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ABSTRACT

This thesis consists of two parts. First, an
experimental investigation of a new device called the
whistler nozzle was conducted. Experiments were
conducted in the areas of nozzle efficiency, mass
entrainnent, and £low visualization. Fiow
visualization showed the presence of a Coanda type jet
wall interaction in the nozzle collar. Thrust
efficiencies indicated that whistling could be
achieved without mnuch greater losses than the basic
axisyunetric jet. Entrainment tests were inconclusive
regarding the whistler nozzle performance. Second,
supersonic flow past an oscillating cylindrical shell
is analyzed using linearized characteristics methods.
Pressure distributions and generalized aerodynanic
forces are calculated and presented for various radius
to length ratios and reduced freguencies. Good
agreement is ottained in the two-dimensional limiting
case with previous work by Platzer, and an early
solution of the steady cylindrical case by Zierep.
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I. INTRODUCTION~THE WHISTLER NOZZLE

The phenomenon of entrainment is a process through which a
moving fluid increases its mass flow, by "“grabbing up" the
medium it dis flowing in. The moving fluid is called the
working fiuid, and might be the primary water Jjet in aa
ejector pump. The medium might be any other fluid, say oil,
in the case of the ejector pump.

1
i

The entrainment process has found practical use for
guite a 1long time. Analytical descriptions of the
entrainment process exist; however,none is general enough to
describe all cases of practical interest. Even thé
relatively simpie case of a steady 3Jjet in still air is
rather difficult because of the many configurations which
one would lake to describe. Thus interest and research in
this area continues, perhaps with nore intensity than
previously due to the recent interest in new V/3TOL
configurations wvhich would employ this process. One such is
the Navy's X¥V- 12A, which 1is expected tc derive a large
amount of thrust through the augmentation, or entrainsent,

of its primary thrust usipg wing mounted ejectors.

The success of concepts such as the augmenter wing
depends c¢n many factors, an important one being the rate of
entrainrment of the primary jet, and another being its
efficiency. This' rate of entrainment is the rate of
increase of jet mass flow with axial distance away from the
jet nozzle. The rate of entrainment and nozzle efficiency
are characteristics which vary with nozzle configuration.

As mentloned earlier , there is a large variety of

steady neozzle configurations. Lobe, sloé, and hypermixing .
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nozzles are some which have drawn recent interest for their
entrainment capabilities. One should not neglect unsteady
nozzle configurations, however, as such effects as swirling
the primary flow, and oscillating the primary flow in a bi-
stable manner (fluidic‘ oscillator), aiso show promise in
their ability to entrain.

One cf the newest nozzie configurations to surface is an
unsteady nozzle. Perhaps the sinplest in construction of
all unsteady nozzles, it is illustrated in figure 1. The
whistler nozzle, as it is called, produces a loud pure tone
while in operation. Additionally, it creates a relatively
large rate of entrainment: It is the whistler nozzle which
is the subject of this thesis.
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II. RELATED PAST HORK

The earliest wcrk done on the whistler nozzle was by Hill
and Greene (reference 1). In 1974, they ci?ed the discovery
of a new phencmenon, characteristic of a new device which
they named tke whistler nozzle. Their basic configuration,
as illustrated in fiqure 1, consisted of a convergent
section, followed by a section of constant area followed by
a step change in cross sectional area to another section of
constant area. The length of the Tast section could be
varied tc¢ produce loud pure tomnes of varying frequency,
through the excitation of a standing acoustic wave in the
final secticn, much as ir-an organ pipe. Hill and Greene
observed that the whistler produced a greatly increased
mixing rate, and decided that this was due to accustic
stinulaticn of the jet. Increased mixing rate c¢f an
axisymmetric Jjet due to acoustic stimulation is a process
that had been observed earlier by Crow and
Champagne {reference 5).

In addition to the basic axisymmetric configuration,
many other configurations were found to produce the
whistling phenomenon. A few are illustrated in figure 2.
Common to all of these was that the step in cross section
had to extend completely arcund the jet. Also noted was theé
apparent presence of a separation reattachment cycle,
occurring at the nozzle lip:

Nc further study seems to have been performed ccncerning
the whistler nozzle, save a report in 1975 by Hill and
Jenkins (reference 2), in which they reestablished the
operating characteristics of the nozzle, ‘and its ability to
entrain more air. ‘

12
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Hill

original report, in comprehensive reviews of the ejector

and Greene's work has been summarized, since their

state of the art by Schum (reference 3), and by Viets
(reference 4)., These reports call attention to the whistler
nozzlie's promise in rate of entrainment, and the lack of
data regarding the whistler thrust efficiency.

Although no further research directly involving the
vhistler is available, much work has been done in the area
of free jets, and entrainment, which might prove valuable in
a study of the whistler nozzle.

En obvicusly important area of related work is the
sensitivity cf free jets to acoustic stimulation. Probaply
the best knoun and wnost definitive work in this area vas
performed by Crow and Chawpagne (reference 5). By mounting
a speaker inside the plenum chamber they managed to excite a
free axisymmetric jet, at various frequencies. The effect

of the sound was to produce a velocity fluctuation in the
nozzle exit plane. It was observed that +the +turkulent
structure of the jet was sensitive +to the acoustic
excitation. Through the use of high -~ speed schlieren
photography it was observed that under acoustic stimulation
the turbulent structure of the jet developed a 1large - scale
vortex structure, as contrasted with the small scale vortex
sheet surrounding a normal jet. Attendant to the <formation
of the large-scale vortices, an increase in the mixing rate
was also observed.

