and the primary jet are entrain-
ing fluié from the small region between the two jets at a rate that is
greater than twice the rats that fluid is being entrained from the
region between the primary Jet and the wall. This causes the pressure
on the surface of the primary jet facing away from the attachment

3
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wall to decrease faster than the pressure on the surface facing the
attachment wall and therefore, a pressure differential is created
across the primary jet. The pressure differential causes the jet to
detach from the attachment wall and switch to the opposite nozzle
wall.

It was determined, from timing marks coded on a high speed
(7000 frames/sec) film, that the jet switching time in a parallel in-
Jector nozzle was .001 seconds., This value agrees we.l with the jet
switching times given in current literature. Schlieren and inter-
ferometer photographs showing the vectoring sequence for various set-
back ratio configurations of the parallel injection coanda nozszle are
shown in Figs. 11 through 34.

Effect gg_ Contimed Lnjection into wation-mbblo

During the test, when using the parallel injector coanda nossle,
it was noted that contimued injection of secondary fluid into the
separation region formed between the wall of the nosszsle and the pri-
mary jet caused a strongsr vortex to form within the separation
region (Fig. 30). The stronger vortex lowered the mean pressure
within the separation-budbble and induced a greater pressure differ-
ential across the boundaries of the attaching jet. The effect of the
increased pressure differential was to increase the curvature of the
primary fluid jet, and move the jet ailtachment point upstream along
the nozzle sidawall towards the nozzle throat. This is opposite to
the behavior that Elsby reported in the study on perpendicular in-
jection coanda-effect noszles where it is stated that the continued
injection of fluid into the separation-bubble, caused the jet curvaturs
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to decrease and the jet attachment point to move downstream along the
noszle until jet detachment and switching occurred. Opfell also re-
ported that the effect of secondary injection into the separation-
bubble was to move the jet attachment point downstream along the
nossle wall to the exit., The movement of the attachment point upstream
when secondary fluid is injected into the separation region is a dis-
tinguishing feature of the flow in a parallel injection coanda-effect

nozzle.

Sidewall Attachigg Phenomena

The separation-bubble approached a circular shape as the nozszle
pressure ratio (Po/P,) was decreased in the parallel injector coanda-
effect nozzle., The shape of the separation-bubble roughly resembled
an sllipse at the higher noszle pressure ratios. This can be seen by
referring to Figs. 11 through 34. A siadlar effect was noted by Elsby
in Ref 7. Another interesting feature of the attaching flow was a
roughly triangular shaped separation reg..a that was observed above
the attachment padnt. This region, called the secondary separation
region, was first noticed while viewing the high speed film taken at
a nozsle setback ratio of 4 and can be seen in Fig. 7, sequence photo-
graph L. The high speed fila also showed a weak vortex occupying this
region which would suggest that a pressure lower than ambient existed
in the region,

The static pressurs survey that was performed did not indicate the
presence of the low pressure region (see Fig. 54). This can be ex-
plained by noting that a true siatic pressure is not measured at any
distance along the wall after the sepuration point, instsad a pressure
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that is composed of static and dynamic components is measured. The
dynamic pressure component is brought about by the fluid that is flow-
ing at an angle to the nozzle wall towaras the nozzle exit. It is
this coasponent that covers uo the presence of the second separated
region and the weak vortex inside it. Analysis of the variation of
the surface pressure coefficient (cp) with non-dimensional wall dis-
tance (x/b), Figs. 53 through 56, does give an indication of the
presence of the second separation region by the steep negative slope
just downstream of the attachment point. The steep negative slops
indicated a rapidly decreasing pressure, and it can be seen from
Figs. 53 through 56 that the steepness of the slope, and therefore
the pressure .n the second separated flow i“egion, decreased with in-
creasing setback ratio (d/b). The presence of a se-ond separated
region ras not reported by Elsby or Opfell; however Reeves and Lees
(Ref 21) demonstrated its presence in supersonic se;arated and reat-
taching laninar flows.

The boundary layer buildup on the surface of the jet opposite the
attaching wall is shown in Fig. 11, The rapidity of the buildup indi-
cates that the boundary of the jet is indeed turbulent and that fluid

iz being entrained from the surroundings.

