
THE UNIVERSITY OF ADELAIDE

MECIIANICAL ENGINEERING DEPARTMENT

FLUID DYNAMIC MEANS OF

VARYING THE THRUST VECTOR

FROM AN AXISYMMETRIC NOZZLE.

submitted by

Steven Slavko Vidakovic

for the Degree of Doctor of Philosophy

February 1995



Summary

The use of jets to control the attitude of airborne and space vehicles has developed progressively

during the past two decades. Typically gimbal mounted nozzles, or spoiler tabs introduced into the emerging

jet flow have been used, the first for systems which require a relatively slow response time as in VTOL or

STOL aircraft, the later where a rapid control response is required, as in the Australian designed NULKA

hovering rocket missile decoy system in which the decoy rocket is 'balanced' on its jet like a pole on a finger.

The life of the tabs in the corrosive high temperature, high velocity jet is short and such systems are

restricted to a single mission of short duration. This type of rocket decoy requires precise, short time

response control of both the magnitude and angle of the thrust to maintain the rocket in hover mode or to

manoeuyre it to a new position. For future fighter aircraft entering the post stall domain during close

combat, thrust vectoring or directing thrust to produce responses simultaneously in the yaw, roll and pitch

directions, may be a deciding factor in surviving the encounter. On the other hand, the agility and

manoeuvrability of the attacking missile determines the success of its mission. These are some of the

aeronautics related stimuli for investigating novel ways of vectoring thrust from anozzle.

Several researchers have investigated jet distortion in a convergent-divergent nozzle using secondary

fluid injection downstreamfrom the throat. The effectiveness ofthe secondary fluid injection depends on the

divergence angle, nozzle geometry, position and orientation of the secondary fluid injection and the

secondary to primary jet mass flux ratio. The common aim however is to form a separation bubble at the

mixing region of the primary and secondary jets and so to alter the shape of the primary, initially

axisymmetric, jet into an asymmetric jet at the nozzle exit.
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Present research originated with Nathan and Luxton (eg. Luxton, Nathan and Luminis Pty. Ltd.

(1987)) when it was discovered that a jet precesses from an axisymmetric Orifice-Cavity-Orifice nozzle

configuration incorporating alarge area ratio. It was found that for a wide range of geometric parameters the

flow would precess but when a small asymmetywas introduced at the upstream orifice, the flow was

deflected and remained stationary in an azimuthal direction which was determined by the azimuthal position

of the disturbance. The applications of such a system were apparent. In particular, applications to

VTOL/STOL aircraft, attitude control of airborne and space craft and the positioning of decoy hovering

rockets were considered worthy of further study. This led to secondment of the author tiom the Defence

Science and Technology Organisation to the University of Adelaide to undertake the study presented in this

thesis.

The original nozzle configuration had large losses associated with the use of a primary orifice at

entry to the cavity of the nozzle. It was therefore decided to use a smoothly contoured convergent-divergent

nozzle, closely resembling that in a rocket motor, to lead into the cavity. Pressure tappings at the throat of

this nozzle double as ports through any one of which can be introduced a small disturbance secondary jet to

provoke from that point partial separation of the primary flow and so to produce an asymmetric wall jet in the

divergent section leading into the cavity. As in the initial case, an orifice plate at the nozzle exit modifies the

flow field inside the nozzle causing the asymmetric wall jet to deflect to large angles. The arrangement

provides a novel method ofdeflecting ajet offluid through large angles from the nozzle axis by purely fluid

dynamic means. In the present thesis the mechanism that causes the deflection and the parameters which

determine its magnitude have been investigated using surface flow visualisation, smoke visualisation

captured on a high speed video recorder, laser sheet flow visualisation, nozzle surface pressure

measurements, hot wire anemometry and laser Doppler velocimetry'

The results of a parametric study of the convergent-divergent nozzle, in which the length of the

cavity and the diameter of the exit orifice have been separately varied, show that the azimuthal direction of

the thrust can be controlled by fluid injection at the throat. The thrust magnitude reduces as the length of the

cavity increases for a given exit orifice and the conical angle at which the jet is deflected can be set by

altering the diameter of the exit orifice. The minimum momentum losses are incurred when there is no

cavity and this also gives the maximum angle of deflected jet for a given exit orifice.
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It is postulated that the large jet deflections result from impingement of the distorted wall jet on the

lip at the nozzle exit. This angle through which the jet is deflected is influenced by a number of factors such

as lip height, wall jet thickness and the nozzle exit area occupied by the deflected jet. When the wall jet,

which occupies only part of the inner circumference of the nozzle, meets the lip at the exit plane, a stagnation

line is formed. Below this line the flow is forced to form a vortex, the strength of which depends on the

velocity, the lip height and the azimuthal extent of the impinging wall jet. The line defining this vortex must

be closed and this is achieved by merging with the streamwise " legs " of the horseshoe vortex whose origin is

at the initial disturbance at the throat. The combination forms a very strong vortex which loops outwards

from the surface and over the wall jet causing it to deflect towards the nozzle centreline after separating

upstream from the exit orifice. The vortex loop is further reinforced by the vortex which forms behind the

exit lip as ambient fluid is entrained into the nozzle to replace fluid which has been entrained by the wall jet.

Most of this entrained fluid moves upstream almost to the throat where it mixes with the wall jet. A tight

streamline curvature over the lip as the entrained fluid enters the cavity produces an associated low pressure

region locally around the exit plane which further assists the deflection of the primary jet.

'When the fluid dynamic disturbance at the nozzle throat is large enough it causes an asymmetric

separation of the primary flow at the throat which then follows the wall distal from the point where the

secondary flow is introduced. As the attached primary flow moves downstream from the throat, it distorts

into a thick wall jet as it passes through a positive streamwise curvature of the nozzle wall. As the

streamwise curvature becomes negative, the wall jet becomes thinner and spreads azimuthally over a large

portion of the surface, becoming relatively thin as it approaches the nozzle exit. This azimuthal spreading

influences the magnitude of the affect of the lip at the exit of the nozzle as it influences the proportion of the

primary flow momentum which is deflected into the vortex loop, hence influences its strength and hence

influences the jet deflection. The azimuthal spread and consequent thinning of the wall jet varies with the

length of the nozzle. Hence both the thrust and the angle of deflection of the jet are strongly influenced by

the addition of an extension cavity at the end of the profiled divergent section of the nozzle. The effect of the

exit ring ( ie, the height of the lip of the exit orifiee ) is simultaneously dependent on the nozzle length. V/ith

no exit ring attached, the jet occupies part only of the nozzle exit. But with the exit ring, the deflected jet

occupies a larger portion of the exit area and reduces the available area through which ambient fluid can be

induced into the nozzle to satisfy the entrainment by the primary wall jet within the nozzle. This in turn

reduces the pressure within the nozzle and causes an increase in the velocity of the induced ambient flow, an

intensification of its streamline curvature and hence an increase of the transverse pressure gradient at the exit

plane. This in turn augments the jet deflection. But clearly the strength of these effects depend on the
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amount of thinning of the wall jet which occurs through azimuthal spreading, and this in turn depends on the

nozzle length and expansion ratio'

Deflected jet angles in excess of 80o have been observed and these results appear to confirm the

potential of the system for application in highly manoeuvrable fighters, VTOL/STOL aircraft and super

manoeuvrable missiles and rockets. Thrust vector measurements, with the nozzle mounted on the end of a

long flexible tube, indicate thrust vectoring efficiencies r1 as high as TOVo for a deflected jet angle o¿ of 50'

and r¡ as low as 457o at" a of 80o.

Thrust vectoring capabilities of several forms of the nozzle have been explored and are presented.

They confirm the potential of the system is such as to justify further development leading to possible use in

super-manoeuvrable aircraft and missiles. Work in the supersonic flow regime in particular remains to be

evaluated and validated. The flow is extremely complicated but it is believed that the contribution of the

present thesis is providing phenomenological descriptions of the flow fields, and of the broad effects of the

many parameters and variables which enter the system, opens the way to numerical modelling and hence to

the design of practical systems.
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CHAPTER 1

Introduction

The ability to control thrust and vehicle orientation are very important factors in highly

manoeuvrable rockets, hovering rocket decoys, such as the Australian designed Nulka, missiles [304], tactical

fighter ahcraft and vertical and short take off and landing (VTOL\STOL) aircraft 12741. The aerodynamics

of such vehicles have been studied, tested, documented and modelled quite extensively. The mission

effectiveness of a vehicle depends very strongly on its range, speed and agility [273]. Both cruise and

terminal velocities are affected by the aerodynamics, thrust availability and material properties. The agility

of a missile can determine the success or failure of its single mission, especially for a surface to air missile

(SAM) or an air to air missile (AAM).

Directional control of a conventional airborne vehicle is achieved by moving surfaces in the air

stream to adjust the aerodynamic force vector. The alternative which is discussed in the present thesis is to

control the thrust vector by novel means. Presently vectoring thrust may be achieved in a number of ways:

using gimbals, by inserting tabs [35], deflector plates or targets in the flow to deflect the thrust in a desired

direction [314], or physically modifying the shape of the nozzle [168,169,318]. Modern tactical fighters,

such as Harrier jump jets, are utilising mechanical thrust vectoring to take off and land vertically and to

enhance the performance of the aircraft in the post stall regime [103,104]. As missile targeting systems

become "smarter" the future tactical fighter aircraft will depend primarily on manoeuvrability for survival.

These considerations have provided the stimulus to investigate novel means of thrust vectoring.

Research carried out at the D.S.T.O. by the author, on the effects of the high temperature flow on the

distortion of a control tab when inserted into a rocket motor plume, led him to the Mechanical Engineering

Department of the University of Adelaide and to the work undertaken by Nathan and Luxton on the

precessing jet from an axisymmetric nozzle.

The present thesis describes a thrust vectoring nozzle (TVN) which produces a jet which may be

deflected at angles in excess of 80" from the nozzle axis by fluid dynamic means while maintaining total

thrust efficiency of the order of 5OVo, or at 50o with an efficiency of the order of 707o. Vidakovic and Luxton
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thrust efficiency of the order of 5OVo, ot at 50" with an efficiency of the order of 70%. Vidakovic and Luxton

(lgg2) have compared thrust vectoring efficiencies for a range of nozzle configurations and full defails a¡e

presented in this thesis. The thrust vectoring by fluid dynamic means is achieved by injecting secondary fluid

at the nozzle throat and pafiially sepafating the primary jet causing it to deform into a wall jet on the wall

opposite from ttrat of the secondary fluid injection port.

The subject nozzle derives from a more general nozzle in which a naturally occurring instability

causes the issuing jet both to deflect sharply from the axis and to precess. As a by-product of the pfesent

vectorefl jet study, an attempt is made to describe the mechanism by which the precession of fhe jet is

generate¿. Various types of flow visualisation techniques have been implemented to investigate the flow both

insicle anfl outsi{e the nozzle, Vidakovic and Luxton (1991). To quantify these flows a number of parameters

have been measurerJ. Velocity vectors were measured using hot wire anemometry, pitot probes and a two

channel L.D.V. system. Bofh static and total pressures were also measured for a variety of driving pressures

anrJnozzle configurations. In this thesis the above results are documented and examined in detail for driving

pressures relative to the atmosphere of up to 100 kPa and some results are extended to driving pressures up to

680 kPa.

A number of 126,56,69,3141have been carried out by others of the effects of the secondary fluid

injection downsfteam from the throat on the flow cha¡acteristics and relevant details of these are discussed in

detail in Chapter 8. The research reportetl by Porzio and Franke (1989) and that by Friddell and Franke

(7992) each flescribe overexpanded supersonic flow generated by a confinedjet thrust vector control nozzle of

a specific configuration which is not too dissimilar from one of the configurations in this thesis. Their thrust

vectoring control was achieved by injecting a secondary fluid some distance downst¡eam trom the throat to

produce a wall jet which was then rJeflected by a lip at the exit. Both of these cases are discussed in detail in

the Chapter 8. The use of an overexpanded nozzle in the present work may appear to limit applications of

the present phenomenon to smaller nozzles such as sustainer rocket motors, but it should he noted that the

lower bound for the expansion ratio required to achieve the dramatic jet deflection angles found in the

present work is yet to be tletermined. There have been numerous studies of jets in cross flows and of the two-

dimensional fluid "flip-flop", but apart from the work of Franke and his co-workers, to the author's

knowleflge there has not been any study reported on the deformation of a primary jet from an axisymmetric

nozzleby flui{ injection at the throat. Nor has there been any detailed study of the phenomenon by which the

primary wall jet is deflected at a sharp angle across the nozzle centre line by a small lip at the exit plane.
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L.1, Nozzles That Generate Strong Mixing

Fluid exiting from a nozzle produces thrust and, if designed appropriately, can generate high rates of

mixing over a range of scales, as is required between a fuel and an oxidant, for stable combustion. A

common aim of most gas phase nozzle designers is to increase the rate of mixing between the jet and its

surroundings. For aerospace applications such mixing is important for noise reduction and to modify the

infra red signature of the jet and this must often be achieved without significantly reducing the thrust

efficiency of the nozzle. TWo basic means of mixing enhancement are used. In the first a blockage is

introduced into the flow to create a large recirculation zone behind the blockage. The blockage may involve

the introduction of a solid body 1148,167,234,240,276'J, or the generation of an aerodynamic blockage either

to act directly in a manner similar to a solid body but without the generation of additional vorticity, or to

create a recirculation zone by means of swirl 165,66,67,78,283,284.1. In the second case the mixing is

enhanced by modification of the dynamics of the entrainment process through the introduction of large-scale

vortical structures 147,48179,130,140,142,20512291. One way of producing large scale vortical structures is

by causing a jet to precess. This generates mixing on a scale which is much larger than that of the nozzle

itself [1 L3,20 6,207,208,209).

L.L.L Large Scale Mixing in Recirculating Flows

Bluff body flame holders and swirl burners both generate a recirculation zone down stream from the

nozzle exit. The recirculation zone is produced by a strong adverse pressure gradient leading to separation of

the boundary layer which develops from the stagnation point on a bluff body flame holder. Swirling flow

generates a recirculating vortex surrounding a low pressure core due to centrifugal motion of the air. If the

swirl is strong enough and the externally imposed pressure gradient is correctly set a recirculation zone is

established and strong mixing occurs 16r97,101,166,184,284f. The use of swirl has also been proposed to

control core nozzle mass flux in low by-pass-ratio ducted fan engines, in some cases with little or no loss of

thrust over a variable-area nozzle [141]. On the other hand the addition of swirl in a nozzle may reduce the

thrust efficiency by an amount which depends on the swirl intensity and the swirl profile [289].

The redistribution of the axial momentum of the jet from the above nozzles from its concentration

around the nozzle axis to the radial and azimuthal directions produces a low pressure core which in turn
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produces a recirculation zone in which strong mixing can occur. This has been a prime aim in burner

design. The axisymmetric redistribution of momentum to create a swirling annular jet which has a

significantly larger shear layer surface area is one of the factors that causes strong fine scale mixing in such

nozzles. The formation of the recirculation zone is influenced by geometric parameters such as the burner

quarl [67,L01] and furnace shape. The influence of the recirculation zone on fluid flow is complex. This

complexity increases when a flame is being maintained by this type of nozzle despite the fact that it is well

known that swirl burners and bluff body flame holders stabilise the flame. Spalding (1953) suggested that

when combustion occurs in the recirculation zone, the hot combusting material is carried upstream in the

recirculating zone and acts as a source of ignition for the oncoming mixture. This is only one component of

the more general observation by Leuckel and Fricker (1916) and Frickef and Leuckel (1976). The high

velocity gradients found near the edge of the internal reverse flow zone improve turbulent mixing between

fuel and air and give a more complete mixing and stable flame. Each burner has a critical swirl requirement

and it has been found that there is no advantage in exceeding this value since no improvement in flame

stability results. This has been confirmed by Claypole and Syred (1981,1982) who measured mass flux in the

recirculation zone and found that only 57o Ío l27o of the total mass flux is recirculated. The result indicates

that the recirculation zone is probably not an ignition source as has been indicated by Spalding (1953).

Hallett and Gunther (1984) performed experiments on swirling air flows in a sudden expansion at

entry to a model chemical reactor. Their study revealed a precessing flow in which the flow entering the

expansion was deflected away from the axis of symmetry and caused to precess around it. Independently

Nathan (1988) during his Ph.D. studies, Luxton, Nathan and Luminis Pty. Ltd. (1987) and Nathan and

Luxton (1989) had been investigating the precessing jet phenomenon to determine the parameters effecting

and affecting precession and the mechanism by which the precession is driven. The nozzle configuration

tested was an Orifice-Cavity-Orifice configuration with an area ratio substantially larger than that used by

Hallet and Gunther. An extensive range of flow visualisation techniques including representation of the

mean surface flow were used to determine a plausible flow topology. A model of the flow patterns inside the

nozzle was developed and the geometric parameters determined for maximum likelihood of precession to

occur. This research is currently being continued by a number of investigators in the University of Adelaide

and elsewhere. Nathan (1988) found that when a small asymmetry is placed at the primary orifice, the flow

ceases to precess and locks to one side of the downstream cavity. When a small lip is placed at the exit of the

nozzle, the flow is deflected across the nozzle axis at a sharp angle. It is this type of deflected jet, which may

have potential applications in the control of agile missiles, rockets and STOLA/TOL aircraft, which is

investigated in detail in the present thesis.
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1.1.2 The Precessing Jet Flow

The observation of an unsteady asymmetric flow downstream from a small abrupt axisymmetric

expansion, Hallet and Gunther (1984), relied on the introduction of weak swirl into the flow upstream from

the expansion. Nathan (1988) had found that upstream swirl was not needed but could be used to stabilise

the direction of precession, which otherwise tended to be intermittent in the range of area ratios then being

studied. Luxton and Nathan (1989) later showed that the swirl was not needed (other than to fix the sense of

precession) for area ratios greater than about 20. Hallet and Gunther's research was primarily concerned

with the effects of the swirl intensity on the downstream flow and mixing. It was observed that as the swirl

exceeded a critical intensity, the precession ceased and mixing was further enhanced by the formation of a

reversed flow zone, a phenomenon they related to vortex breakdown 194,1721. Dellenback et.al. (1988),

following Hallet and Gunther, had also observed the precession at low swirl levels through a small expansion

and measured aprecession frequency ofthe order of 1 Hertz in their apparatus.