Others, such as Bevilaqua and Lykoudis (reference 6},

- have observed the turbulent structure in steady, free Jjets.
The presence of a large ~scale vortex structure has been

. observed in such jets at low Reynolds numbers.- It appears
that the 1large- scale structure dissappears as Reynolds

number increases. However, according to the findings of

14




crow and -Champagne,. it may be reexcited through accustic
stimulation. It «may be cbhﬁecturéd from experimental
evidence that the entrainment process is a combination of a
large-scale #scooping up" of the ambient fluid, and a small-
scale nibblirg away at the ambient fluid. These entrainment
processes wculd correspond to the large and small scale
vortex structures around a free jet.

A further area of related research, perhaps not obvious,
is the well known Coanda effect. The "basic whistler
configuration sets up a flov situation somewhat.akin tc that
of a bistalkle fluidic element, or fluidic oscillator. The
difference Letween the two cases 1is that the fluidic
oscillatcr cscillates between two positions, while the
whistler mnmust oscillate between many circumferential
positions. That such an oscillation takes place seens
indicated by the nozzle conrfiguratiorn and the separation
reattachzent cycle noted by Hill and Greene.

Referance 10 provides a good summary of the mechanism of
the Coanda eifect, as well as its characteristics regarding
reattachment and sensitivity to sound. Though the following
comnents relate specifically to two- dimensional flows, it
is thought that the general behavior and mechanism should
carry over to a three- dimensional situation.

Figure 3 illustrates the Coanda mechanist in
two-dimensicnal flow. As shown, a jet is issuing frcm an
orifice and flowing between two adjacent walls. Because the
jet will at some time be rearer to one wall than the cther,
and because the jet is entraining air, a’ pressure differeénce
across the jet will develop that pulls the jet to the closer
wall. This.attachment forms a region of circulating flow.
The point of jet attachment is determined by this regicn, in
which a balance is struck between flow entrained by the Jjet
and flow reinjected by the jet. o

15
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Anything that disrupts +this balance causes the attachment
point of the jet to shift.

~ Observation has shown that the attachment point in
Coanda effect is sensitive to jet velocity and sound, within
a range of Reynolds numbers. In the range of Reynolds
nuaber from 200 to 3000, under the effect of increasing jet
velocity, or a sound input of increasing amplitude, the
attachment pcint has been observed to move upstrean. This
upstream movement appears to approach a limiting position,
beyond which the point wilil not move.

reference 10 relates the effects of jet velocity and
sound on the attachment point to the point of transition
from lauzsinar to turbulent flow of the jet. Both increasing
jet velocity and a sound input will move the transition
pcint closer to the jet exit. This movement will increase
the length of turbulent flow acress the recirculation
region. A4 turbulent Jjet entrains more air than a laainar
jet, and thus the balance of flow in the recirculation
region is disrupted, with a resulting upstream move cf the

attachment pcint.
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III. SCOPE OF RESEARCH %

The intent of this research #was to provide a clearer %
insight into the workings of the whistler nozzle, and to §
develop an improved understanding of the ways in which one i
may effect control over the characteristics of a free jet. %
Specific areas of research were the nozzle thrust E
efficiency, the nozzle entrainment rate, and visualization j
of the 1lip ipteraction process described by Hill and Greene. é
Accordingly, experiments were conducted to obtain relevant é
data. Thrusts  were measured on & thrust bed, nmass E

entrainment measured in a device patterned after that
i developed by Ricou and Spalding (reference 7), and high
speed motion pictures taken of tufts about the nozzle lip.
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IV. NOZZLE DESCRIPTIION

The whistler nozzle used in all tests is illustrated in
figure 4. It consisted of a small plenum, convergent
section, short constant area section and a moveable collar
over the constant area section. The inner whistler diameter
was 1 inch, while the collar diameter was 1.5 inches. The
nozzle confiqguration was essentially that used by Hill and
Greene in their investigations. The characteristic
dimension used for Reynolds number and nondimensionalization
of axial distance from +the nozzle was the inner nozzle
diameter, 1 inch.

19
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V. DESCRIPTION OF EXPERIMENTS

A. THRUST EFFICIERCIES

Thrust efficiencies were obtained by measuring nozzle
thrust. A conparison was made between néasured and
calculated thrnust.

Test equipment consisted of a thrust bed and the nczzle.
The thrust bed was configured to measure horizontal thrust,
and slid on two tracks, mounted to a solid foundation. The
nozzle plenur was clamped to the thrust bed which was in
turn secured to the foundation through a lcad ring, mcunted
with a load cell, the device that actually measured thrust.
Air was supplied to the nozzle from a large tank, connected
to “he plenur through a regulator and a flexible tube which
led vertically away from the plenum, so as not to bias the
thrust measurements in any way. Calibration was perforned
with the use of a tray, connected to the bed through a cable
and pulley arrangement, upon which one placed weights .of
known magnitude. Peripheral gear required included a
voltage source, digital voltage- - meter, and Wheatstone
bridge. Figure 5 illustrates the set up. Plenum gpressures
were ueasured using a mercury manometer.
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Calibration of the thrust bed indicated a certain amount
of hysteresis in the system, as may be seen in <figure 6.
Not serious at thrusts of about 6 pounds, it did introduce
problems at low thrust levels, and precluded reliable thrust
measurement at low Reynolds nunbers.

Thrust mneasurements were nade for various collar
positions, over a range of nozzle exit velocities. Recorded
data included gage pressure in the nozzle plenum, thrust
readings from the volimeter, collar extension, and aambient
pressure and temperature.

Measured thrusts were plotted against pressure ratio
across the nozzle. Figure 7 presents an example curve.

ke

Ideal +thrust was calculated according to the procedures in

e

%))

appendix A. Thrust efficiencies were then obtained and

997 g g

plotted against nozzle pressure ratio, exit velocity, and
Reynolds numker (based on the nozzle diameter).