Sidewa.) Statlic Pres; ure Measurements

Tre results of the sidewall pressure analysis are shown in Figs.,
Z2 through 56 and are presented as a variation of pressure coefficient
(3p) versus the non-dimensional w7all distance x/b. It can be seen
from these plots that at a specific setback ratio (d/b), the point of

saxi i static pressure varied by less than one nozzle width (b)
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during the increase of pressure ratio (Po/Pa)- This contradicts the
statemente made by Elsby (Ref 9:283) et al, which indicate that the
maximum static pressure point is moved do mstream along the sidewall
as the pressure ratio (Po/Py) is increased.

Figures 53 through 57 show that the effect of increasing the set-
back ratio was to move the maximum static pressure point dowmstream
alang the nozzle wall, This result a> ses with statements .aade by
Elsby, Opfell, and others. The pressure coefficient plots show that
the separation-bubble pressure rem ‘ned fairly constant at one setback
ratio during the increases of the pressure ratio; this observation
also agrees with Elsby's results (Ref 9:27).

During the test, a static pressure analysis of the wall opposite
to the jet attachment wall was performed (Figs. 62 through 65). The
results of this study showed that a pressure which was less than
anbient ani which increased with increasing pressure ratio, and de-
oressed with decreasing setback ratio, acted along the wall. The
distribution of this lower than ambient pressure was such that it
started at sero at the nossle throat, increased to ite maximum value
at a point 3 noszle widths dowmstream of the throat, and then decreased
until it equalled atmospheric pressure at the nozzle exit. The lower
pressure resulted from the inability of the area surrounding the exit-
ing primary jet to replace fluid entrained br the jet from that area.
The roughly triangular distribution of the ) ower pressure can be ex-
plained as follows. As the primary jet exits the nozzle plane, the
turbulent boundary layer starts to build up (Ref 3) and fluid begins
to be entrained from its surroundings; this explsins the initial in-
creasing pressure distribution. Now as the jet proceeds downstreanm,
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the jet spreads and velocity decreases, thus decreasing the primary
jet entrainment from the surroundings. The decreased entrainment
from the area surrounding the jet causes the pressure in the area to
decrease and this continues until the jet exits the nozzle. Tae de-
flection of the primary jet towards the attachment wall also con-
tributes to the decreasing pressure profile for as the fluid jet moves
towards the attachment wall, the boundary of the jet opposite to the
attachment wall can entrain fluid from a larger area, and thus con-

tribute less and less to the pressure distribution.

Jet Attachmen 3 Location

Both El: by ard Opfell reported in their work that the jet at-
tachment poirt moved downstream along the nozile wall as pressure
ratio or setback ratio was increased., Figure 57 shows that increasing
setback ratio did indeed move the attachment poiat downstream froa a
non-dimensional distance (x/b) of 7 to 10; however, increasing the
pressurs ratio had relatively little effect on the movement of this
point. In fact, the jet attachment point remained in a nearly fixed
position for the variation in pressure ratios oonsidered in this study.

Again a ocontradiction exists between geometrically similar con-
ventional and parallel injector coanda-effect nossles, this time in
the area of the effect incrsasing nossle pressure ratio has on the jet
attachment location., The contradiction can be explained by noting
that at a given setback and pressure ratio, the effect of leakage
would be to increase the separation-budble pressure to a value that
is greater than the separation-bubble pressure without nozzle leakage.
This increased pressure would cause the jet attachment point to be

£ 4
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located dowmstream of the attachment podnt obtained with a sealed
nozzle,

The constant attachment point location with increasing noz:le
pressure ratio as obtained with the parallel injector coanda-effect
nozzle would be a desirable feature if the coanda nozzle was going

to be used in a device where large changes in pressure ratio occurred.

Separation-Bubble Pressure

Maeller, in Ref 17, showed that an analytical method which was
devoloped by Nash (Ref 18) for determination of the separationsbubble
pressure in uniform supersonic flow over a two-dimensional backstep
could be extended to the coanda noszle case., He siates that if the
assumption made by Korst and Chapman (Ref 5) that the recompression
of the attaching streamline up to the attachment point is isentropic
can be acceptad, then the separation-bubdble pressurs could be ~btained
by a trial and error solution of the expressiom,

Prapg|Pa-1]|+1
R

In this expression, Pp is the pressure measured on the noszle wall at
the attachment point, Py is t'e separation-buddble static pressure, P,
is tho static (ambient) pressure on the free boundary of the jet, and
N is the recompression coefficient and is a function of the Reynolds
number and Mach number before separation for a particular nozsle con-
figuration. The initial Mach number in this study was calculated from
thy total noszle pressure ratio and assuming isentropic flow.