The understanding of the phenomenon at the time at which author joined the Department of

Mechanical Engineering may be summarised as follows:

¡ A precessing jet flow occurs in an axisymmetric cavity downstream from an abrupt axisymmetric

expansion and gives rise to a precessingjet at outlet through a small lip at outlet from the nozzle.

o The main thrust of the overall research program was aimed at enhancing the mixing and optimising the

burning characteristics of a gas jet through the nozzle. Nathan and Luxton had found that when an

asymmetry is introduced at the primary orifice (or at the throat of a profiled nozzle) the jet ceases to precess

and remains deflected in a particular azimuthal direction controlled by the azimuthal position of the

asymmetry. The thesis builds on these initial observations and contributes to the longer term aim of

producing a non-intrusive means of controlling VTOL\STOL aircraft and highly manoeuvrable rockets and

missiles.
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cavity of the CD10 nozzle.
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L.L.3 The Non Precessing Fluid Dynamically Deflected Jet

A description of the asymmetric flow produced in an axisymmetric convergent-divergent nozzle,

deduced from various methods of flow visualisation, from velocity and pressure flow field measurements and

supported by some theoretical predictions, is presented here. The respective influences of Reynolds number,

cavity length, exit ring diameter and primary and secondary mass fluxes on the flow characteristics are

described. The over-expanded nozzle used in the expe.riments is clerived from the geometry selected by

Nathan (1988). It has smoothly profiled axisymmetric convergent-divergent walls, in contrast to an abrupt

expansion and closely resembles a typical rocket motor geometry. The exit walls of the nozzle were made

parallel to the nozzle axis allowing cavities of different lengths to be attached to the downstream end. The

axisymmetric cavities are made from optical quality acrylic so that laser Doppler velocimetry could be used to

measure velocities inside the cavity and to allow laser sheet visualisation. The initial nozzle length to

diameter ratio investigated was 2.67,7ength being measured axially from the nozzle throat, and the nozzle

exit to throat diameter ratio was 6, with throat diameter of 10 mm as shown in Figure 1.1. This

configuration had been found to produce a deflected jet which precessed, albeit intermittently. Cavities

considered in this study had nozzle length to diameter ratios ln / D" of I, 2, 2.67 and 4.33 corresponding to

no cavity, 60mm, 100mm and 200mm cavities respectively each with 60mm internal diameter. The nozzle

converges from the 25mm diameter brass air supply tube to a 10mm throat diameter and then smoothly

expands to 60mm to accommodate a smooth transition to the internal diameter of the cavity. The length of

the divergent section leading from the nozzle throat to the entry of the cavity is 60mm. The nozzle

configurations tested are defined as shown in Table 1.1.

As has been shown in flow investigations with a two dimensional backward facing step

1286,294,2951, double backward facing steps 184,213,2671, and with an axisymmetric abrupt expansion

'- Í57,322f, the reattachment length downstream from the step varies, is unstable and is Reynolds number

dependent. Numerical methods have also been employed to compute the flow in the separated region behind

backward facing steps [17] using both upwind and central difference schemes for laminar and turbulent

flows. This instability in the flow over two-dimensional double backward facing step can lead to the two

dimensional flip-flop phenomenon. In an axisymmetric case, the reattachment length instability may lead to

7



Tâble L. L Nozzle configurations tested.

NozzleName

Abell Nozzle:

MLC Nozzle:

LC Nozzle:

CD Nozzle:

CD6 Nozzle:

CD10 Nozzle:

CD20 Nozzle:

RP45 Nozzle:

RP60 Nozzle:

845 Nozzle:

890 Nozzle:

Definition

Short CavityNozzle

Mid-kngth Cavity Nozzle

I-ong Cavity Nozzle

Convergent-Divergent Nozzle

60 mm Cavity attached to CD Nozzle

1ü) mm Cavity attached to CD Nozzle

200 mm Cavity attached to CD Nozzle

Square 100 mm Plate, 45" to Convergent Nozzle exit

Square 100 mm Plate, 60o to Convergent Nozzle exit

45'Bend 10 mm ID at Convergent Nozzle exit

90' Bend 10 mm ID at Convergent Nozzle exit

Researcher

(Abell)

(Nathan)

(Nathan)

(Vidakovic)

(")

(")

(")

(")

(")

(")

(")

Note: Nozzles RP45, RP60, 845 and 890 were only investigated to compare their thrust vectoring

capabilities with those of CD family of nozzles.

a precession of the exiting jet, Nathan (1988), which is the three-dimensional equivalent of the two-

dimensional flip-flop.

The reattachment length in the cavity of the MLC nozzle is unstable and a similar instability was

noted with the asymmetric separation in the contoured nozzle, which increased with increasing Reynolds

number based on the throat velocity and diameter. In the CD Nozzle at Reynolds numbers below about

30,000, the jet remains predominantly axisymmetric. Above this Reynolds number it switches back and forth

intermittently from an axisymmetric to an asymmetric flow indicating clearly that the jet separation in the

adverse pressure gradient downstream from the throat is unstable. This continues up to a Reynolds number

of around 50,000 above which the flow is asymmetric and changes its azimuthal position randomly, since

there can be no preferred azimuthal direction in a perfectly axisymmetric nozzle. If the flow is not disturbed

the jet precesses periodically around the nozzle, exiting the nozzle as a wall jet, pauses, and then precesses

again in an apparently randomly determined direction. This intermittent flow may be described as the three

dimensional equivalent of an untuned two-dimensional fluid "flip-flop". Similar flow characteristics are

exhibited when the cavity is attached, CD6, CD10 and CD20 Nozzles, but the different cavity lengths can
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cause changes to occur at lower Reynolds numbers. The longer the cavity, the greater is the diffusion of the

wall jet inside the cavity. This reduces the centre line velocity and hence reduces the momentum of the jet at

the exit of the nozzle. The exit lip is located at the end of the nozzle and it is the combination of the lip

height and the length of the nozzle, which consequently determines the wall jet thickness, that determines the

angle at which the jet exits from the nozzle.

The large streamline curvature observed when smoke is used to visualise the flow at the nozzle exit

plane indicates the presence of a strong radial pressure gradient across the jet at exit. Random variations in

the local entrainment of fluid into the asymmetric jet in the confinement of the axisymmetric nozzle

generates azimuthal pressure gradients. These unstable pressure gradients cause the apparently random

changes in the azimuthal direction of the deflected jet. The azimuthal direction can be controlled by injection

of secondary fluid at the throat. The fluid dynamic means of control considered in detail in this thesis is

achieved by continuous injection of air normal to the primary flow at the throat. The injection is through a

pressure hole which also serves as one of the pressure tappings at the throat when not being used for

injection. Due to the fluid dynamic disturbance, the flow through the throat is forced to separate partially in

the region where the disturbance is introduced. Opposite the disturbance the jet remains attached to the wall

up to the exit lip, where it is forced to deflect at a large angle. Initially it was thought that this was due to the

impingement on the exit lip. As will be demonstrated in the thesis, the flow structures which cause the

deflection are both extremely intricate and remarkably resilient. These structures deflect the jet across the

nozzle axis. Since the jet does not occupy the whole of the exit plane, ambient fluid is drawn into the cavity

and this induced flow contributes to the intricate three-dimensional flow patterns within the nozzle. The

deduced flow patterns a¡e shown to be consistent with the surface shear stress patterns on the nozzle wall and

are discussed in detail in Chapter 3. The entrained fluid mixes with the issuing primary jet and leaves the

nozzle enfolded into a pair of concentrated streamwise vortices.

9



I.2 The Thesis Structure

The original aims of the present study were quantification of the thrust produced by the deflected air

jet from this nozzle, examination of the effects of nozzle parameters on the thrust and jet deflection angle and

development of an understanding of the flow phenomena involved. In the event, definition of the flow

topology has proved to be a major scientific challenge. While the topological description of the flow which

has been developed is sufficient to guide the interpretation of the parametric studies of jet thrust and

deflection, it does not constitute a full iluid dynanúc description. The pl'eselìt thesis has established the

feasibility of the jet vectoring system and its potential benefits justify investment in developing ìhe system

further. In scientific terms it has provided the starting point for the full dynamic analysis which will be

required for reliable practical design.

The mechanism by which the jet develops from an axisymmetric flow inside an axisymmetric nozzle

to a highly deflected wall jet at the exit is discussed in detail in the following sections. The parameters that

determine the jet deflection angles and thrust magnitudes are derived from the analysis of the experimental

data.

Chapter 2 describes the apparatus used in derivation of experimental results. Chapter 3 introduces

the concept of thrust vectoring and describes related nozzles evaluated by other researchers. It also discusses

three different modes of flow excitation. In Chapter 4 the CD nozzle is evaluated in detail using various

experimental techniques and flow mechanism is deduced from the results. In Chapter 5, the CD10, CDZO

and other nozzles are evaluated and compared with the mechanisms and performance of the CD nozzle.

Thrust was evaluated in Chapter 6 for all the nozzles considered. Factors determining the performance of the

CD family of nozzles are summarised in Chapter 7 and compared with other research and presented in

Chapter 8. Conclusions and future suggested work is discussed in Chapter 9.
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CHAPTER 2

Apparatus

The equipment used in the cxpcrimcnts is dcscribcd in the present chaptcr. Whcrc spccific

apparatus is used in a particular experiment, it is described in the relevant section.

2.1 The Convergent-Divergent Nozzle and Thrust
Measurement System

The experiments reported in this thesis relate to an overexpanded convergent-divergent nozzle to

which cavities of various lengths can be attached at the exit from the contoured divergent section. A nozzle

is here defined as the axisymmetric convergent-divergent section with or without a cavity. CD Nozzle is

defined as a convergent-divergent nozzle without a cavity, where as CD6, CD10 and CD20 nozzles are

defined as a convergent-divergent nozzle with the addition of a 60mm, 100mm or 200mm length cavity

respectively. At the nozzle exit a sharp edged orifice is attached which deflects the wall jet. The thrust

vectoring capabilities of four other nozzles have been tested and these are based on the convergent section of

the CD nozzle with various attachments at the exit to set the flow direction. RP45 Nozzle has a 100 mm

rectangular plate inclined at 45 degrees and RP60 Nozzle has a 100 mm rectangular plate inclined at 60

degrees at the exit from the convergent nozzle. 845 Nozzle has a 45 degree bend of the same diameter as the

throat attached at the exit and 890 Nozzle has a 90 degree bend attached at the exit from the convergent

section.

The experimental apparatus is illustrated in Figure 2.1. I and consists of a convergent-divergent

section equipped with eight equally spaced throat static pressure ports and four axial static pressure ports

along the divergent section of the nozzle. Manufacturing drawings and dimensions of the nozzle and the exit

rings can be found in Appendix A. At exit from the divergent section, the rate of change of area is zero and

the internal diameter is the same as that of the cavity section so that it couples smoothly. The convergent-
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divergent nozzle profile has been chosen such that in six throat diameters the nozzle expands following the

curve

Y=Crsin(Czx)t't + C, ,

where C1,C2 and C3 are constants. Dry filtered air is supplied to the apparatus via a 25 mm diameter line

connected to a I7 m3 air storage vessel. The storage vessel is maintained at 680 kPa pressure by a

compressor capable of delivering 5.8 m3 per minute.

The convergent-divergentnozzle receives air from a straight 0.9 metre long, 25 mm I.D.,9 gauge

brass tube, which is downstream from the orifice plate flow meter described in Section 2.3. They are

connected via a length of flexible high pressure hose. Two different apparatus arrangements are used for the

acquisition of experimental data. In the first arrangement, Figure 2.1. l, the supply tube is fixed vertically

into a heavy steel base plate equipped with four adjustable levelling screws. The base of the brass supply tube

is fitted with strain gauges which are used to measure the bending, torsion and compression reaction to the

momentum of the vectored jet, details of which can be found in Appendix A. Figure 2.1. 4 shows the

calibration of the strain due to bending caused by the side force applied at the nozzle exit. In the second

arrangement, the supply tube is fixed horizontally on a traverse table and coupled to an orifice plate flow

meter via flexible high pressure hose. The other end ofthe supply tube has the attached nozzle orientated so

that the L.D.V. beams can traverse the flow in each of the three directions shown in Figure 2.1. 2 This

arrangement was designed to accommodate studies of both 2-D plane jets and wall jets shown in Figure 2.1. 6.

At the nozzle throat diameter eight pressure tappings of lmm diameter are spaced equally around

the throat to measure the throat static pressure distribution. One of the pressure tappings is enlarged to 2mm

in diameter and doubles as the secondary fluid injection port. Four pressure tappings also of 1mm diameter

are placed axially along the divergent part of the nozzle to measure the axial distribution of pressure in the

divergent section of the nozzle.

These pressure ports, shown in Figure 2.1.5, are in line with the axial pressure ports situated along

the CD10 nozzle, shown in Figure 1.1. A basic convergent-divergentnozzle was reproduced with identical

contour, from the same mould, and used to investigate the effects of secondary injection port diameters

ranging from 0.5 mm to 3 mm. The range of secondary injection port diameters were studied to ascertain

both their efficacy in causing local jet separation and the degree of geometric interference they impose on the

axisymmetric flow and the results of these findings are presented in the following sections.
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Figure 2.1.3. Schematic diagram of other nozzles tested.

Figure 2.1.4. Calibration plot of strain gauges used to measure bending moment due to side force
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Figure 2.L.5 CD nozzle profile dimensions with axial and throat pressure port locations.

The nozzle has a fluid dynamically smooth surface finish. The 100 mm cavity connected to the

divergent part of the nozzle, to give the CD10 nozzle, is manufactured from transParent acrylic resin to allow

simultaneous use of laser sheet flow visualisation and LDV velocity measurements in the cavity while

measuring cavity wall pressure using 16 equally spaced circumferential pressure tappings at mid-length and

7 equally spaced axial pressure tappings as shown in Figure 1.1. This cavity, however, was found to be

optically inadequate and three other transparent 60 mm LD. cavities, 60 mm, 100 mm and 200 mm long,

each with only 0.5 mm wall thickness were manufactured to minimise the laser beam distortion through the

cavity walls. No wall static pressure ports were fitted to these three cavities. The eight cavity exit rings

considered are sharp edged, 20mm to 55mm I.D. and 5mm thick with a chamfer facing the flow. The exit

rings are fixed to the 100mm long, 5mm wall thickness cavity by four screws. For the thin wall cavities the

fixing arrangement of exit rings is by wires threaded through the exit ring and attached to the nozzle. Full

details of the apparatus may be found in Appendix A.
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2.2 Calibration nozzle

A calibration nozzle which produces a parallel flow at its exit was used to calibraæ the orifice plate

flow meter and to measure static pressure in the chamber upstream from the nozzle. The calibrations wefÞ

initially canied out by Nathan (1988) and by Newbold (1989) , unpublished internal relnrt, and a linear

relationship between the flow rate and the orifice plaæ differential pressure was established. These results

were independently confirmed by the author. As the calibration nozzle area contràction ratio was 100, the

upsEeam static pressure measured was effectively the reservoir pressure. The static pressure in the chanber

was calibraæd with high flow rates so that the upsEeam static pressure results could be used to evalr¡ate the

flow rate at high driving pressures when the relationship between flow rate and the orifice plate pressure

differential become non linear.

Since the velocity profile at the exit of the calibration nozzle was found to be unifofln, a point

measuÍcment at the exit was sufficient to calculate the mass flow rate through the calibration nozzle. The

velocity profiles were measured using both pitot-static probe and laser Doppler velocimetry and a sanple

result of the later method is shown in Flgure 4.8. 3. The trav€rses were carried out in both y and z directions

to confimr the axisymmetry of the flow.

Fþure 2.3. 1 Calibratlon curve for the orlfice plate flow meter.

Mass Fh¡x based on Orifice Differential Pressure and Nozzle Exit
Velocity

0.6

T
T

0.4
*

.E I
T

rl
T

o.2
TT

Trt

T

0

0 o.2

m (Uj) / m*

0.4 0.6

t7



2.3 OrifTce plate flow meter calibration

The orifice flow meter and control valve enable the primary flow through the convergent-divergent

nozzle to be metered and controlled. A thermometer and a pressure gauge are used to monitor the air

conditions downstream from the valve. The differential pressure across the orifice plate flow meter is

measured by a "Barocel" pressure transducer with a full scale range of 13.3 kPa and a resolution of O.Ol 7o

FSD. The orifice plate flow meter ìvas designed to conform to BS 1042. Since the discharge pressure from

the pressure vessel remains reasonably constant so too does the mass flow rate which is given by the

characteristic equation:

Mass Flow Rate = constant {(tt'pff)

The dynamic pressure measured in the exit plane of the calibration nozzle was used to calculate the

exit velocity and the mass flow rate through the nozzle. The constant deduced from measurements was 5.44

and thus;

Mass Flow Rate = 5.44 {(h'PÆ)

where h' is the pressure difference across the orifice plate measured in mm of water, P is the absolute static

pressure of the fluid and T is the absolute temperature in Kelvin.

This can be related to the subsonic nozzle exit velocity and Reynolds number. The results are valid

up to the mass flow rate of 30 x 10-3 kg/s, in which range the velocity at the throat is subsonic and

compressibility effects are minimal. Figure 2.3. 1 shows the calibration curve for the orifice plate flow meter

used for the primary flow rate. The curve shows the linear relationship between the measured mass flow rate

and the mass flow rate that was calculated using the velocity atthe nozzle exit.

The orifice plate flow meter was calibrated against the convergentnozzle, the CD, CD10 and CD20

nozzles and the results shown in Figure 2.3. 2 . The results show that for a constant driving pressure, the

flow rate decreases with increase in nozzle length and with reduction of exit area for a given nozzle length.

The throat static pressure of each of the nozzles has been recorded for the use in the calculation of fluid

properties at the throat. The mass flow rate calculated using pitot-static pressure measurements at the nozzle

throat are plotted against the calculated mass flow rate, using the theoretical orifice plate flow meter

constants described above, and correlate well for a given range of mass flow rates as shown in Figure 2.3. 1.
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2.4 Differential Pressure Transducer and Linear
Displacement Transducer Calibration

An array of 16 Honeywell (174 PC) differential pressure transducers, deails of which may be found

in Appendix 8., was used to convert pressure to voltage with linearity of the order of f 0.5 Vo, oyêl the full

scale range of + 4 kP4 and a resolution of 0.1 % Full Scale Deflection (FSD). The analogue voltage signals

were digitised using an RTI 800 analogue-to-digiøl card and stored in a PC-based SNAP-SHOT data

acquisition and storage syst€m for further analysis. A sanple of the calibration plot of applied pressure and

voltage output is shown in Figurc 2.4.1. The dynamic pressure was measured by total and static pressure

prcb€s connected to a single channel Honeywell (174 PC) differential pressure transducer described above.