B. 1#ASS ENTRAINMENT

-

fiass entrainment was measured directly, using a device

patterned after one developed by Ricou and Spalding
(reference 7). It was believed that this device should
yield more accurate results than an approach using
integrated velocity profiles, eéspecially in the case of an
unsteady nozzle. -‘Measurements were made at various axial
positions, for several collar positions.
The device used will héreafter be referred to as the
s entrainment chamber., It was designed with the aid of d@té‘
from a research report by Peschké (reference 8). Appéndix-ﬁ; '
provides a detailed account of the design. LT
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The principle «f operation is relatively simple. The
entrained air of a free jet flows in at a right angle to the

jet axis. The entrainment chamber simply blocks this inflow

with a circumferential membrane, and seals the ends with a
plate at the nozzle and an orifice at the axial station
vhere one wishes to measure the total mass £flow. Ideally,

all of the entrained air is supplied to the exterior of the

menbrane from a regulated source. As a free jet does not
support any axial pressure gradient, the proper amount of
air to supply through the membrane is indicated by the
disappearance of any pressure gradient across the orifice.
One may regulate the membrane flow to obtain this point.
These primary aspects of the device are illustrated in
figure 8.

Critical design aspects of the entrainment chamber,
especially the orifice sizes, are treated in appendix B, It
is sufficient here to sinply state that one entrainment
chamber was desigﬁed to perform measurement of the total jet

mass flow at various axial locations.

One primary difference between this chamber's gecnmetry
an& that of cthers (references 7 and 8) should be noted. As

v

shown in figire 8, exit orifices were positioned in the -
porous «cylinder at various distances from the nozzle. That

1
o

RTEAIR

portion cf the porous cylinder extending above the orifice
plate was sealed by a fiberglass cylinder attached to the
orifice. Thus,in this situation that portion of the jet A ’é
beyond the orifice and inside the porous cylinder exit was R
not in a truly free-jet flow situation. This was as opposed .
to the reference 7 and 8 configurations where the exit
. orifice corresponded to the exit of the porous cylinder.
Thus, in those experiments the jet past thé orifice was in a
. truly free-jet flow situation. The configuratior used in
this report vas adopted in order to facilitate the

neasurement of mass flows at many axial locationms. It was
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hoped that this chamber's geometry would not affect the
chamber readings greatly, although some effect was to be

expected.

Peripheral equipment to the basic entrainment chamber
included flow regulating, metering, and nmeasuring devices.
Figure 9 fpresents a photograph of the «chamber and its
peripheral gear. Separate air sources, both fed by a large
tank, were suppliied for the nrozzle and membrane. Nozzle
flow was metered through an orifice and ccntrolled with a
regulator. Eecause of the much greater mass flow required,
membrane air was supplied through a venturi, followed again
by a flow regulator. Pressures across the orifice were
measured with an inciined water manometer. Pressures across
the venturi vwere neasured with a mrercury manometer.
Pressure across the entrainment chamber orifices «as
measured with an alchohol wnicrowmanometer. Nozzle plenun

pressure w®as measured with a water manometer.
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Hembrane air temperature was measured Jjust after the

venturi, using a mercury thernpometer.

Entrainment measurements were made at various axial
locations for various ¢ollar positions. Becorded data
included pressure difference across the venturi and orifice,
pressure difference across the entrainment chamber orifice,
nozzle plenum pressure, ambient pressure, air temperature in
the menbrane supply, and collar position. Standard
procedure for each run was to vary the uembrane airflow so
that one olktained both positive and negative pressure
gradients at the chamber orifice. This provided a more
precise location of the proper entrained flow rate. It is
of interest to note that, due to hardvare limitations and
the large amcunt of air entrained by the jet at the furthest
axial lccations nmeasured, nozzle exit velocities vere
limited to around 100 feet per second at the further axial
locations. This also affected +the number of useful
locations for whistler measurements, as a strong whistler
oscillaticn required a relatively large exit velocity, say
300 feet per second.

Data reduction £followea standard procedures for the
venturi and orifice. These are presented in appendix C.
Entrainment was plotted as M/4M0(total wass flow divided by
the primary mass flow), against X%X/D, axial location divided
by nozzle diameter. Working curves of chamber orifice
pressure gradient are presented as pressure difference
against M/%0, in the exanple plotted in figure 10.
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RATIO
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FLOW VISUALIZATION

G oy -

Ty
St
,

Flow visualization of the nozzle jet lip interaction uas
performed in two ways: high-speed motion photography of a

ring of tufts at the nozzle 1lip, for the purpose of
discerning a pattern to the interactions; and a mixture of
lamp black and kerosene imnside the nozzle collar in order to
observe the behavior of the separation reattachment

location.

Photcgraphic eguipment consisted of a Honeywell Pentax
single reflex camera, a Bolex Supreme handheld 16mm mnmovie
camera, and a Redlake Hycam 16mm high~speed movie camera.
The tuft ring was simply constructed of cotton threads held
by a masking tape ring, and a photo of the ring is presented
in figure 11. Observation in the lampblack experiment vwas
performed with the naked eye and no peripheral equipment was
- necessary.

Photograrhic tests w#ere to be done in three phasss,
High-speed still shots were first taken to determine the
usefulness of the tufts for visualization, and to obtain the

approximate reguired f£ilm speed for notion photography.