Korst and Chapman stated that N = 1.0, while Nash (Ref 18), after
showing that the criterion originally put forth by Korst and Chapman

~~was not consistent with experimental data, suggested that N = .35,
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Mueller suggests in his article that N = 2,0, An analysis of the
separation-bubble pressure was made using the interferometer photo-
graphs obtainad during this study to determine what value of N was sug-
gested by the data. Tne result of this analysis is presented on a
graph taken from Ref 17 in Fig. #. As can be seen from this figure,
the value obtained for N in this study was approximately .65 and lies
between the values suggested by Xorst and Chapman and Nash. It is

consideratly belo: the value put forth by ifueller.

Secondary Mass Flow Recuirements for Thrust-Vectoring

Zarlier in this report (see page 27), the extreme effects that
leakage in “he area of the separation-butble had on the amount of
secondary mass flo: remuired to switch the jet were pointed out. For
this reason and for others which are emumerated in the following para-
graph, it is felt that the difference in the secondary mass flow re-
ouirenents between the partially sealed nozzles of Elsby and Opfell
and the sealed parallel injector coanda noztle can not be entirely at-
tributable to the change in secondary injection technioues.

At this point it is instructive to review the effect that in-
creasing nozzle pressure ratio has on separation-bubdle pressure. As
the nozzle pressure ratio is increased, the velocity of the jet is in-
creased, and the entrainment reouirement on the attached boundary of
the jet is increased. The increased entrainment recvired causes a de-
crease ip the sevaration-bubble pressure, thus tending to "hold" the
jet more firmly to the wall, It would seem then that an increased
secondary mass flow recuirement would be needed to switch the jet

whichever method (i.e., parallel or perpendicuiar secondary irjection)
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was used. The case of perpendicular secondary injection would espe-
clally indicate that an increased sezondary mass flow would be re-
quired because more secondary fluid would be needed to destroy the
lower bubble pressure, and because the momentum dsflection of the pri-
mary jet would be less effective due to the increased momentum of the
high velocity main stream. Investigation of Elsby's and Opfell's re-
sults in this area reveals that the secondary injection mass flow re-
quired decreased with increasing pressure ratio, contradicting the
physical picture presented above and the results obtained in this
study. It is felt that the nozzle leakage, listed as a source of ex-
perimental error by both Elsby and Opfell, caused this contradiction.
The results obtained with the parallel injector noszle, Mg. 58, in-
dicate that jet switching during the operation of this nozsle required
an increased secondary mass flow rate as the nossle pressure ratio was
increased. The secondary mass flow ratio (A,/f;) required to thrust
vector the primary fluid in the nossle varied from .8 to .18 as the
setback ratio was changed from L to 7. Nrther examination of the
results reveals that an optimux condition, that is one which required
a minimum amount of secondary injection for jet switching at a given
pressure ratio, occurred between a setback ratioc of L and 5 for the
nozzle used in this study.

Opfell (Ref 20:7L) reported that the secondary mass flow ratio
(fs/Mo) required to thrust vestor the primary fliid by "attraction®
switching was 11.2 when switching was accomplished with his injection
port number 2, and was 14.9 when injection port number 3 was utilized.
The mass flow ratios given above were taken at a setback ratio of |,

and a total nozzle pressure ratio of 2. A comparison of the data
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obtained in this study at a pressure ratio of L and a nozzle pressure
ratio of 2 was made with the results reported by Opfell at these same
conditions. The comparison showed that a 933 reduction in the mass
flow ratio (fly/il,) was obtained when using the parallel injection
nozzle to vector the primary fluid.

An additional comparison between the ‘secondary mass flow required
to thrust vector a fluid in a coanda nozzle was carried out between a
sealed version of the perpendicular secondary injection coanda-effect
noszle used by Elsby, and the parallel secondary injection coanda-
effect nozzle used in this study. The results of the comparison be-
tween the two geometrically similar nozzles are shown in Fig. 61. The
figure shows that the mass flow requirements for thrust vectoring in-
creased for both coanda nozstles as the pressure ratio increased, and
indicates that for the comparison range, the parallel injector coanda
nossle mass flow requiremsnts for thrust vectoring were approrimately
11.7% lower than the sealed perpendicular injector coanda noszle re-
quirements. This comparison shows the advantage that parallel in-
Jection of the seccndary fluid has over the perpendicular injection
of the secondary fluid when using relatively large scale coanda-effect
nossles as thrust vectoring devices.