The probe location was measured by means of a linear displacement transducer, calibration of which is

shown in Flgure 2.4.2, and the output of either the hot-wire, shown in Fþurc 2,7. 2, or the pressure

transducer was digitised and recorded for later analysis. Flgure 2.4. 3 shows the CDlO nozzle arrangement

with pressure tubing connecting the circumferential pressure pofts to 16 channel differential pressure

analyser.

Fþure 2.4. I Callbration curve for the Honeywelll74 PC dlfferentlal prcssure transducer.
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Displacement Transducer Calibration
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Figure 2.4.2 Linear displacement transducer output voltage against displacement.

Figure 2.4. 3 Photograph showing the pressure tappings on the cavity of the CD1.0 nozzle connected to

a L6 channel differential pressure transducer array via flexible tubing.
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2.5 Laser

The Argon-Ion laser has been used in two capacities. The primary use of the laser system was in the

laser Doppler velocimetry (LDV) mode. The other was the use of one of the laser beams passed through a

cylindrical lens to produce a sheet of laser light. The laser sheet was then passed through a seeded flow to

reveal the various flow structures and images were captured on film using a 35 mm camera.

2.5.1 Laser Doppler Velocimetry (LDV)

The laser Doppler velocimetry equipment used in this thesis is a TSI based 5 watt Argon-ion laser.

The 2-colour, 4 beam laser is water cooled and capable of measuring velocity in two directions normal to

each other, as shown in the system layout in Figure 2.5. 1. Directional ambiguity is resolved by frequency

shifting and the whole system was placed on a mobile platform to accommodate its use at different locations.

The laser beam is separated into a number of lines and two dominant wavelengths, namely blue (488 nm)

and green (514.5 nm) are chosen for measuring the fluid velocity. Each beam is further split into two beams

of equal intensity and one of those beams is frequency shifted. The beams are precisely aligned parallel to

the LDV table such that as they pass through the optics and the final lens, they all cross at the focal length of

that particular lens. Minor adjustments are carried out in the final alignment to ensure that all beams are

coincident. The waist of the intersection of those beams is minimum at the cross over point which ensures

that the measuring volume is minimum and high spatial resolution is maintained. The final lens mounted on

a 2-D traverse table is controlled by stepper motors so that the position is accurately measured in 0.01mm

steps. The LDV signal is collected in a back scatter mode and processed on a PC based data acquisition

system. Most of the data collected was processed during the data acquisition using a single channel real time

processor. Only the mean velocity, standard deviation and turbulence intensity were taken since only time

average values were of interest. Where detailed study of the turbulent structures were of interest, LDV raw

data was kept for post processing. Details of the LDV system can be found in TSI manuals.
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Figure 2.5. 1 Schematic of the T.S.I. laser Doppler velocimetry equipment used to measure the

velocity and produce laser sheet.

2.6 Flow Visualisation

A number of visualisation techniques were employed to study the flow. The average wall velocity

picture may be obtained using china clay surface flow visualisation. Another method is by capture on a high

speed video of the entrainment of smoke into the flow. A further method of studying the flow is by seeding

the flow through the nozzle with water vapour using the 6 jet atomiser and illuminate the plane of flow using

a laser sheet orientated normally to the viewing direction. A still photo reveals the structures in the flow in

the plane of the laser light sheet. All of these techniques contribute to the total understanding of the flow

studied and will be discussed in detail in the relevant sections.

2.6.1 Smoke TFace Visualised on High Speed Video

A number of smoke fface attachments were used to visualise the entrainment into the deflected jet

and the nozzle. A 12 mm diameter, 300 mm long straight tube with an affay of 50 equally spaced holes each

1mm in diameter, termed the smoke rake, was used to pump smoke for a period of up to 5 minutes and

visualise the entrainment in to the exiting jet. The smoke rake was positioned at various locations around the

23



nozzle exit to visualise the entrainment flow. The non toxic smoke was stored in a flexible vessel from which

it was pumped through the smoke trace attachments. Additionally a 72 mm diameter tube , termed the

smoke ring, bent into a 150 mm diameter ring with 40 equally spaced 1mm diameter holes on the upper

surface was used. The smoke ring was placed such that the nozzle axis coincided with the smoke ring axis

and smoke traces were flowing slowly relative to and in the same direction as the nozzle flow.

2.6.2 China Clay and Oil Surface Flow Visualisation

The china clay surface flow visualisation method is usually implemented by applying a thin film of a

solution of "china clay", (Kaolin) in a light oil, to the surface. As the solution dries it attains an opaque

white surface. When oil of wintergreen is applied to this surface, by spraying, it matches the refractive

index of the clay ttrereby , making it appear transparent. The flow is then started and the surface flow

patterns can be visualised by following the motion of the sluny as it dries. The regions of high mass transfer

have a high rate of evaporation and those areas return to original colour first. By contrast the areas of

separation have the slowest evaporation and therefore dry more slowly. By taking still photos of the various

stages of the process, critical points can be determined, Bradshaw (1970). A variation of the method yields

dark areas in regions of high shear and opaque areas where shear is small, Nathan (1988).

The oil streak surface flow visualisation is implemented either by applying a layer of oil on to the

surface and starting the flow or introducing the oil at the nozzle throat. At the areas of high shear, and also

high mass transfer, the oil is either moved along by the shear or evaporated from the surface. That which is

moved by the shear accumulates in areas of separated flow or other low shear or low mass transfer regions.

The flow direction on the surface was also determined by the oil droplet orientation. Photographs of the flow

were taken for further analysis of the flow patterns inside the nozzle. The alternative to this 'was to introduce

the oil upstream from the nozzle throat and follow the development of the surface flow patterns. The

advantage of this method was that the amount of oil introduced can slowly be increased to establish the flow

patterns and capture these on 35 mm film.
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2.6.3 Laser Sheet Flow Visualisation

Laser sheet photography was used in visualising the flow structures inside and outside lhe nozzle.

The flow was seeded using a "six-jet atomiser" which produced very fine water droplets. The water vapour

laden jet is illuminated using a laser sheet produced by the Argon-ion laser and images captured on either

black and white or colour film using a conventional 35 mm camera. The laser sheet was produced using a

cylindrical lens and the sheet was either passed along the nozzle axis centre line or normal to it. This

technique was used on the axisymmetric nozzle flow, plane jet flow and a wall jet flow over a gate to

visualise the flow patterns.

2.7 HotWire Anemometry

Hot wire anemometry refers to the use of a small electrically heated wire element exposed to the

fluid flow the heat loss from which is related to the normal component of the velocity of the flow past it.

Typical dimensions of the sensitive element of the wire are of order 0.005 mm diameter by 1.0 to 2.0 mm

long. The frequency response of the hot wire can be increased electronically by sensing the changes and rates

of change of the wire resistance at constant current, or the electrical current required to keep the wire

resistance (temperature) constant. This electronic compensation can increase the frequency response from

around 500 Hz to values of around 500,000 Hz. The constant temperature control system operates by

utilising a feedback mechanism to maintain the sensor at a constant temperature. Tungsten is the most

conìmon material used because of its high temperature coefficient of resistance, (0.004 / 'C). Oxidation is

the major problem with the use of tungsten wires at high temperature gases, but was used in the present

system as temperatures were effectively ambient. A calibration of the wire is shown in Figure 2.7. I in the

form (flow velocity)O's versus (hot wire voltage)' This is a linear relationship and can be represented by a

formula for velocity in terms of voltage as in Equation 2.1.

u=[#(v,-v'")f
Eqn.2.1
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where V represents the mean Voltage measured and U represents the mean flow velocity across the element.

Since the wire diameter is small, wires are easily damaged especially with high speed flow where even the

smallest of particles can destroy the wire. l¡or each of the hot wire probes used the calibration constants were

evaluated and the values shown in Equation 2.2 are typical. The constants change with time, especially early

in a wires life, and calibration before and after each use was standard procedure.

u = ( 0.8852 (v' - 3.5721) )'nqn z.z

The above equation was used to convert one of the sets of digitised hot wire voltages to velocity

values. After the initial "burn in" the constants varied only slightly over a long period but has a very small

effect on the accuracy of the measured velocity profiles. A hot wire positioned at the nozzle exit is shown in

Figure 2.7.2 together with the pressure tubing connected to the cavity pressure ports.
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CHAPTER 3

A New Generation of Thrust Vectored Nozzles (T.V.N.)

3.L Introduction

The vectoring of thrust has been employed by man from prehistoric times. It has been used for

millennia by sailors to harness the naturally occurring momentum of the wind by changing its direction

locally and so deriving a t'orce to propel their ship in the general direction they wish to travel. Examples

such as axial turbines, pelton wheels, wind mills, yachts, planes and ships all use the same principles of

altering the momentum direction by redirecting the flow and in the process producing a force in a desired

direction. The direction of the thrust produced by a nozzle can easily be changed by changing the orientation

of the nozzle as is used in the attitude control of space vehicles. If the nozzle itself cannot be directed, more

limited control can be achieved by introducing deflector plates or tabs into the flow to deflect the jet itself by

mechanical means. Such systems appear as "thrust reversers" for slowing jet aircraft after landing and in the

attitude control of the "Nulka" hovering decoy rocket. However the process of deforming an axisymmetric jet

from an engine or a rocket motor into an asymmetric jet to produce vectored thrust is greatly complicated by

the high dynamic pressures and temperatures associated with the hot gases and the presence of erosive and

often corrosive particles.

A nozzle that produces a deflected jet by fluid dynamic means has been developed at the University

of Adelaide as a by-product of work on a family of Enhanced Mixing Burner (EMB) Nozzles Í176,2071. The

flow generated by the family of EMB nozzles is characterised by the precession of a deflected jet. The

primary motivation of this project was, and still is, the efficient mixing of fluids by non mechanical means.

Interest in this work originated with the discovery of what is now termed the Abell nozzle [1,2] which

produced a flow phenomenon driven by coupling between several flow excited acoustic modes. Initially the

flow entering a 2-D nozzle was excited by a speaker driven at a frequency and phase which was locked via

on-line frequency analysis to the signal from a hot-wire anemometer placed at the edge of the issuing jet.
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The aim was to lock the formation of Brown-Roshko vortices in the jet to the speaker frequency via a phase

locked loop. However the whole flow field changed and a set of "pumped" vortices were formed which

caused the jet to spread with an included angle of 180 degrees. The same technique was tried with circular

nozzles but with limited success. Abell and Luxton [3,4] set out to generate the acoustic signal fluid

dynamically by considering an Orifìce-Cavity-Orifice (O-C-O) nozzle which produced a {0,1} mode

"whistle". This nozzle produced extraordinary diffusion of the jet, but turn down was limited to about 1/2

octave, based on Strouhal number. It was apparent that mixing enhancement by natural acoustic excitation

would necessarily be limited to constant flow system.

During a subsequent parametric study of O-C-O system, Nathan (1988) discovered the precessing jet

flow within a range of the parameters studied. The only cornmon parameter in the nozzles studied by Abell

and Nathan is the Orifice-Cavity-Orifice configuration shown in Figure 3.L. L. The mixing enhancement in

the two types of nozzles involve quite different mechanisms, the first being acoustically driven while the

second being driven by a fluid mechanical instability. The ratios of the characteristic dimensions which

characterise each of the nozzles are presented in Figure 3.1.2, reproduced from Nathan (1988), and the

ranges ofthese characteristic parameter ratios, d¡l d., d,l d" and /./ d., which have been tested by both Abell

and by Nathan are shown. The ratios for the present study of CD, CD10 and CD20 nozzles are indicated

within Figure 3.1.21or reference. The different mechanisms which enhance mixing in these two classes of

nozzle are summarised as follows:

¡ The Abell whistling nozzle is a singular case which relies on fluid dynamic excitation and coincidence of

discrete acoustic modes.

¡ The Mid Length Cavity (MLC) nozzle reinforces a naturally occurring fluid dynamic instability inside the

nozzle cavity. The instability occurs intermittently over a wide range of configurations but the geometric

configuration indicated in Figure 3.1. 1 is most effective in producing a consistent asymmetric jet which

only partially fills the nozzle exit and which precesses.

o The Long Cavity (LC) nozzle also uses the fluid dynamic instability produced inside the nozzle, but

increased cavity length causes the exiting jet to fill the whole of the exit plane. Precession is less well

defined than for the MLC nozzle but although mixing enhancement is less than for the MLC, it is never

the less substantial. Each of the above nozzles has shown potential for gas combustion, producing

excellent flame stability, but the Abell acoustic nozzle has very limited turn-down, unlike the MLC and

LC nozzles for which turn-down is continuous from choked flow to pilot flame.
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Figure 3.1. 3 Centre llne velocity decay comparison between a turbulentJet exiting a convergent

nozzle, axisymmetric jet exlting a CD nozzle and an asymmetúc wall jet exitlng a CD nozzle.

o The CD Nozzle produces an intermittently precessing jet which can be stabilised in a chosen azimuthal

di¡ection by secondary fluid injection at the throat. The angle at which the jet is deflecæd across and

away ftom the nozzle axis, one of the primary parameters of interest in thmst vector control, depends on a

combination of the expansion ratio, nozzle length and exit lip height. The non-precessing deflecæd jet

produces large scale enfainment of ambient fluid into the ftee shear layer. Two stream-wise vortices

which originate inside the nozzle and which appear ûo be caused by the combination of the axial and

radial curvature of the nozzle wall are the main cause of the enhanced mixing.

r The CD6, CD10 and CD20 Nozzles similarly produce intermittently precessing jets which enhance large

scale enEainment but to degrees which decrease in the order indicated. The parameters fon these

configurations were evaluated as part of the study of the effect of nozzle length on thrust efficiency.

By definition, increased rates of mixing occur simultaneously with increased spreading angle of the

flow. In conventional jets, an increased mixing results in a quicker decay of the cent¡e line velocity and

hence the centre line velocity decay has become a common way of measuring the degree of mixing rate

improvenent in nozzles [22]. However the method is only applicable if the velocity profile of the jet is and

remains largely self similar with the characteristic bell-shaped distribution. Flgure 3.1. 3 shows a

comparison between the centre line velocity decay of a conventional axisymmetric turbulent jet from a

convergent nozzle, of the undisturbed jet from the CD nozzle and of the mean flow centre line velocity of the
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deflectedjet from a CD nozzle with throat disturbance. It is clear that the walljet centre line velocity decays

more rapidly than does the centre line velocity in a simple jet due to the transverse expansion of the jet inside

the nozzle caused by the axial and radial wall curvature.

3.2The Abell Nozzle

As indicated above, the Orifice-Cavity-Orifice developed by Abell and Luxton 1112,3,4,1741, here

referred to as the Abell "Whistling" Nozzle, utilises an acoustic feedback mechanism such that the cavity is

the primary exciting source. This is driven by the coupling of at least one acoustic mode in the cavity with an

upstream Strouhal shedding caused by the separation of the flow from the upstream orifice and its interaction

with the downstream orifice. The nozzle dimensions were precisely chosen such that the Strouhal shedding

from the primary orifice was matched to the {0,1} radial mode of the cavity, which in turn drives, reinforces

and strengthens the vortex shedding and so enhances the mixing characteristics of the nozzle. lüith the

whistling nozzle there is no evidence of ambient fluid being induced into the cavity. The Abell nozzle has a

relatively short cavity compared with the MLC, LC, CD, CD10 and CD20 Nozzles, as shown in Figure 3.1.?

and its optimum dimensions were chosen primarily to maximise the fundamentally poor turn-down ratio

without unduly compromising the mixing enhancement. The chosen ratios were:

d, / d" = 0.2, d" / d." = 0.45, 0.6 < L, / d, < 0.7

Eqn 3.1

Nathan's (1988) investigation of the effects of varying cavity length on flame stability revealed that

as the cavity length increased, the number of resonant modes which were able to reinforce the Strouhal

shedding also increased. Details of this study can be found in Nathan (1988X in Figure 3.3), which shows

the stability map and the range of flow rates over which the EMB is able to stabilise a flame (for a given

cavity length). Nathan also concluded that while the extra resonances in longer cavity means that it is

possible to maintain a stable flame over a larger operating range, the nozzle is not well suited for combustion.

It was also concluded that the several resonances were of unequal strengths and did not produce the same

degree of flow stability. In combustion applications this would lead to oscillations of the flame between the

adjacent modes. As pointed out by Nathan, an inherent characteristic of all acoustically excited nozzles is

their limited turn-down ratio. He summarised his investigation of the acoustic nozzles in a following manner

for d, / d. = 0.2 and d" I d. = 0.45 :
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Summary of Acoustic Nozzles

1 Acoustically induced enhanced mixing occurs throughout the dimensional range of:

0.45<L,/d,<1.5 Eqn 3.2

2. ForL" I d" < 0.45 acoustic rcsonances are detectable, but do not cause an improvement in flame stability.

3. For 0.45 < L. I d" < 0.8 "cut-on" of an acoustic resonance (presumably the {0,1} mode) with or without

coincident modes as found by Abell and Luxton for 0.6 <L" / d" < 0.7) occurred over a small operating

flow range, and was associated with a dramatic improvement in flame stability'

4. For 0.8 < L" I d,<1.5 different acoustic resonances can be excited over different flow ranges. This results

in several stable and unstable combustion zones in the operating range of a single geometry with different

flame shape in each range.

5. A "cut-on" of flow patterns which produce improved flame stability is always accompanied by an acoustic

resonance.

6. Flame blow-out is not necessarily accompanied by a corresponding "cut-off" of an acoustic resonance.

In summary, the Abell nozzle could have applications in combustion if for given hxed primary and

secondary orifice diameters, the burner length could be mechanically adjusted as a function of mass flux, so

to give the maximum coupling of the Strouhal shedding and in turn to enhance mixing to produce a stable

flame.
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3.3 The Mid Length Cavity (MLC) nozzle

The MLC nozzle is the nozzle explored in detail by Nathan. This nozzle, he found, involved no

acoustic resonances of measurable magnitude yet produced excellent mixing over a wide operating range. He

postulated that the M.LC nozzle generates its enhanced mixing by large scale engulfment due to precession of

an asymmetric jet from an Orifice-Cavity-Orifice nozzle configuration. The precession produced by the

asymmetric jet was investigated in detail by Nathan by examining the results from a large number of flow

visualisation experiments in both air and water, together with pitot tube, hot-wire anemometry and acoustic

spectra measurements in air. The results appear to agree with and greatly extend the results of independent

research by [113] and [78] which investigated a flow in an abrupt expansion of smaller area ratio than that

used by Nathan and found precession to occur only when a swirl is introduced upstream of the primary

orifice. The flow phenomena, it should be stressed, are unrelated to the acoustic feedback mechanism used

by Abell et,al.