Next, medium speed motion pictures, 64 frames per second,

vere taken to confirm the necessity of +the high- speed

camera. Pinally, high-speed motion pictures were taken to

visually ccntrol - the tuft motion such that useful

observaticns could be made. No particular collar settings
. or exit velocities were used in photographic work. The only
requirement was to produce the oscillation phenomenon, which
was never difficult. As it turned out, a 1lack of ‘tiue
prevented the conpletion of the high —~speed photography
phase. ‘
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Lampblack tests were performed in two ways.
with the

of the c¢cllar extension was liberally coated
mixture, ard either exit velocity varied at
collar setting varied at ,;
were all visual, none

. lampblack
constant collar setting, or
constant exit velocity. Observations

noting the range of exit velocities

quantitative, save
from about 100 to 300 feet per second.

covered, wvhich was
The lampblack mixture was observed to pool as illustrated in
downstrean - most edge of the pool was E
the collar of i
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figure 12, and the
interpreted as indicating the location on

reattachment and separation. ;
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VI. RESULTS AND DISCUSSION

e

Nozzle thrust efficiency results ave presented in figure
13, plotted for various collar positions., The whistler
oscillaticn was produced at each collar setting for the
whole range of Reynolds numbers shown, although sudden
frequency juamps did occur in this range. These frequency
jumps did not appear to change the nozzle thrust or thrust
efficiency in any discontinuous manner. Instead the trend
was as indiceted, progressively .decreasing nozzle efficiency
with increasing collar extension. The zero collar extension
eificiencies were found to be about 6 percent lower than
those found in a previous report (reference 8). This is
believed due to the extremely simple, unflared configuration
of the nozzle, which may be seen in figure 4. Reference 8
nozzles were divergeut nozzles and as such should be more
efficient. Impeortant to 1note 1is that the whistler

oscillations may ©bve obtained without much reduction in the
basic nozzle efficiency.

Entrairment results are presented in figure 14, plotted
together with the results of Hill and Greenc (refereace 1)

for compariscn. ks nmay be seen, in the case of the basic
jet agreement is good qualtitatively but poor
quantitatively. In the case of the whistler nozzle

agreement is not good in any way. It is believed that the
Foor guantitative comparison was due to interference of the
deep orifice cylinders with the Jjet. These create a
pressure gradient from the orifice to the chamber exit which
guite possibiy affects the readings. As noted in the
experiment sectian, and in Appendix C, these orifice
cylinders constitute a major difference in configuration
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from

the chambers of reference 7 and 8, Additionally, in
the case cf the whistler nozzle, it is believed the wmethod
of enclosing the jet up to the axial position of measuremeént
‘may interfere with the sound - jet interaction (especially
the cloth porous <cylinder) and the formation of a large-
scale turbulent structure. Figure 15 illustrates that
readings taken were relatively constant with Reynolds
number. As noted by Ricou and Spalding, the entrainment
ratio can be a strong function of Reynolds nupber in certain
ranges of Reynolds number. It is interesting to note that
this Dbehavicr is supported by the present notion of jet
turbulence structure and its development as exit velocity
increases, which postulates that the major contributer to
entrainment, the 1large scale structure, dJdissappears as
Eeynolds nunker increases.
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Thrust Efficiency

Step Size = ,25"

Collar Extension
Step Size

0.9T = 0.0 O— O —0

Plenum Pressure
Atm. Pressure
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Re * 1075

Figure 13 .- 7THROST EFFICIENCY RESUL?TS
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Lack of time

precluded testing at more jet axial
locations, as each location recuired a different orifice
cylinder (see appendix B1). 0f the original four orifice
cylinders constructed using reference 8 data, only two were
useable as the spreading angles encountered averaged aboat
28 degrees, cor 10 degrees less than those used in reference
8. In order to be effective, the orifices had to be
positioned at axial distances further +than they were
designed fcr. One of those was modified to obtair readings
at its design position, also. The larger two were never
effective. Another problem encountered vwas the mass flow
limitaticn c¢f the porous cylinder air supply. This
restricted the uscable nozzle flow at axial locations beyond
X/D of about 6 to such low values that a whistler
oscillation strong enough to affect the entrainment could

not be prcduced.

It was hoped that high speed moticn pictures would be
taken of the tuft experiment; however, this phase of the
photographic cxpeviments vwas not reached. Tue effectivaness
of the tufts irn indieating the circumferential collar
positions of attached and detached flow was proven in tne
high~speed still picture paase. Hotion pictures with a 64
frame per second camera showed that a much higher speed
camera was necessary to slow the motion such that motion
pictures would be useful in slowing the tuft motion to a
reasonable speed. The necessary film speed was estimated as
about 800 frames per second, however, the pictures were never
taken. Scme representative still pictures are presented in
figure 16.

Lampblack tests appeared tc be productive as indicators
of the general behavior of the collar attachment point.
Indications are that a sort of Coanda effect is  involved,
noditied by the fact that while the jet is attachcd at.any

41
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Feint on the collar there are other points where detached
flow allows a backflow into the collar jet gap,which tends
to relieve the Coanda effect causing a circumferential
shift in the point (or points) of attachment. At a fixed
collar extension, with increasing jet velocity, the attachment

R S

%
%)

i
S

pcint was okserved to move upstream to a limiting position,

just as the Coanda jet described in reference 10. However,
at fixed exit velocity and increasing collar extension a
different behavior was observed. The attachment point
seemed to move with the collar until a point was reached at
which the frequency of oscillation jumped. At that instant
the point of attachment also appeared to jump suddenly back
to its original position relative to the Jjet exit. This
behavior indicated some interdependence of +the whistler

attachment phenomenon and the oscillation phenomnenon.

in addition to the above experiments, two other
observations vwere iade which verified those of Hill and
Greene.

First, it was noted that extension of the whistler
collar seemed to increase mass flow througn the nozzle.
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This was confirmed with static pressure measurements in the
nozzle 'throat!. These indicated that the collar was acting
as an overexpanded diffuser, resulting in an effective exit
arza slightly greater than the 'throat'! cross secticn but
less than the collar cross section, and further resulting in
a greater mass flow through the nozzle.