Latersl Purust

The results of a lateral thrust analysis were not reported for
£ = 10° by Elsby (Ref 9); howsver, for this case, Opfell (Ref 20:37)
reported lateral thrust ratios (Fg/Fo) that varied sinusoidally be-
tween 32 and 393, for setback ratios of L through 7. The parallel
flow coanda nozzle yielded values of lateral thrust ratio that
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increased from 9.6 to 18.23, and lateral thrusts that varied trom

A5 1of to .755 1bf, as the setback ratio increased from L to 7. The
results obtained with the parallel injector nozzle seem reasonable
because the primary jet moves through a greater deflection angle as
setback ratio is increased (Figs. 11 through 3L). Opfell's sinusoidal
variation cannot be explained.

The effect of increasing the pressure ratio, at a given setback
ratio, was to decrcase the lateral thrust ratio (Fig. 59). The ex-
planation of this is found by recalling that as the nozzle pressure
ratio is increased, the separation-bubble pressure is decrsased,
zausing a decrease in the pressure acting over the length of the at-
tached wall and thus decreasing the lateral thrust. The varigtion of

“ateral thrust efficiency ratio (Fs/Fo) with pressure ratio (Py/P,)

M
is plotted in Fig. 60 and shows that for supersonic flow of the pri-

mary fluid, as the pressure ratio increases, the lateral thrust ef-
ficiency ratio decreases. A comparison between the data obtained with
the nogzle used in this study (8= 10°) and the results given in kefs
9 and 20 could not be accomplished because Elsby (Ref 9) only pre-
sented the thrust efficiency plot for §= 20° and 30° respectively,
and Opfell (Ref 20) did not present a plot of this nature.

IExpanded Flow

At high pressure ratios (above 3.70) and setback ratics ol 4 and
5, the spontaneou: jet expansion noted by Elsby (Ref 9:12C) occurred.
The jet expansion was characterized by the attachment of the issuing
jet to both nozzle walls (Figs. 35 and 36). Reduced pressure in the
regions betveen the attached jet boundaries ard the base of the nozsle
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is shoun in Fig. 36 and is indicated by the rapid expansion of the
secondary Jjets issuing into this region, illustrated in Fig. 35. The
effect of injection into this region was to move the boundaries of
the jet closer tugether, dscreasing the nozzle divergence angle .
Tnis is illustrated by Fig. 35.

Another effect that parallel secondary injection had on the ex-
panded flow pattern was to move the primary flow thrust vactor
through an angls of 7 degrees, toward the side of the nozzls from
which the secorlary injection was issuing. The above two effects,
that is, the moving of the boundaries downstream “ue to the catisfy-
ing of the primary jet entrainment requirements by the secondary flow
and the movemen. of the thrust vector by injection of the secondarw
flow, would suggest the use of the parallel injection coanda nozzle
as a steerable propulsive device in the high supersomic range where
.ropulsive systems are commonly used. The secondary injection of
fluid parallel to the supersonic maln stream would also increase the
thrust of the coanda-nossle. The explanation of thrusi increases in
parallel flo7ing streams is given by Luts in Ref 1l.

Noise Reduction Due to Secondary Injection

Lighthill (Ref 13) states that noise is radiated sound which
represents energy extracted from the jet and propogated away through
the atmosphere. The noise can be induced by fluctuating vortex move-
ments or by the motion found in the turbulent boundary layérs which
are formed during high Reynolds mumber flow of fluid jets. It was
pointed nut by Lighthill that the main source of noise is the turbu-