For the configuration of the MLC nozzle tested, it was found that the instantaneous jet leaves the

secondary orifice exit plane with a mean angle in excess of 65" from the nozzle axis with the jet edge nearest

the exit plane being almost at right angles to the axis. It was shown that when such a jet of gas precesses, it

produces a short bulbous flame with high mixing iates due to the large scale folding of ambient air into the

vortex structures produced by the precessing gas jet. The precession in such a nozzle is generated fluid-

mechanically and is not completely stable. The flow may cease to precess for a brief moment and then start

again in a direction which is statistically random unless the upstream flow contains swirl, in which case the

direction of the precession is always the opposite from that of the swirl.

The flow produced in and by the MLC nozzle was shown to support a highly stable flame. The

stand-off distances were shown to be an order of magnitude lower than that of a free turbulent jet, and blow-

off velocities were four times greater. The results were obtained in free air but indications were that this type

of burner could be used equally well in the confined space of a furnace or a cement kiln. When the

configuration was tested in cold flow, the entrainment rates measured were five fold those of the free

turbulent jet entrainment. The projected performance in service has subsequently been proved [180].
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3.4 The Long Cavity (LC) nozzle

The Long Cavity (LC) nozzle has flow characteristics which are not too dissimilar from those of the

MLC nozzle. The flow generated by the LC is a rapidly mixing, rapidly spreading jet originating from a

naturally asymmetric jet which is directed at a smaller angle from the nozzle axis than is the jet from the

}.'{LC nozzle for the same mass flux. Nathan (1988) showed by detailed measurements of the acoustic spectra

that the LC nozzle is not an acoustically excited phenomenon, since no dominant frequencies were present,

no sudden change in spectrum occurs in any part of the operating range and the phenomenon is unchanged

when the nozzle is operated as a submerged water jet. If the acoustic feedback mechanism was present, there

would have been sudden changes in the frequency spectrum and the large difference in the speeds of sound in

water and in air would surely have çaused the flow character to be different for the two fluids. This result

further supported the conclusion drawn from experiments that LC does not suffer from the problem of limited

turn-down ratio.

The nozzle was found to be tolerant of minor dimensional imperfections indicating good durability

and low maintenance of the nozzle even in a hostile environment. A number of lengths of cavity were

evaluated but limits to the geometric configuration were not found. When Nathan discovered the even larger

mixing possible with the l:NdLC nozzle, that nozzle became the focus of attention causing the premature

cessation of experiments on the LC nozzle. Thus it cannot be claimed that the nozzle has been optimised.

Very recently, commercial consulting has suggested that the LC nozzle may have applications in the process

industry and work is to be regenerated.

The results from total and static pressure profiles indicate that there is no recirculation zone in the

jet. It also shows that the mean velocity profile at the exit of the nozzle is bell-shaped, not "top hat" which

indicates that the jet has diffused and the potential core has been consumed inside the cavity. The jet is never

the less instantaneously asymmetric as it passes through the exit plane. This differs from the MLC velocity

profiles, where a recirculation zone exists due to the exiting deflected "wall jet". It was shown that the half

jet spreading angle for the LC nozzle is of the order of 28o from lhe nozzle centre line compared with

approximately 10" for the free turbulent jet produced by the convergent nozzle in the present project with an

infinite abrupt expansion.
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3.5 The CD Nozzle

The results of the author's initial evaluation of nozzle geometric parameters was that the CD Nozzle

produced the highest momentum deflected jet of the nozzles tested. The work carried out on this nozzle

followed on from the initial flow investigation on the CD10 nozzle configuration, which was modelled on the

l:0l4LC nozzle geometric configuration and which produced a deflected jet when a secondary orifice was placed

on the nozzle exif. Both short and long nozzles have their advantages, as will be shown later, and it is

envisaged that, in the practical application of this type of controlled flow nozzle, there may be a need to vary

the length of the nozzle and the diameter of the secondary orifice to satisfy the mission requirements.

It is postulated that the CD Nozzle generates efhciently a precessing, highly deflected jet by means

of an asymmetric jet impinging on a small lip at the nozzle exit assisted by a radial pressure gradient. The

postulate has been derived from a large number of flow visualisation, pitot tube, hot-wire anemometry, laser

Doppler velocimetry and wall static pressure measurements. The postulate is consistent with results of other

researchers and in particular with those by Nathan (1988). The flow phenomenon is produced by injecting a

secondary fluid through a pressure port at the throat and across the primary flow which may impinge on the

throat wall opposite and downstream from the injection point. The secondary fluid entrains primary fluid as

it leaves the port and produces an adverse pressure gradient at the throat near the secondary injection. On

the opposite side, as the secondary fluid is transported downstream by the primary fluid, it impinges on the

wall producing locally a region of favourable pressure gradient. This flow promotes a Coanda like

entrainment causing the streamlines of the primary jet to follow the curvature of the nozzle wall and remain

attached on that side of the nozzle but to separate in the region downstream from the secondary injection

port. The primary flow thus forms a wall jet on the nozzle wall diametrically opposite from the injection port

of the secondary fluid. This wall jet deforms as it proceeds downstream from the throat and spreads over

about half the nozzle circumference by the time it reaches the nozzle exit. The jet has been visualised by

laser sheet photography as shown in Figure 4.3. 2 to Figure 4.3. 18. The thickness of the wall jet at the

nozzle exit is about twice the throat diameter and increases at a higher rate as it leaves the nozzle exit plane,

as shown in Figure 4.3. 3, indicating a high degree of mixing outside the nozzle.

'When the exit ring is placed at the nozzle exit, it causes the jet to deflect across the nozzle axis. The

size of the exit lip determines the angle to which the jet is deflected and has been measured to exceed 80o for

a particular configuration. The exit ring focuses the kidney shaped wall jet towards the nozzle axis. For

smaller exit ring diameters, that is with larger step at the exit, mass flow is squeezed through a diminished
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exit area. This causes the fluid exit velocity to increase to maintain constant mass flux. The increase in exit

velocity also affects the deflection angle of the jet due to a change in radial pressure gradient which is caused

by changed entrainment into the nozzle.

3.6 The CDL0 Nozzle

The postulated flow in the CD Nozzle largely applies for the CD10 Nozzle. The CD10 Nozzle

generates an asymmetric wall jet which, at Reynolds numbers below around 30,000, is unstable and switches

from axisymmetric to asymmetric flow. A fully asymmetric flow is established at a Reynolds number of

around 45,000. The precession direction is not predictable at the nozzle exit but if the flow upstream from

the throat is given a slight swirl, the precession is always in the direction opposite from that of the swirl. The

flow exiting the nozzle is more diffuse than is the flow exiting the CD Nozzle for a given mass flux, and

when an exit ring is attached, the flow is deflected across the nozzle axis but at a lesser angle than for the CD

nozzle.

The velocity distribution at the exit occupies a proportionally larger portion of the exit area than in

the CD nozzle for a given mass flux and exit ring diameter. This reduction in the area available for

induction of ambient fluid into Íhe nozzle in response to the sub-atmospheric cavity pressure, produces an

acceleration of the entrained fluid at the exit plane which in turn produces a pressure gradient across the

exiting jet and so deflects it further away from the nozzle axis. The radial pressure gradient is a secondary

influence in the deflection of the jet, the primary effect being the impingement of the high momentum wall

jet on the exit ring.

Due to the increase in nozzle length, the wall jet is thicker at the nozzle exit compared with the CD

nozzle. The primary flow momentum is thus distributed over a larger cross-sectional area such that when the

wall jet meets the exit ring the momentum which can be deflected into the horseshoe vortex, which seems to

be one of the agents causing thejet to be deflected and which is discussed at length in subsequent sections, is

reduced. Its intensity is therefore less than in the CD nozzle and hence the jet deflection is smaller. Also the

more diffuse momentum produces a lower thrust. The character of the flow may be compared with that noted

by Nathan (1988) in his MLC nozzle. The above process is more obvious in the CD20 nozzle due to the

greater distance available for the wall jet momentum to be diffused as indicated below. The process is

discussed in more detail in Chapter 6.
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3.7 The CD20 Nozzle

The CD20 Nozzle generates a rapidly spreading jet that occupies the whole of the exit area. The jet

at the exit is mildly asymmetric and the exit ring at the exit plane produces some deflection. The jet is well

mixed at the exit and the magnitude of the momentum vector is much lower than that for the CD and CD10

nozzles. This low momentum flow produces a relatively low thrust and a well mixed flow at the nozzle exit.

Flow is generated by the secondary injection of fluid at the throat which produces a wall jet as in previous

cases. The development length of the jet in this case is however much greater than ftrr the other two çases

causing the jet to occupy virtually the whole of the exit area. This prevents the ambient fluid from being

entrained into the nozzle and causes the jet to deflect at a much lesser angle due to the absence of a radial

pressure gradient. The flow is similar to the that described by Nathan for the LC nozzle. The thrust

produced by this nozzle is also lower than the thrust produced by CD and CD10 nozzles for the same mass

flow rate.

3.8 Other Nozzles Ïbsted

The two configurations, RP45 and RP60 employ the same convergent section as used for all nozzles

but have respectively, a 45o or 60o deflector plate positioned at the exit plane (equivalent to the throat) to

deflect the flow in a manner comparable with that used in some conventional jet vectoring systems. The

nozzles were tested to provide base-line thrust vectoring capabilities with which to compare the present range

of nozzles oyer a range of mass flow rates. The other two configurations, the 845 and B90 Nozzles, consist

of the conver gent nozzle with respectively a 45' or 90' bend positioned at the exit to deflect the jet. Again

these were tested to provide comparison with another conventional configuration. The tests were performed

using the thrust measuring apparatus described earlier in Chapter 2. and the results of these measurements

are discussed and compared with the results of other thrust vectoring nozzles in Chapter 6.
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3.9 Conclusions

Three modes of flow excitation, namely acoustic, fluid mechanic and fluidic disturbance, have been

identified for the nozzles discussed.

The acoustic excitation produces large scale vortical structures resulting from a flow through a

primary orifice producing vortex shedding which stimulates a {0,1} radial mode in coincidence with a

resonant mode of the cavity which is amplified sufficiently to produce strong, large scale vortical structures at

the nozzle exit.

The MLC Nozzle produces large scale structures by engulfment of ambient fluid into the vortex

structures produced by the asymmetric precessing jet from an O-C-O nozzle configuration. The mechanism

of precession is currently being studied by other researchers in the department. The process by which the

precession is initiated and sustained is not yet fully understood but it is suspected that the asymmetry of

entrained fluid at the back of the cavity sets up a swirl that is sensitive to the entrained fluid. In the LC

nozzle case, the primary jet diffuses much more than that in the MLC Nozzle and it occupies the whole of the

exit plane. The primary jet appetite upstream from the exit is satisfied by the shear layer recirculation back

towards the primary orifice. This lower momentum flow produces a much weaker swirl at the base of the

cavity and consequently the precession of the primary jet is weaker.

The non-precessing fluid dynamically deflected jet produced by'the CD nozzle results from an

injection of a secondary fluid which imposes a preferred direction on the system. This prevents the primary

jet from precessing. The azimuthal position of the primary flow is determined by the azimuthal position of

the secondary injection point. The exit ring diameter determines the angle ofdeflectedjet at the nozzle exit.

The CD10 and CD20 have similar flow characteristics near the throat but the flow changes downstream,

mainly due to the increased nozzle length. The diffusion of the wall jet distributes the momentum over a

larger cross-sectional area and the impact of the lower momentum fluid on the exit ring decreases the effect

on the streamline curvature. This produces a jet deflected at an ever diminishing angle as the nozzle length

is increased with other parameters held constant. Details of the investigations of these flows on which the

above qualitative interpretation have been based are presented in the following Chapters.
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CHAPTER 4

CD Nozzle and its Flow Mechanism

It is postulated that the CD Nozzle generates highly deflected precessingjet effectively as a result of

the impingement of an asymmetric wall jet on a lip at lhe nozzle exit so feeding primary flow momentum

into an intense vortex loop which generates a strong transverse pressure gradient. The postulate has been

derived from a large number of flow visualisation, pitot tube, hot-wire anemometry, laser Doppler

velocimetry and wall static pressure measurements. The postulate is consistent with the results obtained by

Nathan and other researchers but differs significantly in the matter ofinterpretation. It is also postulated that

the mechanism by which a non-precessíng deflected jet is produced is similar in character to the precessing

jet flow. The non-precessing deflected jet is azimuthally steered by the injection of a secondary fluid through

a pressure tapping at the throat producing an adverse pressure gradient at that point and a favourable

pressure gradient diametrically opposite and slightly downstream from the nozzle throat. Coanda like

mixing of primary flow momentum allows the streamlines of the primary wall jet to follow the curvature of

the nozzle and to maintain contact with the wall. When an exit ring is placed at the nozzle exit, the same

intense vortex loop postulated for the precessing case generates a strong transverse pressure gradient which

causes thejet to deflect sharply across the nozzle axis. These postulates are consistent with the findings from

experiments as discussed below.
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4.1 
^ 

Characteristic Description of the Flow Patterns
Generated Inside and Outside the Nozzle

The following description of the flow generated inside the nozzle is applicable to all forms of CD

Nozzle, ie., the CD, CD6, CD10 and CD20 Nozzles for fully developed smooth wall pipe flow in the supply

to the nozzle ard for throat Mach numbers less than 0.7 in which range compressibility had little effect on

the flow structure. The effects of Mach number on nozzle thrust, on the other hand, was significant due

predominantly to thc rcduction in density ( see Chapter 6.). The flow characteristics have been derived from

flow visualisation photographs, velocity profiles and wall static pressure measurements.

In the absence of any throat disturbance, below a Reynolds number of about 45,000, the jet leaving

the nozzle throat initially separates axisymmetrically downstream from the throat. As the Reynolds number

increases above 45,000 the jet separation switches intermittently between axisymmetric and asymmetric and

at Reynokls numbers greater than about -55,000 it separates esymmetrically and precesses intermittently in an

apparently random direction.

To allow study of the flow patterns in detail, the deflected jet can be locked in an azimuthal position

by introduction of a local disturbance, namely the injection of a secondary jet through a pressure tapping at

the throat. The primary jet then remains attached to one sector of the nozzle wall and expands both

transversely and radially. The absolute momentum of the primary jet is increased only marginally by the

radial injection of the secondary fluid, but this change is sufficient to pruluce a side force which deflects the

primary jet, causing it to be biased toward the wall diametrically opposite from the injection port. The

seconrlary jet sets up a complex local pressure fîeld in the region of the injection port" Lim, Kelso and Perry

(1992),whichincludesaregionofadversepressuregradient. Thesecondaryjetisconvecteddownstreamby

the primary, so its trajectory is curved. When and if it reaches the opposite side of the nozzle throat, the wall

curvature is such that the trajectory of the secontlary jet could be such that it is almost aligned with the wall.

This could regenerate the boundary layer before the primary jet, which is now a wall jet, can separate.

The wall jet continues downstream, expanding azimuthally and entraining ambient fluid which has

been induced into the nozzle. The wall jet is then ftrrced to separate and deflect by the exit ring at the exit

plane of the nozzle. The deflection is enhanced by the existence of radial pressure gradient at the exit of the

nozzle. Due to entrainment by the primary jet, the pressure inside the nozzle is sub-aÍnospheric and as a

consequence, ambient fluid is induced into the nozzle. The flow of ambient fluid into lhe nozzle almost

reaches the throat immediately downstream of the secondary jet as is clearly shown in the surface flow
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visualisation shown in Figure 4.5. S. The surface shear stress patterns, which indicate the direction of the

flow near the surface, is visualised by oil and graphite mixture as shown in Figure 5.5. 3 (a). These patterns,

it will be seen, show both the negative bifurcation surface of the primary jet and the entrained fluid in the

absence of the exit ring. These surface flow patterns indicate the flow direction and the spread of the primary

jet downstream from the throat. When an exit ring is attrached to the nozzle exit, observation is more

¿ifficult, but the surface flow patterns shown in the following section indicaæ that the wall jet is deflecæd

across the nozzle axis ancl the flow inside the nozzle is changed significantly . As the exit area is made

progressively smaller, the surface flow patterns rcvcal that high strcamline curvature is present tt The nozzle

exit and this appears to be the result of a very strong vortex ùpstream from the exit lip. The induced ambient

fluid velocity increases with the reduction of the exit area, based on the observations of a tuft at the nozzle

exit an{ on marked ambient fluid entrained from the base of the apparatus shown in Figure 4.3. 1. These

observations are discussed in detail in the following Sections.

4.2 Total and Static Pressure Profiles

A number of total and st¿rtic pressure measurements have been taken using a pitot-static probe inside

anrl outside the CD nozzle configuration with various diameter exit rings added at the nozzle exit. The

<liametrical fraverse insirle the nozzle was limited by the size of the exit ring since the probe was aligned

parallel to the nozzle axis. Both total and stâtic pressures were taken simultaneously using the pitot-static

probe. The nozzle without the attached exit ring was the only exception in the total pressure case, but the

static pressure coukl not be measured close to the wall using the static-pressure probe due to the nozzle

curvature and the fact that the static pressure holes are some distance downstream from the probe tip. For

this reason, the pressure inside the cavity wa^s interpolated from the obtained data.

The pressure results were also used to calculate the velocity profiles using the measured dynamic

and interpolated static pressure and these velocity measurements were repeated using hot wire anemometry.

The wall static pressure at the curved wall downstream from the nozzle throat was measured using 4 axial

pressure tappings along the nozzle wall. A set of 8 equally spaced pressure fappings is located at the nozzle

throat as described below. The pressure measurements \ryere taken for the flow rate up Mach I at the throat

and are presented in the following Sections.
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4.2.1 Apparatus and Experimental Techniques

A pitot-static pressure probe of 3 mm O.D. was used in the measurement of the total and static

pressure. The 2mm inside diameter pressure lines were connected to a differential pressure transducer to

measure the difference between total and static pressures, ie. the dynamic pressure. The differential pressure

transducer, described in Section 2.4, was calibrated to give a linear relationship between the pressure and

voltage with zero offset, as shown by Figure 2.4. l. The voltage produced by the pressure sensor was

digitised and stored on a PC based data acquisition system for further analysis.

Seven 1 mm diameter plus one of 2 mm diameter pressure tappings are equally spaced around

circumference at the throat. Four further pressure tappings are located axially along the nozzle wall as

shown in Figure 2.1.5 All tappings are connected to a 16 channel pressure transducer via flexible tubing,

described in Section 2.4.

Thble 4. L Variation of axisymmetric and asymmetric gauge pressure (Pa) inside CD nozzle

x lD. 6 5 4 3

Reynolds No.