Second, it was noted that a correspondence between
fregquency cf oscillation, Jjet exit velocity, and collar
extension seemed to exist. It was found that by gradually
extending the collar as plenum pressure was increased, one
could 'follow! a freyuency of oscillation. .  Accordiagly,
collar extensions were measured and jet velocity calculated
at fixed frequencies of oscillation, and it was fourd that
these fixed <freguencies corresponded to constant ratios of
collar extension to jet velocity, thus confirming the organ
pipe character of the whistler oscillation noted by Hill and

Greene.
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VII. CONCLUSIONS AND RECOMMENDATIONS

The thrust efficiency and mass entrainment
characteristics qf the whistler nozzle have been measured,
in the case of the entrainment, using a technique heretofore
not used on an unsteady jet. Further, observations have
been made which shculd contribute to a further understanding
of the whistler flcw mechanisn.

Several directions of furthexr work are indicated.
First, it is recommended that a thrust measurement device
using a penduium arrangement, similar to that used in
reference 15, be constructed for a more accurate
determination of the whistler efficiency. A device of this
type might avoid the hysteresis problews encountered with
low thrusts on a conventional thrust bhed. It is also
recommended that a whistler nozzle of smaller throat
diameter be constructed to permit mass entrainment
measurements , at <further Jjet axial locations, in the
entrainment chamber, at the high exit velocities required to
produce a strong oscillation. This will also permit further
study of the possibility ot whistler measurements in the
chanber cver a greater range of Reynolds number. HNext it is
recommended that further flow visualization experiments be
conducted. Specifically, high speed motion pictures of the
tufts used here, and high speed schlieren photography of the
jet, should prove useful. Finally, it is recommended that
other unsteady nozzles be tested in the chamber, as the poor
results oktained here with the whistler are only preliminary
and may not ke indicative of the usefulness of the chamber

with non-acoustic effects such as swirl.




T ?raﬂ*m‘ e e et

e o S A i
R e e A s T e T S o
0 R 4 § s i ‘5’,"@%?_““«, T R R
" RGN+ s e g i

VIII.- JINIRODUCTION- THE RING HING

The present work concerns a hollow «c¢ylinder, axially
aligned, in supersonic flow and undergoing srwall arplitude
oscillations in angle of attack. The intent is to calculate
the resulting pressure distributions and aerodynamic mcments
on what might be more properly termed a ring wing.

Previous investigations, i.e. references 12 and 13, have
applied the method of characteristics towards the separate
calculaticn of the 1inner and outer flowfields, as well as
pressure distributions and generalized aerodyremic fcrees,
for such a cylinder in supersonic flow vhose walls are
undergoing small amplitude sinusoidal oscillations, or panel
flutter. These previous investigations resulted in computer

programs to prerform the necessary calculations.

The primary thrust of the present work was the
modification of the previously created programs and then the
ccmbinaticn of their results to calculate the unsteady
pressure distribution, 1lift and noment on the cylinder
undergoing angle cf attack oscillations. Finally, using the
nodified prcgrams, a parametric study of these items was
conducted.
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IX. PROBLEM EORHULATIION

This development is closely based on several previous

papers , i.e. references 12 and 13.

Consider a circular cylindrical shell, in supersonic,
inviscid, adiabatic flow, whose axis is aligned with the
freestrean, and whick is undergoing snall amplitude
oscillations in angle of attack, about the Z axis. (figure

17)

The governing equation for this flow situation is the
linearized unsteady potential equation, in cylindrical

coordinates.

(1-M*%) O T Oy * i @r + iz %9 2§ ¢ i Qtt 0

The relevant boundary conditions are the flow tangency
condition and Sommerfeld's radiation condition, i.e., that
disturbances will propagate away from their source.
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One further condition is necessary,along the X-axis, which
-amounts to setting the pressure disturbance at the axis

equal to zero.

The linearized form of the flow tangency condition is:

——— —

9. | =% +U 3 ,0¢xgL
=R 9t © X

which must be satisfied on the cylinder inner and outer

sur face.

As stated, the boundary condition at the axis is a zero

pressure disturbance:

Cp | = 0
p -0
The linearized form of the pressure coefficient is as
fcllows:
cC,=-2 ¢ ~2 ¢, =P ~P
P - X il
_fj—i t Uco Jeo

After nondimensionalization, using cylinder length and

length divided by freestream velocity, the above equations

become:
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One now assumes a cylinder oscillation of the form:
. ikt ’

h(x,0,t) = 2(x) cos(9) e

where the nondimensional frequency, k, is:

The deflection amplitude, 2(x), for the case under
consideration, is of the form:

BT

L N

: Z2(x) = a( x - x_)
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Following the assumed form of the deflection, the
perturbation potential must be of the form:

d(x,x,0,t) = ¢(x,r) cos(6) eikt

and, after substitution, the basic equations become:

M2 22 .- - 3 =
(lM)¢Xx+¢rr+%¢r+(kMi‘.)¢ i2kM ¢, = 0
C, = -2( ¢, + ik¢ )

p

subject to:

¢, =2 + ikZ ,0 ¢ x € 1.
r=
; and:
cl= 0
P'y=g




X. METHOD OF CHARACTERISTICS

For supersonic  flow, the 1linearized perturktation
potential eguation is hyperbolic, and has characteristics
which satisfy the following differential eguation:

(M?2-1) d%r - d%x =0

.

Since the gnaracteristics in supersonic flow correspend
to the #Hach lines, then fors ds, the differential arc length

along a characteristic:

!
2|

An arbitrary function, F(X.r), has the <following
derivatives along the characteristics:

dF = F_ dx + F_ dr = /M1 F, + 1 F
a X3 T 3 I T

Defining dst and ds2 to be the differential arc lengths
along the left,and right-running Mach 1lires respsactively,
then:

Fy = dF » F, = dF

. dSl dsz
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The cross derivatives beconme:

- = - - —4 Lad 2
F12 F21 %P((l M*) Fxx + Ffr)

Solving now for Fx and Fr:

F, = _M_

(F. + F.)
X a/mzy L 2

F, = _ng (F, = F,)

Now the basic eguations may be written in terms of ¢

and its derivatives along the characteristics as follows:

21 ¢ r?M M

¢r=%(¢1"¢2) = 2 + ikz

%

u

il
5
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These equations have been put into £inite difference
form and programmed in Fortran IV for tie separate cases of
exterior flow and interior flow of a cylinder whose walls
were undergoing small amplitude sinusoidal oscillations. 1In
the interior flow program the x axis boundary conditica is
satisfied on a small inner cylinder in place of the axis, to
circumvent problems encountered should r go to zero. For
detailed acccunts of the equations and programs refer to

references 12 and 13.