lent jet boundary layer and that the intensity of the noise is a
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function of the root-mean-square (rms) velocity of 'bhi; layer. Light-
hill con~luded that the only successful methods for reduction of jet
noise would bs those that decreased the rms turbulent velo:ity. This
reda+t’on, he suggested, could ve done by either reducing the jet
velocity (uidesirablie for propulsion appli-ations), or diminishing
the relative velocity of the jet and the air adjacent to it. The
parallzl injectcr norzzle ased in this study falls ‘into the latter
category, and during the test a reduction in the noise level at a
point (showm in Fig. 6) was noticed. The cverall noise reductiom in
peak sourd at this point is sho'm in Figs. 37 through 5i and varied
from 1 to 11 decibels (db). This reduction is significant tacsuse a
10 db reduction in overall pesk sound is the maximum reduction obtain-
able with present day flightweight, noise reduction devices, and this
reduction is obtained during normal operation of the nossle, inducing
no performancs loss and requiring no additional hardware. Additional
signif.cance in the noise reduction induced by the parallel injection
of secondary fluid in a coanda-effect nossle can be odbtained by
further exanination of Migs. 37 through 51 where it can be seen that
the noise reduction takes place in the higher frequency ranges, that
is above 1000 cps. The reduction of noise in these ranges greatly
lessens the acoustic fatigue problems common to Ligh mass rate of
flow compressible fluid systeas.

Limits gﬁ_‘.‘_ Jet Switchin‘

During the test definite limits were reached beyond which the
main jet could not be vectored. These limits were reflected in the

maximum pressure ratio (PO/P‘) used at a given setback ratio and were
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Po/Py = 3.39 for d/b = L, Po/Py = 2,89 for d/b = 5, Po/Py = 2.35 for
d/b = 6, and Po/Pa = 1.90 for d/b = 7, Fig. 58 shows that the limit-
ing factor was the secondary mass flow rate. As can be seen from this
graph, the secondary mass flow rate increases with increasing pressure
ratio when the primary fluid flow i's supersonic. Therefore, the max-
!mm sacondary mass rate of flow available limits the pressure ratio
at which the primary jet will switch from one nozzle sidewall to the
other. The reason for this behavior can be explained by noting that
as the setback ratio (d/b) in:reases, the area from which the second-
ary Jet entrains fluid increases and therefore the pressure drop in
the area between the secondary jet and the nozzle sidewall) decreases.
Bscause the pressure drop in this region .1s decreased, less of a d'f-
farential in pressure exists across the primary jet, ard the main fluid
Jet has less of a tendency to move away from its attachment wall. It
ocsn be seen from this that increased entrainment, whirh requires in-
creased pressure ratio and the associated increased secondary mass
flow, is required to cause jet switching as the setbick ratio is in-
creased in the parallel injector coanda-effect noszle.

Flow Blas Faotors
Throughout the conduct of this study, it was assumed that the
fluid in both the primary and secondary jet streams was dry, oil-free
air. Examination of the Schlieren photographs presented in this re-
port shows that droplets of water formed on the glass test saction
wall during the data runs. It was glso noticed (using the interfer-
ometer system) that after each test run, a residuec remained on the

test section glass. The residue, belisved to be formed by oil in the
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air supply, -as deposited sc tiat after the atizching jet had been
discontinued, its outlinoc could be seen on the gliss test section
walls. This, of course, would bias the orientation of a new fluid
jot exiting from the nozzle throat. The extent of the error induced
by the two above factors could not be determined during this study.
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VI. Conclusions

The following conclusions are bassad upon the results of this
stvdy:

1. The complete sealing of Elsby's coanda-effect nozzle de-
creased the secondayy mass flow required for jet switching by 33% at
a setback ratio (d/b) of L, and by 34% at a setback ratio of 6.

2. The complete sealing of K'sby's coanda-effect nozsle do-
creased the pressure ratio required for jet switching by 7% at a
setback ratio (d/b) of L, and a noszle pressure ratio (Po/Pg) of L.76.

3. Thrust vectoring in a parallel secondary injection coanda
nozzle is characterised by the deflection of the main jet towards the
secondary jet. This is opposed to the thrust vectoring sequence en-
countered in perpendicular secondary injection coanda noszles where
the main jet is moved away froax the secondary jet.

L. Continued injection into the attached flow separatiocn-bubble
dses not cause jet detachment from the nossle sidewall.

S. Secondary injection into the separation-bubble does not move
the jet attachment point downstreea along the nossle sidewall.

6. Increasing nossle setback ratio (4/db) moves the attachment
point domstrean along the nossle sidewall.

7. The secondary injection flow required to cause thrust vestor-
ing in a parallel injector coanda-effect nossle increases with incress-
ing nossle setback ratio (4/b).