Axisymmetric Flow

35,000 -40 -36 -28 -20

46,500 -91 -89 -70 -51

49,000 -t20 -115 -95 -72

55,000 -r47 -151 -r23 -110

Asymmetric Flow

58,000 -200 -280 -380 -420

60,000 230 -330 -440 -500

65,000 -260 -378 -500 -s30

68,500 -275 -4t2 -s30 -640
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4.2.2 Nozzle Static Pressure

The static pressure variation across the CD nozzle centre line in the plane of symmery of the

axisyrrmetric flow at varíous distances from the nozzle throat is shown in Flgure 4.2. t fsr a Reynolds

number of 35,000, which corresponds to a mass flux of 5x10-3 kg/s, and Reynolds number of 55,000,

corresponding to a mass flux of 73xl}-3 kg/s is shown in Fþure 4.2. 2, The flow remains t€ntatively

axisynunetric with some distortion of the søtic pressure profiles visible in the later figure. The axisymmetric

static pressure profiles collapse onto a common curvc at a givcn axial location downsúeam from the throat

and a comparison of the results between Reynolds number of 35,000 and 55,0(X), is shown in Flgure 4.2.3.

The results indicaæ that the static pressure inside ¡he nozzle becomes more sub-afitospheric with increase in

primary mass flux causing more ambient fluid to be induced into the nozzle and ent¡ained by the prinary

flow. There is some tendency for the jet to become asynrmetric prior to reaching the Reynolds number of

55,000 and the slightest asynmetry at or near the throat, such as an incompletely sealed static pressure hole,

can produce an asymnetric flow.

Fþure 4.2. 1 Axisymmetric static pressure inside the CD nozzle normalised by the centreline dynamic

pressure at Rer= 351000.
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Static Pressure of an Axisymmetric Jet inside the CD Nozzle at a
Range of Locations Downstream from the Throat at Re = 55,(X)0
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Flgure 4.2.2 Axtsymmetric static pressure lnside the CD nozzle normallsed by the centreline dynamic

pressure at Re, = 55rü)0.

Figure 42.3 Comparison of axisymmeh:lc static pr€ssure inside the CD nozzle at Re,= 35,fi)0 and

551000 normallsed by dynamic pressure, at a range of locatlons downstream from the throat.
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When the Reynolds number is greater than 55,000 the flow becomes asymmeric and unstable in is

azimutbal direction. This instability is eliminated by injecting a secondary fluid through the throat pressure

tapping to maintain the azimuthal orientation of the jet so that stable jet pressure measurements could be

taken. The static pressure profiles of the asymmetric flow at a Reynolds numbers above 55,000 are shown

below in Figure 42.4for a number of stations downstream ftom the throat .

The søtic pressure profiles of the asymmetric flow at higher flow rates, for a given distance

downstrearn ftom the throat are of similar shape. Generally they are more sub-afirospheric for the higher

flow rates. The minimum static pressures measured inside the nozzle at various distances are tabulated in

Table 4.1. The søtic pressure probe could not be inserted into the ¡ozzle any closer than I tbroat diameter

downstream from the throat without altering the very nature of the instability being studied. Therefore the

static pfessure data is not available for distânces closer then 2 throat diameters from the throat due to the

location of the satic pressure holes on the probe.

Fþure 4.2.4 Statlc pressure proflles of two types of flows lnslde CD nozzle at Re,=55,0(m, AR=l.
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4.2.3 Nozzle \ryail Static Pressure

The static pressure on the nozzle wall was measured at four axially spaced locations, details of

which are shown in Figure 2.1.5, the first of which is 15 mm, the next is 25 mm, the third is 35 mm and the

fourth is 40 mm downstream from the throat. The measurements taken at these four locations include the

efflects on wall pressure due to variation in mass flux and change in exit area. The results indicate the

dependence of nozzle static pressure on the exit area relative to the cavity area, AR.

Results from mcasurements taken at the 4 axial locations downstream from the throat are presented

in Figure 4.2.5 to Figure 4.2.8, for Reynolds number of 41,000 and 75,000. It can be seen from these

figures that the static pressure initially reduces with the reduction of exit area for both Reynolds numbers

measured. The minimum measured static pressure was reached when the exit area was around AR=0.69

which coincides with the maximum entrainment from ambient into the nozzle. As the exit area was further

reduced, the static pressure increased ,as expected, due to further restriction on the exiting wall jet, which

now occupies the whole of the exit area and a significant amount of primary jet is recirculated inside the

nozzle. The wall static pressure measurements, shown in Figure 4.2.9, were repeated at four equally spaced

azimuthal locations to ascertain the wall static pressure on the surface not in contact with the wall jet . The

results show that, for the case of AR = 1 at Re¡= 75,000, a good agreement with the previous set of results is

achieved. It can be seen that static pressure is sub-atmospheric everywhere except under the wall jet where it

reattaches to the surface. The results suggest that for the case where there is no exit ring present, and

Reynolds number is 41,000, the jet leaving the throat separates fully and reattaches between 1.5 and 2 throat

diameters downstream. This is also the case for the higher Reynolds number, but the reattachment location is

shorter. The reattachment length reduces with increase in Reynolds number, shown by the above figure. The

overall trend of the wall jet static pressure, along the surface where it is attached to the wall, is that it

increases with reduction of exit area beyond AR = 0.69. The results are summarised in Figure 4.2. 10
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Fþure 4.2.5 CD nozzle static pressure, wallJet side, at 1.5 throat diameters downstream from the

throat for a range of exit areas.

Fþure 4.2.6 CD nozzle static pressure, wall Jet side, at 2.5 throat diameters downstream from the

throat for a range ofodt areas.
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Figure 4.2.7 CD nozzle static pressure, wall jet side, at 3.5 throat diameters downstream from the

throat for a range of exit areas.

Fþure 4.2. I CD ttozzle static pressure, wall jet side, at 4 throat diameters dorvnstream from the

throat for a range of exlt areas.
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Wall Pressure Downstream from Throat at Re=75,000
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Fþure 4,2.9 CD nozzle wall pressure at four azimuthal locations, AR = 1 and Rei = 751000.

Fþure 4.2. lO CD nozzle wall pressure at a number of axial locations for Re, = 41,000 and 751000.
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4.2.4 CD Nozzle Total Pressure

The total pressure measurements were taken diametrically across the axisymmetric jet leaving the

throat at intervals of one throat diameter (1 D) up to the nozzle exit for most of the flow rates considered. As

mentioned above, the probe interferes with the flow near the throat, especially when the Reynolds number

exceeds about 50,000, which corresponfls to a flow rate of 7.2 x l0-3 kg/s. The flow remains axisymmetric

for the flow rates below this value as shown by the axisymmetric total pressure profiles in Figure 4.2. ll Io

Figure 4.2, 15 showing that the jet mixing layer turbulence increases with Reynolds number as would be

expected.

At flow rates above 7.2 x lO-3 kg/s (Re¡ > 50,000), the flow is asymmetric but requires a secondary

fluid injection to maintain a given azimuthal position, although the jet could be "forced" into asymmetric

flow at lower flow rates by injection of secondary flow at the throat. This is shown in the flow visualisation

of the deflected jet for Re¡ as low as 1400. The total pressure profiles of the asymmetric jet at a number of

locations inside the CD nozzle for the Reynolds number of 58,000 are shown in Figure 4.2. 16. The jet,

which initially has the approximate top hat profile near the throat deforms, as is shown in this figure, into a 3

throat diameters thick wall jet. At the higher mass flux, the wall jet thickness decreases and the jet spreads

azimuthally, as shown in Figure 4.2. 17. The characteristic feature of these profiles is that the wall jet

becomes progressively thinner at the nozzle exit as the mass flux is increased possibly due to an increase of

the Coanda-like effect which keeps the wall jet attached as shown in Table 4.2.
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Total Pressure Inside CD Nozzle, Re=25r(X)0
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Figure 42. ll CD nozzle total pressure profiIes at a range of locations downstream from the throat

without an exit ring at Rer = 25,(XXl.

Figure 42.12 CD nozzle total pressure profrle.s at a range of locaffons downstream from the throat

without an exit ring at Rq = 36'nng.
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4.2.5 CD Nozzle Throat Static Pressure

The throat pressure was measured for both the CD and CD10 nozzles. Initially there were 4

pressure tappings atthe nozzle throat and the measurements for the CD10 nozzle consisted of only 4 pressure

readings. At the later stage of the project a new nozzle was manufactured which incorporates 8 pressure

tappings at the throat. This nozzle was used to assess the static pressure distribution around the throat for

various combinations of flow rates and exit ring diameters. For the axisymmetric flow at Reynolds numbers

< 50 000, the throat static pressure distribution is constant, as shown in Figure 4.2. 18. The injection of

secondary fluid at the throat produces a stable asymmetric primary flow and this in turn produces a non-

uniform throat static pressure distribution, also shown in the above figure. The lowest static pressure was

measured at the azimuthal position of 0 = 180' from the point of secondary injection, which is the location

where the jet attaches to the wall, shown in both Figure 4,2.9 ard Figure 4.2. 18. As was shown in previous

section, the static pressure distribution, along the nozzle wall where the jet is attached, has the lowest value at

the throat but rises very quickly toward atmospheric a short distance downstream from the throat. This is

true for the case where no exit ring is attached and Reynolds number is below 80,000. At the Reynolds

number of 42,000 where the secondary fluid injection was used to provoke asymmetric separation, the static

pressure at the throat is generally sub-atmospheric for all the exit rings tested except for the AR = 0.11, the

pressure ports nearest secondary injection port show above atmospheric reading. At the other azimuthal

locations, even for this exit area, the pressure remains sub-atmospheric. To test for possible asymmetry due

to the geometric imperfection, the experiment was repeated using other secondary fluid injection locations

and the results are shown in Figure 4.2. 19. These reveal that the measured pressure distribution is the same

for all cases considered when the estimated experimental uncertainty is included in the plot. The differences

in the measured pressure at the throat, using different azimuthal locations to provoke separation downstream

from the injection port, may be attributed to the larger diameter (2mm) of that particular throat pressure

tapping at port number one. This tapping was used for the secondary fluid injection in most of the

experiments.
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4.3 Measure of Deflected Jet Mean Flow Direction

The angle to which the jet is deflected as it exits thenozzle is needed to evaluate the thrust produced by the

nozzle since only the transverse reaction on the nozzle was measured. Several methods were used to measure

the deflectedjet angle and these are discussed in detail in the following sections.

4.3.1The Use of T[fts

A tuft placed in the flow w¿s the simplest method used to determine the angle at which the jet was

deflected. The angle was measured visually against a protractor in the background. Only the angles of the

high momentum flow across the plane of symmetry were measured and results summarised in Table 4.3.

The deflection angle assigned to a particular jet angle is an average of the values across that jet and was

reproducible to within + 5 degrees over three runs. These results were found to be sufficiently accurate for

comparison of the various geometric configurations. The values also compared to within + 5 degrees with

other more accurate means of measuring the deflection angle, such as by resolution of the two velocity vectors

obtained by LDV. Tufts were initially used only to indicate the general flow direction, but were used for the

majority of deflected jet angle measurements as shown in Figure 4.3. 1. This figure also illustrates the use of

water vapour to ma¡k the fluid being entrained into the nozzle.

Figure 4.3. I Flow visualisation of the marked fluid induced into the nozzle with the jet exiting the

right side shown by tuft direction.
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Table 4. 3 Summary of deflected jet angles exiting from CD

nozzles measured using a tuft

4.3.2 Laser Sheet Flow Visualisation

Extensive use of the laser was made to visualise the flow both inside and outside the nozzle. The

flow velocity at the throat had a maximum value of 10 m/s while at the nozzle exit the velocity was less than

5 m/s. The flow was seeded by the six jet atomiser which produces a fine mist of water with good reflective

properties so that when the laser sheet illuminates the particles in the flow they reflect the laser light. The

light reflected by the particles in the flow was sufficient at the this low exit velocity to use a standard 35 mm,

100 ASA colour or black and white film to capture the images clearly.

Exit Area Ratio AR 0.84 0.69 0.56 0.44 0.34 0.25 0.17 0.11

Exit Diameter d" mm 55 50 45 40 35 30 25 20

CD nozzle ü,o 25 45 60 70 80 75 65 45

CD6 nozzle ao 25 45 60 70 75 75 65 45

CDL0 nozzle ao 20 35 50 60 65 60 45 30

CD20 nozzle ao 35 40 40 40 35 30 20 10
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4.3.2.1Apparatus

The apparatus shown in Figure 2.1.2 and Figure 2.5. 1 was used for the evaluation of the deflected

jet angle exiting the CD, CD6, CD10 and CD20 Nozzles. The same apparatus and photographic technique

were also used in the evaluation of deflected angle of a two-dimensional wall jet past a gate. The laser beam

was passed through a cylindrical lens to produce a laser sheet about one Íìm thick in the region where

measurements 'were taken. The laser sheet was aligned with the plane of symmetry of both the axisymmetric

and asymmetric jet. It was also used to illuminate the flow at the exit normal to the nozzle axis. The

photographs were taken at an angle of approximately 20" off the normal to the laser sheet to optimise the

illumination of the flow. Again the flow seeding was provided by the six jet water atomiser described earlier.

4.3.2.2 Results

The method of seeding the primary jet and measuring the mean deflected jet angle was limited to a throat

velocity of up to 10 m/s. The mass flow rate for this type of flow visualisation was restricted by the limited pressure

of the six jet atomiser that was introduced upstream from the throat. This limitation however does not invalidate the

results of the measured deflected jet angles since it has been found that the angle at 'which the mean jet leaves the

nozzle exit is only mildly dependent on mass flow rate, in the range considered, and therefore Reynolds number, as

discussed in Section 4.3. 'I\e deflected jet mean flow di¡ection measured at low velocity apply equally, therefore, to

the high velocity flow. The angle of the deflected jet exiting a nozzle with a particular exit ring diameter is

visualised by illuminating the seed droplets with a 1 mm thick laser sheet passing upstream along the nozzle axis

and in the plane of symmetry of the deflected jet. The intensity of the reflections from the seed droplets in the flow

is proportional to their population. Hence relatively unmixed primary jet appears bright while the well mixed

regions of the jet are less intense. For the low velocity flow, some primary jet structures are visible. The flow was

captured on a 35 mm film in an otherwise dark laboratory. Most of the captured images were taken using the

maximum shutter speed possible for the amount of light available from the laser, typically in the range of 1/30 sec

and 1/60 see.

The laser sheet flow visualisation photographs reveal a number of features of the flow. The diffrrse angles

at which the jet leaves the nozzle exit can be estimated from the total speed and the average angle by applying a

weighting factor related to the intensity ofthe reflected laser light, as the intensity ofthe seededjet is an indication
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of the amount of mixing with the ambient afu both inside the nozzle and in the external field. Figure 4.3. 2 shows

the axisymmetric jet leaving the CD nozzle ev'tt plane with the jet spreading half angle of about 10" which is

consistent with past findings [5]. The jet spreading half angle of a simple jet is quoted to be of the order of 4".

Since thejet in the present study leaves the throat and is surrounded by the divergence, which increases the mixing

at the shear layer, it is reasonable to expect the spreading angle to be greater than that for the simple jet case.

Ftgure.4.3. 3 shows an asymmetric jet leaving the same nozzle with the jet spreading half angle p of about 20' if

the unweighted "best fit" common origin for the "attached" and "free" sides of the emerging wall jet is used, also

about 20" if separate origins are taken on the extension of the intensity weighted centreline of the jet is used, or

ranging from 10o on the "attached" side to almost 30o on the "free" side if the common origin is forced to be on a

line parallel to the nozzle axis. The second of the interpretations is the most appropriate. The second interpretation

however may be expected since only the free side of the jet is mixing while the jet in contact with the wall is

spreading radially to take the shape of the nozzle. It is during this process that the edges of the jet are turned

towards Íhe nozzle geometric centreline to form the vortex loop, the cross section of same shown in Figure 4.3. 10.,

and produce an apparent increase in the spreading halfangle shown in Figure 4.3. 3.

When the jet exiting the CD Nozzle is disturbed by the addition of an exit ring, the effects are dramatic as

is clearly shown in Figure 4.3. 4 fo Figure 4.3. 9 . The angles measured and indicated in the figures are an

intensity weighted mean of the deflected jet trajectories. It can be seen that the deflected jet angle initially increases

with decreasing exit area to a maximum value of cr = 80o. As the exit area continues to decrease below AR of about

0.3 the jet deflection angle now also decreases from its maximum value. The minimum ratio of exit area to nozzle

area considered was 0.11 which corresponds to a 20mm diameter exit ring and a diameter ratio of ll3. 'I\e flow at

the nozzle exit was also visualised by passing a laser sheet normal to the nozzle axis at various distances from the

exit plane. Figure 4.3. 10 shows the asymmehic jet cross-section contour at L mm downstream from the exit and

Figure 4.3. ll and Figure 4.3.12 show the jet contour respectively at 5 mm and 10 mm downstream from the exit

plane. Note in Figure 4.3.12 therc exist a 'þair" of large counter rotating streamwise vortices dominating the jet

cross-section. These are discussed in later sections of the thesis.

As the exit rings are added to the nozzle, the flow deflects across and away from the nozzle axis as shown

in previous figures. Figure 4.3.13 to Figure 4.3.18 show the cross sectional area of the seeded jet at 10 mm above

the nozzle exit when it is deflected by various diameter exit rings. The circular images in the background are not

related to the flow, they are probably due to a very small droplet of water from the nozzle landing on the lens.

Additional data on CD nozzle deflected jet may be found in Appendix C.
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Figurc 4.3. 2 Lascr shccl florv visualisalion ilhurùratilg thc axisymrnetrie jet leaving the CD nozzle at

Re,=7,ggg with jet half angle of 10".

ligure 4.3. 3 Laser sheet flow visualisation illunrinating the asyrnmetric jet leaving the CD nozzle at

Re,=7,ggg wilh jel lralf angle of at least 20'.
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Figurc 4.3. 4 Larser sheet flow visualisation itluminating the asymmetric jet leaving the CD nozzle at

cr = 45o with AR = 0.69 and Re1 = /,999.

Figure 4.3. 5 Laser sheet flow visualisation ¡lhrminating the a.symmetric jet leaving the CD nuzzf,e at

cr = 70" with AR = 0.44 and Re¡ - 7,(X)0.
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Figure 4.3. 6 Laser sheet flow visualisation illuminating the asymmetric jet leaving the CD nozzle at

c¿ = 80o with AR = 0.34 and Re1 = 7,¡gg.

Figure 4.3. 7 Laser sheet flow visualisation illuminating the as¡rmmetric jet leaving the CD nozzle at

cr = 75" with AR = 0.25 and Rel = 7,ggg.
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Figure 4.3. 8 Laser sheet flow visualisation illuminating the asymmetric jet leaving the CD nozzle at

cr = 65o with AR = 0.L7 and Ret = 7,000.