The primary worX here was the transformation ci the
aforementioned programs to the case under consideration ,
i.e.; @a cylinder undergoing small amplitude oscillations in
angle of attack, and themn a parametric variation study of
the pressure distributions and generalized aerodynaaic
force. The programs were modified such that all cases run
were With an angle of attack amplitude of 0.1 radians.
Since the basic eguation is in a linearized form, the
conversion of any results to other angle of attack
amplitudes is a simple matter of multiplication. For those
interested, the rrograms resulting from chanjes required to
the reference 12 ard 13 programs are listed in appendix D.




XI. GENERALIZED AERODYNAMIC FORCE

As stated above, the rasults studied were the pressure
coefficient anmplitude distribution, and the generalizasd

aerodynanic force, Qmr. Ta its most general form, Qmr is as
follows:

fcpm Wr(x) dx

| =

Z (»)

I

T A, ¥, (x)
J

.

vhers Cpa is the

o}

ressure coefficient amplitude resulting
from +the m'th axial deflection mode, PSIr is the rt*th axial
deflection mode, and A is the amplitude of +the J*th axial

deflection mode. For the special case under consideration,
Q0 takes the following form:

Q= pr ¥(x) dx

L
2

Z(x) = ¥(x) = a(x - x.)
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Thus , in the case under study Q has the special
interpretaticn of being the 'moment coefficient amplitude
about the pecint Xo multiplied by the angle of attack

amplitude, alpha, which is egual to 0.1 radians in all cases
presented .
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XIX¥. RESULIS AND DISCUSSION

Several cases cf comparison wers considered towards the
evaluation of program results. Figure 18 presents two cases

of compariscn for pressure distributions. The outer radius-
to- length ratio was taken to such a value (10) as to
approximate a flat plate locally. The inner

radius~to-length ratio was takea to such a value (9.75) as
to cause a reflection on the inner surface of the outer
cylinder.

For sufficiently 1large radius - to -length ratios the
exterior pressure distribution should approximate the
theoretical value for a flat plate in supersonic flow, i.e.
20/B. Figure 18A presents this comparison, and as can be

seen agreement is good.

For sufficiently 1large radius- to -1length ratiocs the
interior pressure distribution should approximate the
theoretical value for a flat plate. additicnally, if the
inner cylinder 1is of such a radius-~to-length ratio as to

cause a Mach wave to reflect upon the outer cylinder inner

T

surface, a flow situation exists which should approximate a

S
S

st

&
3

flat plate in a free jet, where the mach waves are reflected
from the jet Dboundary. This is due to the boundary
condition imposed on the inner cylinder, Cp = 0. Reference
16 has treated this case in analytic. form for small
frequencie¢s. Figure 18, A and B, presents a comparison of
program results and the results of reference 16. As can be
. seen agreepent is good.
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Reference 14 has treated the case of a nonoscillating
ring wing in supersonic flow. FPigure 19 presents a
comparison of program results ané those of reference 14, for

the case shown. As can be seen agreement is fair.

In reference 12, which dsveloped the basic inner flow
field program used in this report, the occurrsnce of a
numerical dinstability 1in the pressure distributions, under
certain conditions, was coted. It was found that *this
disturbance, which occurred only after a reflection, was due
+o an undefined@ constant in the subroutine which conmputed
the boundary condition at the axis. After defiring the
constant correctly, the pressure distributions were seen to
settle down gquite nicely. Figure 20 presents a before and

fter comparison of pressure distributiocns for a

representative case.
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Figures 21 through 23 present various parametric studies :
of the morent coefficient, Q, for «cases both with and

w Aav e

without a reflection on the inner cylinder surface. 1In .
these figures the coefficient plotted is actually the B
differsnce Letween that calculated for the inner cylinder
surface and that calculated for the outer cylinder surface,
divided by the angle of attack amplitude. Thus tne g
coefficients plotted are  total moment and pressure :

PR RS

£

coefficients, as opposed to those plotted earlier, which are
the coefficients for the inner and outer cases separately.
As can be seen from figure 22,for a center of rotation at
the leading edge the cylinder has defirite geometric
regions ¢f stability with respect to angle of attack.
Figure 21 illustrates the effect of increased freguency on

Y
¢

et

¥,
AR 4 awe

the moment coefficient. Figure 23 illustrates a typical

pressure distribution including one reflection, from which

CaF A
Y

. . s . T3

one can infer the reason for the behavior of Q in fiogure 22, 5
L

and also the behavior of Q with a varying center of 4
. o
rotation. St
"
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IONS AND RECOMMENDATIONS

The computer programs of references 12 and 13 have heen
successfully adapted to the case of a ring wing in
supersonic flow undergoing oscillations in angle of attack.
Available cases for comparison have shown good agreemént,
indicating the validity of the method. The programs make
possible the relatively easv calculation of +the unsteady
lifts and moments of a ring wing in supersonic flo#, for
such applications as tubular artillery  shells (STUD,
spinning tubular projectile), although spin nay induce
aerodynanic effects not accounted for in the method.
Further evaluation and pararetric sﬁudies are reconmended
for a more complete varification of the computer programs.