8. The secondary injection flow required to cause thrust vector-
ing in a parallel injection coanda-effect nossle, increases with in-
creasing noszle pressure ratio when the primary nozile flow is
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supsersonic.

9. The secondary injection flow required to cause thrust vector-
ing in a parallel injection coanda-effect nozzle was 11.7% less than
the amount required by a geometrically simiiar sealed perpendicular
injection coanda-effect nozzle.

10. The secondary injection flow recuired to cause thrust vector-
ing in a parallel injection coanda-effect nozzle was 937 less than
the value reported by Opfell in Ref 9.

11, The lateral thrust ratio (Fs/Fo) increases with increasing
setback ratio (d/b), and decreases with increasing pressure ratio
(Po/Pg)-

12. The results of this study indicate that, for the conditions
tested, ths maximum lateral thrust for the minimum injection mass
flow required to thrust vector a fluid through use of a perallel
secondary injector coanda-effect nossle, occurred between a setback
ratio (d/b) of L4 and 5.

13. Noise level drops of from 1 to 11 decibels can be obtained
by the secondary injection of fluid in a parallel secondary injector
coanda-effect nozsle.

1. The jet switching time ia a parallel injector coanda-effect
nozzls is approximately .00l seconds.

15. The mean pressure in the separation-bubble in parallel in-
jector coanda-effect nozsles can be found by using the forsula
%-N[;s-l]+l, where N = 0,65,
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VII. Rocoamendatizns

l. Construct a two-dimensional parallel secondary injactor
coanda-effect nozzle with variable mass flow rate secondary injsctors
so that an extension of the results presented in this study into high
Mach number regions could be made, and so a matching of the enirain-
meiit requirements on the boundary of the main jet could be mads.

2. Perform an investigaticn to analytically determine the value
of the recompression coefficient N, and to further examine the flow
in the secondary separation region reported in this study.

3. Utilize strain gauge instrumentation to measure lateral
thrust of coanda noszzles.
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Flow Pihotograpis

The achlieren and interferonetsr photographs collected in this

—proendix were taken during the conduct of this study.
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0AM 65A/ME/65-7

N TP AR g

Perpendiculur Injection Sequence - Right to Left

Fg. 9

Thrust Vectoring Sequence: Schlieren, d/b = L, Py/P, = 3.20
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GAM 65A/ME/65-17

Perpendicular Injection Sequence - Right to Left

Fig. 10
Thrust Vectoring Sequence: Interferometer, d/b =L, P,/Pq = 3,20
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GAM 65A/ME/65.-7

Paraliel Injection Sequence - Right to Left

Mg, 11
Thrust Vectoring Sequence: Schlieren, d/b = L; Po/Py =1 86
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GAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Fig. 12
Thrust Vectoring Sequence: Interferometer, d/b = ; Po/Py »1,86
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GAM 65A/MB/65-7

Parallel Injection Sequence - Left to Right

Mg. 13
Thrust Vectoring Sequence: Schlieren, d/b = ks P,/P, = 2,89
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GAa 65A/HE/65-7

Parallel Injection Sequence - Left to Right

Mg. 14
Thrust Vectoring Sequence: Interferometer, d/b = L; Py/P, = 2.89
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OAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Mg. 15
Thrust Vectoring Sequence:s Schlieren, d/b = L; Po/Py = 3,39
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GAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Mg. 16

Thrust Vectoring Sequence: Interferometer, d/b = l; Po/Py = 3.39
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GAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Mg, 17
Thrust Vectoring Sequence: Schlieren, d/b = 5; Py/P, =1.86
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GAM 65A/ME/65-7

Parallel Injection Sequence - Right to left

Mg. 18
Thrust Vectoring Sequence: Interferometer, d/b = S; Po/Py = 1,86
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GAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Mg. 19
Thrust Vectoring Sequence: Schlieren, d/b = 5; P,/P, = 2.20
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GAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Fig. 20
Thrust Vectoring Sequence: Interferometer, d/b = 5; Po/Pg = 2.20
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OAM 65A/ME/65-7

Parallel Injection Sequence - Left to Right

Mg, A

Thrust Vectoring Sequence: Schlieren, 4/b = 5; Pollj.r- 2.89
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GAM 65A/ME/65-7