Figure 4.3. 9 Laser sheet flow visualisation illuminating the asymmetric jet leaving the CD nozzle aJ

ü = 55" with AR = 0.11 and Re, = 7,696.
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Figure 4.3.10 Wall jet cross-section visualiscd by laser sheet 1 mm above the exit plane; CD nozzle with

no exit ring. Notc streamwise vortices in jet.

Figure 4.3.ll Watl jet cross-section visualised by laser sheet 5 mm above the exit plane; CD nuzde with

no exit ring. Note streamwise vortices in jet.
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Figure 4.3.12 Wall jet cross-scction visualised by laser sheet L0 mm above the exit plane; CD nozzle

with no exit ring. Note streamwise vortices in jet.

Figure 4.3.13. Wall jet cross-section visualised by laser sheet 10 mm above the exit plane; CD nozzle

with AR = 0.69 and Re¡ = 7,966.
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Figure 4,3.14. Watt jet cross-section visualised by laser sheet 10 mm above the exit plane; CD nozzle

with AR = 0.44 and Re, = 7,966.

Figure 4.3. 15. Wall jet cross'section visualised by laser sheet 10 mm above the exit plane; CD nazzle

with AR = 0.34 and Re1 = 7,ggg.
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Figure 4.3. 16 Wall jet cross-section visualised by laser sheet 10 mm above the exit plane; Ð nazzle

with AR = 0.25 and Ret = 7,000.

Figure 4.3.17 Wall jet cross-section visualised by laser sheet 10 mm âbove the exit plane; CD nozde with

AR = 0.17 and Re, = 7,000.
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Fþure 4.3.18 Wall Jet çross-sectlon visuallsed by laser sheet 10 nun above the odt plane; CI) nozzle

with AR = 0.11 and Re, = 7,n66.

Fþure 4.3. 19 Mean deflected jet angles from a family of CD nozzles measured by various methods.
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Deflected Jet Angle at the CD Nozzle Exit for a Range of AR,
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Figure 4.3.20 Variation of deflected jet angle across the CD nozzle exit plane and plane jet symmetry

using 2-com¡ronent laser Doppler velocimetry to resolve the angles.

4.3.3 L.D.V. TTvo Component Velocity Measurement used to
determine the Mean Flow Direction of Deflected Jet

The laser Doppler rrclocimetry was used fø determining the angle of deflectim of the jet to \lalidate the

dataobøinedbytheu¡ftmethod" Anumberofvelocitymeasurementsweresystematicallytakenatthenøzleexit

fa vrior¡s exit ring diameters and nozde lengths. The results in Flgure 4.3. 19 shoun the meas¡red rnean an$es

ùtaind using a tufr. The LDV measurm€nts suppat the visual ù€n¡atim rhat the angle varies across the

dene(fod i:t, as shonn in ngl[e 43. n. These velocity vo(füs were measurod using a two mpururt LDV

slst€m doscribed earlier and the angles caloilatod frm the independent magnihrdes of the vecfrs. The ûgure shoum

that, fr the exit area ntio AR = 0.84, the angle at which the jet leaves the nozzle exit varies frmr abot a. = 25 at

the edge of the exit lip, and inqeases ûo o = 50" at the þ thicfmess ty¿ where the velocity is half the øtt¡e line

velocity (U/Uc.u = ll2). The high mmrenüm flow is at the edge clmest to the lip edge at a ralue úylt = 0.8 and

here the angle of the defleded jet is û, =25o nùich agrees with the result pnesented in Tablc 43 fü the CD nøzle

with a 2.5 mm lip. Fu AR = 0.69 the defleøed jet angle calo¡lat€d ftm the LDV measurements is betq/oen o=35"

and cp40" mpared ta s45o in Tablc 43. Fr the AR = 0.34 the defleøed þ angle frm the LDV

measurem€nts is s=80" mrpared with 80" shoum in the previurs tahle. Thus it can be cmcluded that fhe anges

calodat€d using the LDV velæity vocttr mea$¡rements mrelate well with the measurements obtained frm the
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me¿ìsured tuft angle, when tuft is placed in the flow and the angles measured for the range of exit areas considered.

Good agreement is also found with the laser sheet flow visualisation results of deflected jet angles.

4.3.4 Analysis of Results

The deflected jet angles measured by the three methods correlate well and show that , while the accuracy

and detail are greatest with the LDV data, those given by the humble tuft are of adequate accuracy to identiff the

exit angle of thejet for use in the topological study which has been necessary to unravel the main features of a very

complex flow which causes the deflection. In summary, the tuft method is the simplest method of acceptable

accuracy for measuring the angles of the deflected jet for various exit velocities and exit areas. The laser sheet

method shows not only the angles of deflection of the seeded jet but the evolution of the structures of the flow at low

velocity could also be studied in detail with the aid of a high speed camera or still images photographed on a high

speed film. As will be seen, sufficient understanding of the flow has bepn established, and such a detailed study can

now be justified and is highly recommended. The LDV provides the most accurate measurement of the deflected

jet angle, but it is also the most time consuming. The advantage of LDV velocity measurement is that in a single set

of measurements it yields the mean angle, the local flow directions, information about flow structures and

turbulence levels which are sufficient to determine the local flow, especially inside the CD nozzle neøt the throat. A

three component LDV is desirable to allow definition of the vortex flow field in detail and to answer some key

questions that exist about the strength and direction ofvortex lines.

4.3.5 Conclusions

The methods for determining the deflected jet angle, discussed above, have proved to be adequate for the

purpose of establishing the effects of nozzle length and exit ring diameter on the deflected jet angle. The use of tufts

has been found to be the quickest and easiest method which yields adequate accuracy in the determination of the

mean angle of the deflection of the jet. The other two methods, laser Doppler velocity measurements and laser sheet

flow visualisation, have confirmed the adequacy of the tuft method and these data have been used in other facets of

the overall research program. Detailed LDV velocity measurements were also used as a datum for comparison of

the accuracy of the pitot-static and hot-wire velocity measurements.
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4.4 Nozzle Throat Secondary Fluid Injection

The seconda¡y fluid injection plays an important part in the control of the non-precessing fluid

dynamically deflected jet. The momentum ratio of primary to secondary flow influences the flow pattern of the

primary flow downstream from the injection point. For a given primary mass flux there is a minimum requirement

for the secondary mass flux necessary to fix the azimuthal position of the primary asyrnmetric jet. ff the secondary

mass flux is increased, the total mass flux of the fluid carried downsffeam is increased and the secondary flow

penetrates the primary flow further causing a substantial pressure loss by creating an aerod¡mamic blockage. An

effort has been made to separate the secondary flow mass and momentum effects on the primary flow by

progressively increasing the secondary exit area. The diameters selected for this investigation included ports of up

to 3 mm in diameter tapped at the throat normal to the nozzle axis. The ports above 2 mm in diameter had an

adverse effect on the flow and caused unwanted flow asymmehy at the throat. The maximum secondary injection

diameter reported in this thesis is 2 mm with other pressure ports at the throat of 1 mm in diameter. The secondary

injection mass flow rates were estimated from the secondary injection measured supply pressure and static pressure

at the throat. It has been found that the secondary mass flow rate required to maintain the azimuthal location of the

primary jet is less than 57o of thepnmarymass flux.

4.4.1 Influences of Secondary Fluid on Primary FIow

The secondary fluid injected across the primary flow at the throat produces an adverse prqssure gradient at

the point ofinjection by entraining fluid from the higher pressure region downstream. It also produces a favourable

pressure gradient on the opposite side ofthe throat by blowing the boundary layer as it impinges on the diverging

nozzle wall downstream from the throat. This produces a stable primary wall jet that expands and deforms into a

wall jet which takes on the shape of the transverse contour of the nozzle. The secondary injected fluid is a typical jet

in a cross flow and the point of impact on the opposing nozzle wall is determined by the momentum ratio of the

primary and secondary flow [L8,32,56,69,149,215]. This may explain the limited range of secondary fluid mass

flux required for stable operation. The penetration of the secondary jet through the primary jet and its impingement

on to the opposite wall can be seen in the total pressure profiles inside the cavity as shown in Figure 4,2. 16. T}re

high turbulence region near the wall and a double peak in the profile are probably due to the secondary fluid

although no definitive experiments were conducted to prove this due to visibility constraints and the disturbance

caused by probes near the throat. If the secondary flow momentum is too low, the fluid does not penetrate the

primary momentum far enough to reach the opposing wall before it is washed downstream. Therefore only the
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adverse pressure gradient locally ne¿r the injection point is produced and this alone may or may not be suffrcient to

produce a stable deflected jet. As the secondary fluid momentum is increased, it penetrates almost diametrically

across the throat and reaches the opposite wall just downstre¿m from the throat. This produces a stagnation point

which distorts the primary jet and causes a fluidic blockage and a complex three-dimensional flow at the throat. At

an appropriate intermediate secondary to primary momentum ratio the secondary fluid has enough momentum to

penetrate the primary jet but is deflected such that it contacts the opposing diverging wall almost tangentially. This

regenerates the boundary layer and prevents the boundary layer separation in that region ofthe primary wall jet.

4.5 China-Clay and Oil Surface FIow Visualisation

China clay surface flow visualisation is a well known and often used technique of capturing surface shea¡

stress patterns. The technique is particularly useful when the patterns which need to be captured are in enclosures

and cavities which can not be viewed directly. Another useful surface flow visualisation technique is the use of a

coating of oil on the surface exposed to the flow. This gives a slow response but nevertheless a dynamic image of

slowly changing patterns. The oil used in the present apparatus was mixed with graphite powder to give a high

contrast against the white nozzlewall The use of oil was limitd to the studies of the effects of small reductions of

exit area as the photographs must be taken while the flow is in progress. The china-clay provides frozen patterns of

the mean surface shear stress and hence could be photographed and analysed after the flow had been turned off.

It is a well established fact that if the surface flow patterns on the body are known, the topology of the

entire flow field can be deduced, as shown by Tobak and Peake (1982). A practical technique of determining

experimentally the "critical points", and from these deducing a vortex skeleton of the flow which satisfies the

topological constraints limiting the number of ways in which streamlines can be joined, was presented by Peny and

Hornung(1984) and Perry and Chong (1987). From this skeleton the complete velocity field can be approúmated

by using the Biot-Savart law.

The type of surface flow patterns which can occur in three-dimensional separated flow are fully described

and defined by Hornung and Peny (1984). Following are some of the pattern definitions reproduced from Perry and

Chong (1987):
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a

a

e@atthewallisdefinedasalinefromwhichthenormalcomponentofthe

surface flow moves away in both directions, as shown in Figure 4.5. 1.

A negative stream surface bifluc¿tion at the wall is defined as a line toward which the normal component of the

surfac¿ flow moves in both directions, as shown in Figure 4.5.2.

A oossible configuration of an open negative sEeam surface bifurcation at the wall is shown in Figure 4.5. 3.

A vortex has its stream lines at the surfac¿ moving toward a focus at the surface from which the fluid separates,

moving away Aom the surface due to a pressure gradient normal to the surface along the low pressure cse of the

vortex, as shown in Figure 4.5. 4. This is a critic¿l point with complex eigen values and is a pattern that often

æcurs in three-dimensional separation from the surface.

a

a

-- ----__ _

Figure 4.5. 1 A positive stream surface
bifurcation at the wall.

Figure 4.5. 3. A possible configuration of an
open negative stream surface bifurcation at the
wall.

\

Figure 4.5.2 
^ 

negative stream surface
bifurcation at the wall.
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I
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Figure 4.5.4. A vortex with its stream lines
moving towards the focus at the surface where the
fluid separates away from the surface.
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4.5.1Apparatus

The flow visualisation was achieved by coating the nozzle wall with a mixture of china-clay (Kaolin) and

oil of wintergreen. A quantity of graphite powder was added to the mixture to enhance the contrast against the

white background of the nozzle wall. When the china-clay dries, due to the evaporation of the oil of wintergreen

during the exposure to the flow, the frozen flow patterns can be photographed. This technique was used for the flow

with exit rings attached to the nozzle exit. The exit rings were removed to allow the frozen surface flow patterns to

bephotographed.

The oil surface flow visualisation was implemented in a similar manner. The flow was this time started

and the oil introduced either through the secondary fluid injection tapping or by coating the surface prior to start-up.

Once the flow patterns had established the photographs were taken in those cases where the exit ring did not restrict

the view. The technique was used where the surface flow patterns were visible during the operation, as in the CD

nozzle with an exit ring of diameter not less than 45mm and in the CD10 nozzle where the clear perspex cavify

provided a viewing window. The method also has an advantage in that it shows at least the more slowly responding

dynamic changes in the surface flow patterns when the jet is intermittently unstable or when it is precessing.
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Figure 4.5. 5 Formation of focus inside the nrszzle at Rer=7g,ggg with out exit ring. Asymmetric flow,

visualised using oil, jet leaving thenozzle along the left wall.

#

Figure 4.5. 6 Two foci on opposite sides of the nozzle exit at Ret=70,000 with out exit ring. ,{symmetric

flow, visualised using oil, jet leaving the nozzle along the wall fr¡rthest away from viewer.
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Figure 4.5.7 Surface flow patterns insidc the nozzle at AR = 0.84 and Re,=200,000 visualised using oil

and graphite powder with jet exiting from left to right.

Figure 4.5. 8 Surface flow patterns inside the nozzle at AR = 0.69 and Ret=200,000 visualised using oil

and graphite powder with jet exiting from left to right.
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4.5.2 Jet Separation Inside the Nozzle and Interpretation of
Surface Flow Pattern Results

It has been found that for a Reynolds number below 45,000 the primary jet can separate axisymmetricaly

or asyrnmetrically downstream from the throat, the results being determined by the momentum of the secondary

injection. The flow in the CD nozzle separates asymmetrically for Reynolds number above 55,000 with its

azimuthal direction fixed bythe azimuthal location of the secondary injection point. The asymmetric flow produces

a pair of foci diametrically opposite each other on the nozzle surface near the exit. One of the foci is shown in

Figure 4.5. 5 and is clearly marked by oil entrained into the low pressure core of the vortex. Both foci can just be

seen in Figure 4.5. 6. This figure also shows the two stream surface bifurcations extending from the throat to the

two foci. This flow pattern appears to be produced by the expansion of the primary flow laterally a¡ound the

transverse curvature of lhenozzle and interaction with the ambient fluid which is induced into the nozzle.

When an exit ring is placed at the nozzle exit, the primary wall jet is deflected across the nozzle axis due to

an impingement of the wall jet on the exit lip. This reduces the available exit area for the ambient fluid to be

induced and therefore increases its velocity as it enters the nozzle. Streamlines are tightly curved as the induced

fluid negotiates the exit lip and these features require a radial pressure gradient which deflects the primary jet

further. A portion of the primary fluid is recirculated back into the nozzle by the exit ring and feeds into the vortex

as can be seen in Figure 4.5.9.9 . With a decrease in the exit are¿, the amount of primary fluid recirculated back

toward the throat increases, Figure 4.5.7 and Figure 4.5. L The first figure shows the surface flow patterns

produced at a high Reynolds number of 200,000 for anozzle exit area ratio AR = 0.84. The foci are close to the exit

lip and the negative stream surface bifurcation which feeds into the vortex is also just behind the exit lip. In the

second ûgure, for the same Reynolds number but AR = 0.69, the flow patterns show the portion of the stream

surface bifurcation to be located further inside the nozzle when compared with the previous case. This supports the

postulate that more of the primary fluid is recirculated. This indicates that the vortex strength increases with the

reduction of exit are¿ at least within this range of area ratios. The flow patterns presented in , Figure 4.5.9. 1 to

Figure 4.S.9.SrshowthechangeinsurfaceflowpatternsastheexitareaisreducedfromAR=0.84toAR=0.11

and confirms that for a reduced exit area, the induction of ambient fluid is reductd to the point that at AR = 0.34

the induction becomes zero. This interpretation is confirmed independently by static pressure measurements which

show the pressure inside thenozzle is positive for AR < 0.34 as discussed in detail in Section 4.2.2. Figure 4.5.9. 1

(a) shows the induced ambient fluid surface flow patterns in the upper part of the circle occupying about 60% of the

area. Figure 4.5.9.2 (a) shows the reduced area of the induced ambient fluid surface flo'w patterns now occupying
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only about 407o of the area in the upper central portion of the circle. Figure 4.5.9. 4 (a) shows that the surface flow

patterns associated with the induced ambient fluid reduced to an area now occupying only about lOVo of the total

area inside thenozzle. This is located just above the throat. The area on either side shows the large recirculation of

primary fluid. Figure 4.5.9. 5 shows that the surface flow patterns in the upper part of the picture are produced by

the recirculated flow only. This situation persists for fi;rther reduction of exit area. The sequence of following

figures; Figure 4.5.9.3 (b) to Figure 4.5.9. 8 (b), shows that the reduction of exit area does not significantly alter

the point of separation of the wall jet upstream from the exit lip. The flow pattern inside the nozzle are interpreted in

Figure 4.5.9. 9 . The general picture is of the two negative bifurcation surfaces produced by the interaction

between and mixing of the primary and entrained ambient fluids, two further negative bifurcation surfaces which

arise from interaction between and mixing of the primary fluid and the recirculated portion of primary fluid and two

foci into which the negative bifurcations feed. It is postulated that these foci are the footprints of a shong vortex

loop which p¿ìsses over the primary fluid wall jet providing the interface with the induced ambient fluid which flows

into the nozzle. The surface flow patterns are similar to the surface flow patterns produced in the CD10 nozzle for

which it is possible to both view and measure through the cylindrical cavity extension. These data are discussed in

the following sections. As the exit area is reduced, the foci appeff to move upstrearn toward the throat and are

pushed apart by the spreading wall jet. This is attributed to the large recirculation of the primary fluid imposed by

the exit lip and it is this high momentum recirculated fluid which produces the increase in vortex strength.

4.5.3 Discussion of Results

From the china-clay and oil streak surface flow patterns it has been possible to construct postulates ofthe

general flow patterns inside the nozzle. An important feature of the postulated flow topology is the vortex loop

which imprints its signature on the nozzle wall as two strong foci at the junction of negative bifurcations. The

vortex loop can be envisaged as a horse-shoe vortex which probably extends out ofthe nozzle and has as its return

loop the starting vortex at infinity downstream when no exit ring is att¿ched. These legs of the horse-shoe vortex

have been visualised atthenozzle exit as a pair of streamwise vortices; shown in Figure 4.3. 12.