APPENDIX A

ISENTROPIC THRUST CALCULATIONS

Isantropic thrust czalculations made use of standarad
isentrovic relations, Calculations were based on plenum
pressure -and nozzle exit area. The formula for isentropic
thrust is arrived at as follows. Nozzle thrust may bhe
written in the following form:

—3 — 2
Ts w Vex (pAM XRT)ex

vhere W is nozzle pass flow, 3 is exit area, and one has
applied the speed of sound relation. Exit Hach number nay

be written in terms of pressure ratio as follows:

M= 2 ((®./p )/ -1
Applying this and the state equation to the formula for

Ts one obtains:

— / -
Ty = Peerx ng‘(PO/P ) 1)

Wow, once one has measured plenum and ambient pressure,
and thrust, Texp, one can calculate the isentropic thrust
efficiency:

n = Texp/ Ts
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APPENDIX B

ENTRAINHENT RATIO CALCULATIONS

Mass flovs and entrainment ratios were calculated
according to the egquations and vprocedures sst out in
reference 11, the ASHE Power Test Codes, The -equation €for

nass £flow, from reference 11 is:

w = 359 ¢ £ d%2 Fa Y vhp ,1b/hr

¢ Dischargz Coefficient

t =1//1-p" g=a/D
d and D d_:\:; "rD

*a Thermal Expansion Factor
Y (Ya for a4 venturi) Adiabatic Fxpansion Factor

h The pressure drop across the device, in inches of

water

p Density of the fluid being metered, pounds per

cubic foot

Tf w1 is the entrained flow and w2 the primary, then (w1

uses a venturi, w2 an orifice):

wy = ¢, £, (d4,)? Fa, Ya. vh
it | 1 1oo1 31
W, ©, I3 d, TFaz; T2~ Ry

,68,(‘..
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Non~geometric factors for the oprimary flow, such as
discharge coefficient, could be reasonably approximated for
all tests as:

C2=.65 Fa2=1.0 ¥2=.99

Inp the case of the entrained flow these factors had to
be changed for each test axial location, due to the widely
varying flow requirements., The geometric factors above' had
the following fixed values:

F1=1.0328 4d1=.75 F2=1.0792 d42=1.11

Now, entrainment ratio is commonly written as:

M =w, +w, = Wy + 1

" _l_w__Z w5

0 2

Using the previous formula for w1,/vw2, the entrainament
ratio may now be written as:
M =2avYh +1
My _ﬁé
where A is the comhination of the ratios of factors
previcusly 1listed. This aquation ¥as used to calcoulate the
nozzle =2ntrainment ratios.
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"APPENDIX C

ENTRATIN#EINT CHAMBER DESIGHYN

The entrainment chamber design was closelv based on
previous work by Ricou and Spalding {reference 7), and
Peschke (reference 8). Peschke's report especially vas a
good source of specific design data, while Ricou and

Spalding was primarily a source of the design principles.

The entrainment chamber consisted essentially of a
central porous cylind=st, closed at one end with a solid wall
through which the nozzle protruded, the other end being open
to the outside. Orifics plates of specific diameters vere
constructed and nated to cylinders of specific length,
length and diameter specified according +o the data
available in Peschke. These orifice cvlinders were of such
outside diameter that they £fit closely inside the porous
cylinder, into which they were inserted for ths measurem=znt
of nass flow at the various Jjet axial positions
corresponding to the orifice Jdiameters. The purpose of the
orifice was to seal the open end such that entrained air
could only enter through the porous cylinder. The purpose
of the orifice cylinder was %*o0 seal off that portion of the
porous cylinder beyond the jét axjal position where flow was
being neasured. The porous cylinder was surrounded
everyvwhere, except at the open end, by a box, also encasing
the nozzle plenum, which served as the nembrane air supply.

The entrainment chamber was about & hy 4 feet square and
4 feet high, supported on 3 foot legs. The porous cylindex

70
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vas 30 inches in diametsr and 25 in
diameters used, corresponding -to the

positions, were as follows:

Diameter X/9
1.75 2.5
3.0 5.0
6.5 13.0

-

The entrainment chamber bhox, legs, orifice plates and
porous cylinder frame work were all constructed of wood.
The orifice cylinders wers made of fiherglass shzet and the
porous covering to the porous cylinder €frame work was two
layers of dacron «c¢repe ~<loth, as suggested in Peschke's
report.

One ¢ritical chamber design parameter was ortifice

diameter, It is clear +that too small ar orifice would

~interfere with the Jet being measured, while too large an

orifice would not prop=rly restrict the entrained flow to
entering only through the membrane, thus preventing the
creation of a readable pressure gradiant across the orifice.
The approach to this problem in both references 7 and 8 was
to £ind an optimal orifice size at a specific jet axial
lpcation by testing sevaral orifice sizes. To minimize
orifice construction, this investigation +took a different
approach. That was to use the reference 8 orifice data as a
starting point, and vary the orifice axial Jlocatiomn, such
that a readable pressure gradient was created while not
interfering with the <det. In both approaches the attenmpt 18
to optinmize the orifice diameter, Jjet axial locaﬁiqﬁ

combination.
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One primary difference between this chamber's geometry

and that of others {refesrences 7 and 8) should he noted. As
shown 1in figure 8, exit orifices werzs positioned in the
porous c¢ylinder at various distances from the nozzle. That
portion of the porous cylinder extending above the orifice
plate was sealed by a fibsrglass cylinder attach=2d to the

crifice. Thus in this situation, that portion of the fet

beyond the orifice, and inside the porous cylinder exit, uss
not in a truly free jet flovw situation. This was as opvosed
to the reference 7 and & configurations where the exit
orifice corresponded %o the exit of thz porous cylinder.
Thus in those experiments the iet past the orifics wvas in a
truly <free jet flow sitaation. The configuration used in
this report was adopted in order to facilitate the
measurement of mnass flows at many axjal locations. Tt was
hoped that this chambher's geometry would not affect The
chamher readings greatly, although sone effect was to bhe
expected,

An iwmportant probhlen, again with regard to the chamber
orifices, concerned the measurenent of the pressure
differential across the orifice. Both reference 7 and 8

indicated that a measurerent accuracy of .001 inches of
water was required, Reference 7 used a aicro manometer
while reference 8 wused a pressure transducer for this
purpose. After the entrainment chamber was constructed
experierce showed that such accuracies ware required. This
investigation used an alchohol micro manometer which
provided an accuracy of .0001 inches of manometric fluid.
This accuracy was obtained +through the corbination of an
inclined tube, hairline imdicator, magrifying lens and a
micrometer adjustment to indicator level.