Parallel Injection Sequence - Left to Right

Fig. 22
Thrust Vectoring Sequence: Interferometer, d/b = 5; Po/Py = 2,89
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GAM 65A/ME/65-7

Parallel Injection Sequence - Left to Right

Mg. 23
Thrust Vectoring Sequence: Schlieren, d/b = 6; Po/P, =1,87
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GAM 65A/ME/65-7

Parallel Injection Sequence - Left to Right

Fg. 24

Thrust Vectoring Sequence: Interferometer, d/b = 6; P,/Py = 1.87

69

[

N R




GAM 65A/ME/65-~7

Parallel Injection Sequence - Right to Left

Fg. 25
Thrust Vectoring Sequence: Schlieren, d/b = 6; Po/Py = 2,22
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GAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Mg. 26

Thrust Vectoring Sequence: Interferometer, d/b = 6; Po/Py = 2.22
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GAM 65A/MR/65-7

Parallel Injection Sequence - Right to Left

Mg. 27
Thrust Vectoring Sequence: Schlieren, d/b = 6; Po/Pg = 2.35
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GAM 65A/MB/65-7

Parallel Injection Sequence - Right to Left

Mg, 28

Thrust Vactoring Sequence: Interferometer, d/b = 6; Po/Py = 2.35

13




GAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Mg. 29

Thrust Vectoring Sequence: Schlieren, d/b = 7; Po/Py *1,70
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JAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Flg.
Thrust Vectoring Sequence: Interferometer, d/b = 7; P,/Pq = 1,70
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GAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Fig. 3
Thrust Vectoring Sequence: Schlieren, d/b = 7; Po/Py =1.87
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Parsllel Injection Sequence - Right to Left
Mg, 32

Thrust Vectoring Sequence: Interferometer, d/b e 7; P.’/P; =1.87
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GAM 654/ME/05-7

Parallel Inje tion Sequence - Right to Left

Mg, 33
Thrust Vecturing Sequence: Schlieren, d/b = 7; Po/Pq *1,90
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GAM 65A/ME/65-7

Parallel Injection Sequence - Right to Left

Fig. 3
Thrust Vectoring Sequence: Interferometer, d/b = 7; Py/Pq = 1.90
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QAM G5A/ME/65-7

Fg. 35
Expanded Flow Sequence: Schlieren, d/b = ks Po/P, = 6.05
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GAM 65A/ME/65-7

Mg. ¥
Expanded Flow Sequence: Interferometer, d/b = L, Po/Pq ~ 6.05
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GAM 65A/ME/65-7

Appendix B

Plottel Data

All of the plotted data referenced in the body of this report
have been collected in this appendix,
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OCTAVE PASS SBANDS IN CYCLES PER SECOND
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OCTAVE PASS SANDS IN CYCLES PER SECOND
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OCTAVE PASS BANDS iN CYCLES PER SECOND
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OCTAVE PASS BANDS IN CYCLES PER SECOND
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O - Before Injection

A - After Injection
Mg. 49 Noise Octave Band Leveis d4/b =7 ; Po/Pys 1,70
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Amndix g

Additional References

The follou’ng is a listing of additional reference material

found by the author during a literature survey on pure fluid control

devices, The list is presented for the convenience of future re-

searchers in this fi¢ld., A listing of 348 references can be found

in additional Ref 10.
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3.
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Angrist, S, W, "Fluid Control Devices". Scientific Aserican §:
-20-88 (Decenber 196L).
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um on m 1962,
Dosanjh, D, S. and W, T. Shesran. "Experiments with Two-

Dimensional Transversely Impinging Jets". American Institute
of Aeronautics and Astronautics Journal, 1: 329-333 (Fabruary
b4} ) P

Greber, I. bile Pressures under Reattaching Laminar Jets and
. TSE, um on Fluid Je
s, 1962,
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377, Septembdar 1358,
Ooodu'm, R. B., ot al, Investigation with an Interferometer of
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Kompass, E. J. "The State of the Art in Fluid Amplifier",
Control Engineering, 10: 86-93 (Jamiary 1963).
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Do-umentation Center, AD-34L 2,3 (Confidential), Septeuber 1963.
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No. 9%, Toronto, Canada: Institute ol Aerocpace Studies,
University of Toronto, August 1963.
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