'When 
the exit ring is attached to the nozzle exit, the jet is deflected across the nozzle axis as it impinges on

the upstream face of the exit lip. This increases the vortex strength within the nozzle and the jet is deflected further.

Measured jet deflection angles cr from aCD nozzle for a range of exit diameters, summarised in Table 4.3, shows

that the maximum angle of deflected jet produced bythe CD nozzle o( = 80o when the exit arearatio AR = 0.34.
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Figure 4.5.9.1 China clay surface flow visualisation inside-CD nozzle at Re,=72,990 and AR - 0.83;

(a) top view, and (c) side view, exit ring removed;(b) side view; exit ring in place
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(a,)

(b)

(c)

Figure 4.5.9.2 China clay surface flow visualisation inside CD nozzle at Re,=72,9¡0 and AR = 0.69;

(a) top view, and (b) side view.; exit ring removed' (c) side view; exit ring in place.
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(a)

Figure 4.5.9.3 China clay surface flow visualisation inside CD nozzle at Re,=72,990 and AR = 0.56;

(a) top view, (b) wall jet side(c) focus; exit ring removed.
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(a)

Figure 4.5.9.4 China clay surface flow visualisation inside CD nozzle at Re,=/!',9¡0 and AR =0.44i

(a) top view, (b) wall jet side, (c) focus; exit ring removed.
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Figure 4.5.9. 5 China clay surface flow visualisation inside CI) nozzle at Re,=72,660 and AR - 0.34;

(a) top view, (b) walt jet side , (c) focus; exit ring removed.
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Figure 4.5.9.6 China clay surface flow visualisation inside

(a) top view, (b) wall jet side, (c) focus; exit ring removed.
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Figure 4.5.9.7 China clay surface flow visualisation inside CI) nozzle at Re,=72,660 and AR - 0.17;

(a) top view, (b) wall jet side , (c) focus; exit ring removed.
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Figure 4.5.9. 8 China clay surface flow visualisation inside CD nozzle at Re,=7!',690 and AR = 0.1.1;

(a) top view, (b) wall jet side , (c) focus; exit ring removed.
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(b)

Figure 4.5.9.9 General interpretation of the nozzle flow patterns from the china
clay figures above, (a) No exit ring (b) Moderate exit ring in place.
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4.6 Effects of Nozzle Configuration on Mass Flux and
Driving Pressure

The mass flow rate rhrorgh the uifice plate flow meter has been calihat€d up üo the maximum flow rate

of 30 x tO" (tg/s). Above this value driving pres$rre was calibrated against mass flux as discussod in Seaion 2.3.

The flow at the throat of the CD nozzle varies with driving pressure and geometic conûguration of the nozzle. The

relationship between driving pressure and mass flow rate fu a corvergent nozzle and CD nozzh are shown in

Figure 4.6.1. lt has been found that fm the same thrmt diameter and driving pressure, the mass flow rate is

sligbtly lower fu the ourvøgentnczzle with an abrupt expansion at the thrmt than that through the ccnvergent-

divøgent ¡szzle curfiguration without the exit ring confimúng results found by Nathan (1988) fø the MLC, LC

nozzle and primary mifioe disclarging into the atmosphere. These differences in mass flow rate are prcrbably due to

the difference in the back pressure in the nozzle downsFearn frmt the thræt.

Fu a given cmvøgertdivergøt nszzle cmfiguratiut and driving pres.sure, the mass flow rate deqeases

as the eút area is reduced due to an increase in back pressure inside the nozzle. This was howevêr not cursidered a

prohlerr since the mifice plate flow meter and not the nozzle pressure ratio, was used to sense the mass flow rate

through thenozzle.

tr'lgure 4.6.1 Relatlonship between drlvlng pressure and mass flux for various nozzle conflgurations.
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4.7 Velocity Profiles Inside and Outside the Nozzle

A large number of pitot-static pressure profiles have been øken both inside and ottside varior¡s nozzle

configurations and results relatod to the CD nozzle presented and discussed in this sectiur. The calculated velocities

were derived ftom the dynamic pressure and the calculat€d density at that point in the nozzle. The density p* was

calculat€d using Eqn. 4.1 , where Ë is tne shtic pressne in the flow, f is tne fluid lerrper,anne and R is the

uriversal gas constânt. Because of the separatior between the total and static s€nsing holes of the pitot-søtic probe,

boü hot wire and LDV was used where possible to supplement the pitot-static measurements.

P* = p- Rt' Eqn (a.1)

Flgure 4.7. 1 Asymmetric velocity at the CD nozzle exit using pitot-static pressule measurements,

AR=L and Rer=!3r¡¡¡.
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4.7 .l Dynamic Pressure Measurements

Before using the pitot-static tube to obtain a measure of the velocity profiles inside Íhe nozzle, the direction

of the flow inside the nozzle was determined from both the surface flow visualisation and tufts inserted into the flow.

The measured flow velocity using the LDV eliminates the directional bias by using frequency shifted beams to

distinguish the flow direction, as discussed in Chapter 2. The pitot-static velocity measurements have been

validated using both hot-wire and LDV measurements. From a large number of experiments main features of the

flow both inside and outside the nozzle have been deduced and the effects of the nozzle length and the exit ring

diameter assessed. The initial total pressure profiles inside the nozzle revealeÀ both the asyrnmetry and the areas of

high turbulence in the flow, shown in Figure 4.2. 16. The asymmetry of the velocity profile is found to be

dependent on the flow rate through lhenozzle. From the pitot pressure profiles the jet thickness reduces as the mass

flux increases. This reduction is most noticeable at the initial stage of the flow asymmetry. The primary jet leaving

the throat moves downstream and deforms asymmetrically. It is partially attached to the wall downstream from the

throat and appears to deform from the initial axisymmetric cross-section into a jet that has the cross-section which

resembles a semi-circle at the exit plane. As the flow rate is increased, the jet cross-section at the exit plane changes

as it spreads transversely to form a kidney shape cross-section. The velocity profilqs across the exit plane of the CD

nozzle at Re¡ - 58,000 are shown in the Figure 4.7. 1. This initial thick wall jet at the exit plane may affect the

angle at which the wall jet leaves the nozzle at lower flow rates when the exit ring is attached and this change in

deflected angle appears to be less than the uncertainty of the adopted angle measurement technique using tufts.

Measurement of a wall jet thickness inside the CD nozzle, when the exit ring is smaller than 50 mm diameter, was

not possible with a pitot-static probe due to the nozzle and exit ring geometry. It is unlikely to change significantly

with decreasing exit ring diameter for the first four throat diameters downstream from throat.

The velocity profiles at the CD nozzle exit, without eút ring prqsent, shown in Figure 4.7. I are for the

Re,=53,000 indicate that the wall jet centre line is moving away from the nozzle geometric centreline, as the jet

moves toward the nozzle exit. For this Reynolds number, which is just above critical Reynolds number, the wall jet

thickness occupies half the nozzle exit diameter. For the same nozzle and a Reynolds number of 100,000

(corresponding to a mass flow rate, m = 15 x10J kg/s) the wall jet atthe nozzle exit spreads more and in effect the

wall jet becomes thinner at the nozzle exit, as shown in Figure 4.7. 2. This confirms the laser sheet flow

visualisation observations, of the jet cross-section atthenozzle exit, made in the previous section.
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Velocity Profiles Using Pitot Pressure at CD Nozzle Exit at
Re=1(X)r000, No Exit Ring

I

X

r C.L.

lz=5mm
Az=10mm

Oz=15mm

- z- 2Ûmm

0.8

0.6

0.4

0.2

altt
AoI

at lr a

-¡rA
^.0ôorOr
T

:l

;I
I

a

¡ i
aI

-1 -0.5 VÓr 0.5 I

Flgure 4.7.2 lsymmetric velocity at the CD nozzle exit using pitot-statlc pressure measurements,

AR=land Re,=lgggg¡.

4.7.2 Hot Wire Anemometry

A large nunber of hot wire measurements have been made outside the nozzle fm several nozzf,e

conflgurations. Fm exarrplg at Re.=27,000 diametral Eav€rses in the planes of synmetry of both the axisymmeric

and asyruneric jets exiting the CD nozzlewithor¡t an exit dng at the nozzle exit, are shown in Flgure 4.7. 3. The

figure shows the dramatic change in the velocity profile when the jet becmrcs asynmefic. The aenEe line velocity

in the axisprmenic jet has reduced to Uoy'U. = 0.85 by six thrmt diameters uùereas at the same disønæ

downsEeam, the as¡rrmeric jet has reduced to Ucy'Ut = 0.5 . This result is also cutfi¡med vùen the velocity pnoñles

measned using LDV, as shown by Flgue +7.6. A velocity profile aqoss the exit plane of the CD nozzle in the

absence of an exit ring has been estahlished and profiles also cmfirmed by the pitot-safic pressure measuremenß

shown in Fþue 4.7. 1. The jet velocity profiles are verified by the pitd-satic and LDV velocity profiles.
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rühen the exit rings are added to the nozzle exit and mass flow rat€ kept coristant, the velocity proñles at

the exit plane alter drastically, as would be expected from the flow visualisation results discussod earlier. The

velocityprofiles aøoss theplaneof exiting jet slmmefyftr eachnozzle cmûguratiut were measured. Two sets of

hot wire measurexnents were taken with hot wire aligned such that each traverse measured the U¿U, and Ux+Uz

velocity cmrpurents respectively. Sinoe the U, cmponent is assumed to be zero in the plane of flow syrunetry, the

velocity omrpon€nts in the x and y directions can be resolved. Fþue 4.7. 4 shows the clanges in the velocity

profile in the x-y plane of synmetry, with change in exit area. Flgure 4.7. 5 shows that the velocity cünpm€nt in

the "x" direction at the îozzle exttreduces with decreasing AR until AR = 0. I 1 when the velocity computent in "x"

direction increases. This cor¡ld be explained by the reduction of the angle of the exiting jet ftmr ct = 65o to o = 45o ,

when theARisreducedfrorr 0.17 to0.11, thereforethe "x" velocitycorn¡ronenthadincreased.

Figure 4.7. 3 Axisymmetric and asynunetric velocity profiles at the CD nozzle exit uslng hot-wire

measurements, AR=l.
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Velocity Profile (Ux + Uy) at CD Nozzle Exit at Re = 27r(X)0
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Flgure 4.7. 4 Hot-wire velocity profiles showlng the total velocity vector of the exltlng Jet traversed

across the CD lnozzle exit plane of symmetry.

Fþure 4.7. 5 llot-rvtre veloclty proflles showlng the U" comlrcnent of the velocity vector of the exlting

Jeg traversed across the CD nozzle exit plane of symmetry at Re¡27,1X[.
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4.7 .3 L.D.V. Velocity Measurements

A number of velocity measurements have been taken at a distance of 5mm doumstream from the CD

nozzle exit. The measurements could not be taken any closer to the nozzle exit due to the angle at which the beams

approach the measuring volume. The velocity profiles, at this distance, would not be too dissimilar from the

velocity profiles at the exit. rWall jet velocity vectors across the CD nozzle exit with exit area ratio AR = 1 a¡e

shown in Figure 4.7.7 . The velocity profiles are similar to the those obtained from the hot-wire and the pitot-static

measurements in Sections 4.7.I and 4.7.2. If is apparent that the wall jet spreads transversely inside the nozzle and

that the jet turbulence on the wall side is much less than that in the shear layer, until the jet leaves the nozzle. The

turbulent velocity u'* is much higher in the outer region of the wall jet where a strong shear layer develops between

the outgoing jet and the incoming ambient fluid. The intensity of this shear layer is evident from Figure 4.7.8.

The high turbulence intensity is partnered by strong entrainment within the nozzle and this in turn causes the strong

induction of ambient fluid into the nozzle. This region is also visible in the transverse u', turbulent velocity profiles,

as shown in Figure 4.7 . 9. The change in Q flow direction from positive to negative, shown in Figure 4.7 . 7 , Is

compatible with the suggested entrainment of fluid from within the cavity into the jet up to the edge of the mixing

layer. Within the jet the movement of fluid towards the mixing layer (the negative velocity region) is indicative of

the spread of the wall jet as it emerges from the confinement of the nozzle. When the exit area is reduced by placing

an exit ring at the nozzle exit, so providing a lip at the exit plane, the wall jet is deflected at an angle primarily

determined by the lip height. Initially the angle increasqs with an increase in exit lip height and reaches a

maximum deflected angle of ot = 80". This occurs at an exit area ratio AR = 0.34. When the exit area is reduced

further the angle at which the jet deflects decreases, as discussed in Section 4.3. Tihe velocity profiles measured at 5

mm downstream from the exit relate to trayerses parallel to the exit plane. The velocity profiles in the x direction

for the first exit ring of 55mm diameter appeff to be similar to the velocity profiles for CD nozzle without the exit

ring. However the difference between the profiles becomes increasingly apparent as the exit area reduces, as can be

seen in Figure 4.7. 10. Since the angle at which the jet deflects varies with exit area, the profiles measured at the

exit also change quiet dramatically, as shown in Figure 4,7, ll to Figure 4.7. 16. These figures show the total

velocity vector magnitudes at the exit of the CD nozzle. When the angles are analysed it can be seen that the

spreading jet half-angle p deviates from the mean by up to 20', confirming previous observations in Section 4.3.
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CD Nozzle Exit Velocity Profilesthrough the Plane of Jet
Symmetry using LDV, No Exit Ring
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Figure 4.7.6 Yelocity profiles at the CD nozzle exit for Reynolds numbers of 11,000 and 45,000.

Figure 4.7.7 LDY velocity vectors U" and U, across the plane of jet symmetry at the CD nozzle exit.
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Distribution of u' rms Turbulent Intensities in x Direction,
Re=11r000 for a Range of AR
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Flgure 4.7. I LDY turbulent intensity profiles of u',/U¡ at the CD nozzle exit for a range of exit areas.

Flgure 4.7.9 LDY turbulent lntenslty profllcs of u'/U¡ at the CD noztf,e exit for a range of exlt ar€as¡.
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LDY Velocity Profiles at Nozzle Exit 
' 
AR=1.0 and Re = 11'000
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Figure 4.7.10 LDY velocity yectors at the exit of the CD, CD6, CD10 and CD20 nozzlæi

AR=landRet=11,000.

Figure 4.7.11 LDV velocity vectors at the CD nozzle exlt at Re611r000 and AR=0.34.
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Velocity Components at Nozzle Exit, Re=11,000 and AR =0.44
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Figure 4.7.12 LDV velocity vectors at the CD nozzle exit at Re1=11r000 and AR=0.44.

Figure 4.7.13 LDY velocity vectors at the CD nozzle exit at Re¡L1,000 and AR = 0.5ó.
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Velocity Components at Nozzle Exit, Re=11r000 and AR = 0.69
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Figure 4.7.15 LDY velocity vectors at the CD nozzle exit at Rer=11'000 and AR = 0.M.
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Diametric LDV Velocity Profrles at Nozzle Exit , Re= 11$00 and
No Exit Ring
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Figure 4.7 . 16 LDY velocity vectors at the CD, CD10 and CD2O nozzle exit at Re,=11rggg and no exit

ring. Velocity normallsed by maxlmum exit velocity.

4.8 Asymmetric Flow Compared with Subsonic
Turbulent Jet and Plane Walt Jet Flows

In sder to understând how the as¡mmeüic jet evolves frmr the axis¡anmeric throat the axisymnefüc jet

and a plane wall jet velocity profilas have each been studied. The wall jets considerod in this conparative study had

aspect ratios 6.3 : 1 (ó3mm x lûnm) and25 : I (126mm x 5mm) rectangular cross-sectiurs. The axisynrmefüc jet

analfed was ftmr a convergent 10 mm diamet€r nozzle expandíng ahuptly into the afrrcsphøe. The othø jets

included fm cmrparisur are axislmmeric and asynuneric jes exiting the CD nozzle. The curvergent nozzle has

the saure conftactim ratio as the CD nozzle. The two wall jets have the same exit areas wùich is I time.s the CD

nozzle thrmtarea

The asynmefic flow in the CD nozzle develcps downsEeam from the thrmt, sørting as an axis)¡nmeEic

jet. There are sorne similarities betwoen the axisymmetic jet from the curvergentnszzle and the asynmetric flow

which exits frmr the CD thrmt of the nozzle. These a¡e diso¡ssed lat€r. The asyrmetic flow derived from the

axisynnretic throat of the nozzle føms a wall jet characteristic velocity profile of uùich at the nozzle exit

resembles a plane wall jet flow. It was therefme decided to undertake a hief study of the plane $,"¿ll jet, and in

particular, the effects of placing an obstrucÍidl, ü gate, at a distance ftom a ¡rodimensiqral uigin of the plane

wall jet. A parameric study of the effects of gate height olt the jet deflection angle yielded the results presentod
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below which are compared with the jet deflection angles caused by the lip at the exit of the CD family of nozzlqs.

The similarities between the three flows are discussed in some detail and the effect of the gate height on the response

of the wall jet characterised. The experimental evidence is presented in the following section. The velocity profiles

in the 2-D flow were first measured to establish the similarities between the flow profiles and the flow inside the test

nozzles. The effect of varying either or both of the gate height and the distance from the jet exit is then discussed.

4.S.L Axisymmetric Jet

The axisymmehic jet exiting from both a convergent 10 mm diameter nozzle and the CD nozzle was

analysed in detail by measuring the velocity profiles and turbulence characteristics of each at various disønces

downstream from the throat. The flow characteristics of such flows are well documented, Schlichting (1955), and it

is well known that the flow becomes self-similar about six throat diameters from the origin. The turbulence

structures of round jets have been explored by many resea¡chers using multþle hot-wire anemometry

Í62,76,91JA,3251, microphones [L59], laser Doppler velocimetry and planer laser induced fluorescence [63], The

self similarity in the free axisymmetric jets is also established at a distance of about six throat diameters and the

turbulence levels are of the same order of magnitude. The present results for the jet from the convergenf nozzle

agree well with the published data, U4254-1. The shear layer develops from the exit plane and grows in a

streamwise direction. The potential core is clearly observed and the centre line velocity is constant up to six throat

diameters after which the self similarity is observed. Schlichting has shown that the self similarity is sustained in

both twodimensional and axisymmetric jets as well as in two-dimensional wakes behind circular cylinders. The

self similarity was observed in the velocity distribution measurements carried out on both the axisymmetric

convergent and the convergent-divergent nozzles, as well as in the plane two-dimensional jet. The velocity

distribution in an axisymmetric jet and plane jet in Figure 4.8. 1 correlate well with the results produced in

Schlichting (1955)(in figures 2.37 and2.38).
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L.D.V. Velocity Profrles of a Jet Exiting a Plane and Convergent
Nozzles Measured at One Throat Diameter Downstream
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Fþure 4.8. 1 Axisyrnmetric and Plane jet velocity profiles at the nozzle exit traversed in the plane of

jet symmetry for Rel =2,7OO.