. Flov measurement devices for the primary and entrained

“‘4‘:
);-."‘ Gl
AN

flow were an orifice and venturi respectively. These were “
constructed and used according to ASME Power Test Coles
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APPENDIX D

PROGRAM LISTINGS AND DOCUMENTATION

This appendix contains basic program and input
descriptions for the two programs used, from references 12
and 13. The programs also are listed in their modified form
for the computation of a ring vwing at angle of attack. The
program statenents relevant te the modification are
indicated in the program listings. Also indicated in the
interior flowfield program is the statement whose onission
caused the numerical instability noted in reference 12.

The inner flow field program consists of 8 subroutines,
and a main program which manipulates each of these. The
action of each particular subroutine is indicated in the
program listing, 1Inputs are made by way of a Fortran
Namelist. The input parameters are, in proper orier:

FSTRHMN Free streaw mach numbar,

REDTRQ The reduced frequency.

RO The outer cylinder radius to length ratio.
]

B  The inner cyli:ler radius to length tio.

NGRDFY Grid fineness, or the number of grid points
taken on the first right running mach liae,

N Ciféumferential rode number.
M Axial mode nunmber,

411 The m in Qmn, the generalized aerodynamic forca.

T4
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TPRINT An output parameter. 0 indicates only basic
output, 1 indicates output inclnding such things as Phi and
its derivatives at each flow €ield point.

O0f the above inputs, in the modified program, the inputs
N, ¥, and #1 nust be set to 1, as the case under
consideration is not panel flutter but a cylinder at anale
of attack. The other inputs are arbitrary.
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%%f% Eccccccccccc"ccccccccccccccccccccccccccccccccccccccccccccccg
gggg g CYL INDRICAL SHELL/PANEL FLUTTER PROGRAM E
%% : Eccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
i g THIS IS THE MAIN PROGRAM
COMPLEX PHI{400)sDPHISL1(400) DPHIS2{400)
DIMENSTION X{400) yR(400),XPT(400)4CPR{400),CPI{400)
DIMENSIGN DUMMY (400}, DUNCE(400)
CCMMON/ BLCKL/ FSTRMN,DELTAS DX, DH,DSTSTRyRO,RI,REDFRO
~ CCMMON/BLUCKZ/ AL JA2, AR 4 Ak s Ry RMy RMIyFACT Ly FACT2
COMMON/BLCK3/ NGROFN,NPTS,LCCUNT ¢ IHAVEP ¢NyMoMl, IPRINT
CGMMON/ BLCKE Y PHI 4DPHIS1 yDPHIS2
CMMON/BLCKS/ Xy ReXPT,CPR,CPI
. DATA PI/3.141593/
ENDET$Z21YL,XO,X2,DELX) = ( Y2 ~ Y1 }%{ XO -X2 }/DELX
C
EPS = 1 .E-04
IER = 0
CALL INPUT(IER)
IF ( IFR .EQ. 1 ) GO TO 12
clooe CONTINUE
IHAVEP = 1
c LCCUNT = 1
c CALL INITAL
. 1 CONTINUE
. CALL COMPXR
g E§N;gs GRID POINT ON THE INITIAL RIGHT RUNNING MACH
C E
IF (( LCOUNT .EQ. 1 ) .AND. (IHAVEP .LE. NGRDFN ))
¢ 1 GO TG 3
8 IS THE GRID POINT ON THE GUTER CYLINDER SURFACE?
. IF { IHAVEP «.EQ. 0 ) GO TQ 5
g IS THE GRID POINT ON THE INNER CYLINDER SURFACE?
c IF ( IMAVEP .EQ. NGRDEN ) GO TO 6
g THEN THE GRID POINT IS IN THE GENERAL FLOW FIELD.
2 CALL GENFPT{IER)
IF ( IER ,EQ. 1 ) GO TO 12
IHAVEP = IHAVEP + 1
c GC 70 1
3 CALL MACHLN
IF ( IHAVEP “EQ. NGRDFN ) GO TO 4
IHAVEP = THAVEP + 1
c GO T0 1
- g THIS IS THE LAST POINT ON TH: INITYIAL MACH LINE.
4 LCOUNT = LCOUNT + 1
THAVEP = 0
c GC TO 1
c 5 CALL RAD2
E 1S THIS GRID POINT PAST THE FLEXIBLE CYLINDER LENGTH?
76 3
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The outer flowfield program, from reference 13, consists
of 5 subroutines and a main program +to manipulate the
subrostines. The action of each particular subroutine 1is
indicated in tka program listing. JInputs required to the
program must be on t¥o cards, and are as follows:

DATE

MACH Mach number,

RADIUS Radius to length ratio.

K Reduced freguency.

HFREQ Axi2l mode number.

NR The r in Qmr, the generalized aerodynamic force.
NFREQ Circumferential mocde number.

FIBGRD G6rid fineness, essentially the number of grid
points along the cylinder surface.

The run date is tvped onto the first card. The second card
contains the above nvarameters in the folloving format:
F20.8, 2r10.3, 41I5. O0f the above parameters, in the
modified program, KFRFQ, NR, and NFREQ nust he set to 1, as
the case under consideration is not panel flutter but a
cylinder at angle 2F attack. ODther parameters are
arhitrary.
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