Fþure 4.8. 2 Axisymmetric and PlaneJet turbulence intensity proflrles at the nozzle exit traversed in

the plane of jet symmetry for Re, = 2,7OO.
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Figure 4.E. 3 Axisymmetric Jet velocity profiles at Jb,e nozzle exit measured at a range of locations

downstream from the throat ln the plane of Jet symmetry, Re, = 2,700 and no exit ring.

4.8.L.L Velocity

A large nrmbs of measurements using pitot-static pressure, hot-wire ariemwrctry and LDV have been

taken to characterise the ædsprmetic flow frmt the curvergent and the CD nozzle. The velocity profiles measu¡ed

at first 10 dianet€rs downsEeam of a convergent nozzle exit are shovm in Flgure 4.8. 3 and the self similarity is

established beprd six D. The n¡rhilent int€nsity inseases at the shear la)ær as shov,¡n in Flgue 4,8,2 u¡d

indicates the regiur of mixing benveen the primary flow and anbient. The velocities neasued using the thrce

methods cørelate well and the LDV measurorr€nts were used to build cmfidence in measuring the velocity profiles

in a well esøblished and thmotgbly docrmented flow.
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4.8.1.2 Flow visualisation

A number of flow visualisation techniques were used to determine the spreading angle of the axisymmehic

and asymmetric jet. The most useful method was the laser sheet flow visualisation. Figure 4.3. 2 in Section

4.3.2.2 shows that the spreading half angle of the axisymmetric jet is approximately 10'. This compares well with

the measured spreading angle determined using velocity profiles Figure 4.3. 3 reve¿ls that the spreading angle of

the asymmetric jet is around 20o on the previously "attached" side of the jet and between 20o and 30' on the

previously "free" side ofthejet, depending on which origin is used, see ea¡lier discussion.

4.8.2 TWo-Dimensional Plane Wall Jet

4.8.2.1 Introduction

Jets from two plane nozzles, one with an outlet 10mm high and 63mm wide and the other 5mm high and

I25mm wide, shown in Figure 2.1. 6 have been investigated first by measuring LDV velocity profiles at various

distances downstream from the exit and secondly by laser sheet flow visualisation shown in Figure 4.8. 9. The

nozzles have a smooth contraction with upstream settling screens. A flat plate aligned with the bottom edge of each

of the exits from the plane nozzles was then introduced to produce a wall jet, the velocity profiles of which were

measured downstream from each of the exits. When a gate of variable height is placed in the flow at a distance

fromthewalljetexit,thejetisdeflectedatananglewithaspreadofuptol0o. Thedeflectionanglesproducedby

gates of various heights placed in each of the 2-D wall jets were measured and plotted as shown in Figure 4.8. 8.

These results are compared with the results of deflected jet angles for the CD, CD6, CD10 and CD20 nozzles in

Figure 4.8.4.

The laser sheet flow visualisation revealed that, for the particular configurations shown in Figure 4.8. 10 ,

the ambient fluid is induced into the 2-D cavity marked by the dark areas inside the cavity, simila¡ to the results

discussed in Chapter 4.
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Deflected Jet Angle vs Lip Height
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tr'igure 4.8. 4 Comparison of deflected jet angles produced by 2'Dimensional wall jet over a gate and

CD, CD6, CD10 and CD20 nozzles.

4.8.2.2 Apparatus

Two wall jet nozzles were us€d in this investigation as described above. The first was a ó3 mm wide and

10 mm high and the second" 125 mm wide and 5 mm high. Both of these wall jets were evaluated fm a range of

mass flow rates and gate heights using the LDV to møsure the velocity vectors. From these data the deflectior

angle of the jet was calculat€d and compared with qualitative û¡ft observations. The Mme apparatus was used as fu

the evaluatim of the CD nszz,le. Figure 4.E. 9 shows a deflected 24imensional wall jet flow, visualised by laser

sheet" exiting ole of the nozzle configuratiors.
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4.8.2.3 LDV Velocity Profiles and Deflected Jet Angles

The velocity profiles of the wall jets were measured downstream from the nozzle exit using 2 component

LDV and a sample of results for Re,=1600 are shown in Figure 4.8. 5. The velocity at the jet exit has the standard

top hat profile. At three slot heights downstream from the exit, the shear layer on the free side of the jet increases

noticeably. By six slot heights, the potential core no longer exists and the jet has spread outwards away from the

surface. At ten nozzle heights down stream from the exit, the wall jet centre line velocity has decayed to 0.8 of the

exit velocity and the velocity decreases away from the surface. The turbulence intensities associated with the flow

are shown in Figure 4.8. 6 which indicates the amount of mixing at the shear layer and the boundary layer in the

wall jet. The flow is initially a low turbulence flow of less than 57o and at 10 slot heights downsfream, the

turbulence increases to above 15%. When a gate is placed in the flow, it deflects the flow to a degree which is

determined by the height of the gate and the axial position from the exit. The velocity profiles also change with the

introduction of a gate as shown in Figure 4.8. 7. The flow over a gate, with a gate height to slot height (h / t) = O.S

is seen as a mild form of deflection and produces downstream a jet deflected at an angle of the order of ct = 20o,

which was measured using a tuft placed in the flow, and the velocity profile does not change significantly across the

jet width. When the (h / t ¡ = 1, the deflected jet angle increases to a value of cr, = 35o and the jet centre line velocity

is reduced. The same trend is observed for (h / t) = 1.5, which causes the jet to deflect to an angle of cL = 50'. The

velocity profile shows the reduction ofjet centre line velocity due to its directional change. The deflected jet angles

for the wall jet over a range of gate heights at a range of axial distances ate summa¡ised in Figure 4.8. 8. These

deflected jet angles were measured using both a tuft placed into the flow and laser sheet flow visualisation. Both of

these methods correlate well with the results presented in Figure 4.8. 8.
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L.D.V. Yelocity Profiles of a Wall Jetat a Range of Axial
Locations, Re=1600
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Flgure 4.8. 5 Two-dlmenslonal wallJet velocity proflles downstream from the nozzf,e exlt uslng LDV.

Figure 4.E.6 Two-dimensional wallJet turbulence intensity profiles downstream from the nozzle exit

uslngLDV.

L.D.V. Turbulence Intensity of a Wall Jet at a Range of Axiat
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Velocity Components Ux and Uy of a Wall Jet Flowing Over a
Gatchlt=2 atxlt=10> Measured Using L.D.V.
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Figure 4.E. 7 Velocity proflles of a 2-dimensional wall jet over a gate measured using a 2 component

velocity vector.The angle of a deflected wall jet at the gate lyas measured to be between 35" and 45".

Flgure 4.8. E Summary of two-dimensional deflected jet angles produced by a gate at a range

locatlons downstream from the notzle sloÇ measured uslng a tuft.
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4.8.2.4 Flow visualisation

The flow visualisation using laser sheet photography has been discussed earlier in this Chapter. The

flow features revealed using this method of measurement can be seen in Figure 4.8. 9 and Figure 4.8. 1,0.

Both show the angle at which the jet is deflected and in the later figure, the effects of the lid to restrict the

amount of ambient fluid for a particular gate height can be clearly seen. A preliminary investigation of the

effects of upper gate described in Figure 2.1. 6 (c) has been carried out. The results show that at

Re,=296,996, for the lower gate height of 5mm without the lid produces a deflection a, = 20" to 35o, with the

lid in place a"= 45" to 50". When the upper gate of 10mm is included at the exit plane, the jet is deflected at

an angle cr = 60o. If the upper gate height is increased to 20mm, the jet deflected at an angle of o( = 45o.

These results shows that the reduction in exit area, even in 2-dimensional channel flow, causes an increases

in the angle at which the jet deflects at. As the exit area is reduced further, the angle at which the jet is

deflected is reduced. This agrees with the postulate that was presented earlier for the CD family of nozzles.

Figure 4.8. 9 Two-dimensional seeded jet deflected at a = 20" to 35" over a gate h = Smrt, without a

lid and Re,=29¡,666, visualised using a laser sheet.
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Figure 4.8. 10. Two-dimensional seeded jet deflected at ü, = 600 over a gate h¡ = Smm and a lid with

an upper gate hu = 10mm, Rel = 269,660, visualised without the laser sheet.

4.8.3 Other Nozzles

Other nozzles tested were, RP45 and RP60, the rectangular deflector plates at the exit of the eonvergent

nozzle inclined at 45' and 60" respectively. The velocity profiles at the edge of the rectangular plate for each

configuration were measured to compare with the velocity profiles of the CD and CD10 nozzles. The momentum

flux has been calculated using these profiles and compared with the measured thrust using the strain gauge

arrangement at the root of the supply hrbe as described in Chapter 2. T\e schematic of the nozzle confrgurations is

shown in Figure 2.1. 3. A typical set of velocity profiles measured using a hot-wire is shown in Figure 5.4. 3.

Profiles are the result of haversing a hot wire across the jet at the edge of the 45o deflector plate at 5mm intervals

parallel to the plane of syrnmetry. The centreline velocity of the jet at 10 throat diameters downstream from the

th¡oat is 0.45 Ur compared ro 0.23 U, at the CD10 nozzle exit , Figure 3.1.. 3, and 0.5 U, at the CD nozzle exit

shown in Figure 4.7.6. Ttre velocity profiles at the edge of the RP60 a¡e somewhat lower but have simila¡ shape to

the RP45 profiles.

The velocity profiles at the exit of the 845 and 890 are very simila¡ to the velocity profiles measured at the

exit of the convergent nozzle shown in Figure 4.7. 3.
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Figure 4.8. 11 Schematic of ttre postulated vortex system inside the CD nozzle

with a moderate lip at the exit causing the wall jet to deflect.
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4.9 Conclusions

The flow mechanism inside the CD nozzle has been presented in det¿il using flow visualisation, pressure

profiles and velocity profiles. The flow inside the nozzle may be explained in terms of two-dimensional flow and

the effects of exit area ratio has been characterised. The deflection angle of the jet has bepn characterised in terms of

the lip height, lip axial distance from the throat and the wall jet thickness at the exit. It has been established that the

deflected jet angle for the CD nozzle could reach 80 o at an exit area ratio of 0.34. This however coincides with a

lower velocity and a lower thrust as vvill be shown in the Section 6.

The wall jet shows a remarkable resemblance to the asymmetric jet profile inside and just outside the CD

nozzle and therefore the comparison between the wall jet deflected over a gate and the jet deflected by an exit ring in

the CD nozzle is justified. The deflected jet angles in the two cases increase with increasing h/1, the ratio of gate

height to gate distance from the exit. For the range tested, the angle at which the 2-D wall jet is deflected is shown

to increase as the height of the gate at a given distance from the wall jet exit incre¿ses. For the CD nozzle, on the

other hand, the jet deflection angle reaches a maximum and then reduces with further increase in lip height. When

the effects of lip height, exiting jet thickness and distance of lip from the exiting jet are considered, the major

difference is that the CD nozzle deflects the jet more effectively for a given set of parameters. It is postulated that

the effrcient deflection of the wall jet at the exit of the CD nozzle is due to a combination of deflection due to the lip

and the radial pressure gradient produced by a strong vortex loop inside the CD nozzle, just upstream from the exit

lip. The vortex loop stretches across the exit diameter and joins the t\ryo foci described in this section. The addition

of a larger lip produces a stronger vortex and hence a stronger radial pressure gradient resulting in a larger

defleption of the exiting jet. The maximum deflection is reached when a balance between the radial pressure

gradient and the exiting flow momentum is reached. Therefore the difference between the 2-D wall jet deflection

angle and the CD nozzle deflection angle can be attributed to the vortex strength inside the cavity, which, it is

postulated, is due to the counter-current flow of the ambient fluid which is induced into the nozzle and the primary

jet which feeds into the vortex loop via a vortex lmp which forms behind the lip on the wall jet side. Interpretation

of the deduced complex vortex system inside the nozzle is presented in Figure 4.8. 11.
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CHAPTER 5

CD10 and CD20 Nozzles and Their Flow
Mechanisms

The basic flows in the CD10 and CD20 nozzles are initially similar to the flow found in the CD nozzle.

As the length of the cavity increases, as in the case of CD10 and CD20 nozzles, the flow near the throat changes

very little. Further downstream within the nozzle, significant changes take place and by the nozzle exit there has

been a substantial azimuthal spread of the jet in the CD10 and very substantial spread in the CD20 nozzle, as will be

shown by measurement of the velocity profiles and pressures inside the nozzle. The flow exiting from the CD20

nozzle occupies the whole nozzle erJt area most of the time, and ambient fluid only induced into the nozzle

intermittently for short periods. The characteristic feature of the flow inside the longer nozzles is the recirculation of

the primary fluid back into the nozzle and this first reduces and finally excludes the ambient fluid from being

induced. Two effects on the flow are evident. First, the primary flow diffrrses more inside the long nozzle and this

reduces the amount of thrust that the nozzle produces. Secondly, the fluid momentum is distributed across a larger

cross-sectional area. When a lip is placed at the nozzle exit, the jet is deflected to a lesser degree than is the flow

from the CDIO nozzle alone, as will be shown in this Chapter.

5.L A Characteristic Description of the Generated
Flow Patterns Inside and Outside the Nozzles

The existence of a cavity extension generates a number of distinct flow fe¿tures inside the nozzle. The

initial fully axisymmetric flow separation just downstream from the throat at low mass flow rates was observed

when oil was injected at the throat to identiff the separation surface. The laser sheet flow visualisation confirmed

that the flow was axisymmetric, as expected. As the flow rate was increased, the separation became asyrnmehic and

the jet reattached itself to one side of the wall with a partial azimuthal separation dovmstream from the throat. The

asymmetric flow continues to entrain fluid as it progresses downstream and increases in cross sectional area. At the

exit of the CD10 nozzle, the wall jet occupies about half the exit a¡ea and in the CD20 nozzle exit, the wall jet
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diffr¡ses significantly to occupy almost the whole of the exit area. Only at low flow rates 'was it observed that the

ambient fluid was occasionally entrained. When a laser sheet was introduced diametrically in the plane of

symmetry the flow pattern inside the nozzle showed that the expanding wall jet was generating a recirculation of the

primary fluid. When the exit area w¿ìs reduccd by placing an exit ring at the nozzle exit, the flow inside the nozzle

intensified due to an increased amount of primary fluid being forced to recirculate back into the nozzle. This was

revealed in the oil surface flow visualisation experiments. The flow exiting the nozzle, through the reduced exit area

was deflected across the nozzle axis by the exit lip and by the vortex loop, as described in Chapter 4. The degree of

deflection was determined by the length of the nozzle and the exit lip height. The flow downstream from the nozzle

exit leaves thenozzle at an angle and settles into what seems to be a self similar jet. The velocity profiles exiting the

CD20 nozzle were measured only for several configurations due to the extremely unsteady behaviour. It was felt

that this geometric configuration was very unlikely to be used for thrust control due to its low thrust vectoring

efficiency and that analysis using flow visualisation was sufficient.

The CD10, on the other hand, was the first nozzle configuration evaluated and a large proportion of time

was invested on this nozzle. It was not until the nozzle length was varied that it was realised that the CD nozzle

was the more efficient nozzle by which to yector thrust. By this time a substantial data set, relating to the CD10

nozzleflow, such as surface flow and laser sheet flow visualisation, pressure, velocity and thrust measurements, had

been assembled of which only a representative number of results is presented in this thesis.

5.2 Total and Static Pressure ProfÏles

A number of total and static pressure profiles have been measured inside and outside the CD10 nozzle.

The static pressure outside the nozzle is assumed to be atmospheric for the calculation of the dynamic pressure, and

hence of the velocity. The static pressure inside the CD10 nozzle was measured along the nozzle wall and

circumferentially at an axial distance of 10 throat diameters as indicated in Figure 1.1.. Due to the poor thrust

vectoring performance it was decided not to do a detail study on the CD20 nozzle hence no pressure or velocity data

are presented for that nozzle. The CD10 nozzle however showed promise when thrust vectoring efficiency was

measured and it was deemed worth examining in detail, particularly because the transparent cavity allowed

extensive flow visualisation to be implemented, therefore only the CD10 pressure details are presented in this

Section.
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Axial Distribution of Static Pressure inside the CD10 Nozzle

o.25 Azimuthal Locatlon Theta = 0 deg

o.2

o

rl
I

çtt

0.15
r AR = 0.11

o AR = 0.17

A AR = 0.25

O AR = 0.34

tr AR = 0.44

O AR = 0.69

0.1

0.05 o

A

I

a

A

I

a

A

I

o

A

I

a

A

E

a

A
oI

a

A

I
o0

-0.05

o2 4 6 I
xlDt

10 t2 t4 16

Fþure 5.2. I CD lO nozzle axial distribution of pressure along the sector of the cavity wall that is

opposlte from the azlmuthal posltion at 0=0" relatlve to the secondary fluld lnJectlon position.

Figure 5.2.2 CDIO nozzle axial distribution of pressure along the sector of the cavity wall that is at

the azimuthal positlon at O=90"relatlve to the secondary fluid lnJection posltion,
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Axial Distribution of Static Pressure inside the CDL0 Nozzle
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Figure 5.2.3 CD10 nozzle axial distributlon of pressure along the sector of the cavity wall that has the

wall jet attached.

5.2.1 CD10 Nozzle Static Pressure

Static prassrnes have been measured at seve,n axial positiotts inside the CD10 nozzle. The wall pres$re

tappings are lrm ID and are spaoed at 15nm inærvals with the mid tapping used as a oonìmon tapping fm the

measurernent of cirq¡mferential pressure variaticnrs, Details of these measuring positions can be found in

Fþure.l.l. The axial wall pressure in the nozzle was measued at 16 equally spaoed points with pressure tappings

of 1 nm ID, The pressure tappings were connected to a 16 channel differential pressure transducø, described in

Section 2, via flexible I nm ID tubing. Data in a fum of an analogue voltage signal was digitisod and reqded on

a p€rsonal cütputsf dafl storage and anal¡ais s),st€m. Fu each point measured data was collected fm periods of up

ûo l0 soconds and thereduction and analpis of data was perfmmed at a lat€r time. Fm each exit ring attac¡ed ûo the

CD10 nozzle exit, both axial and circumferendal pre,ssure disributions were measured. The static pressure was

measured fø a range of mass flow rates up to 34 x 103 tg/s. A set of results measured along the nozzle wall

opposite frcm the wall jet fu a select set of the exit rings are shown in Ftgure 52.1 to Ftgure 5.2.3.

The first of these, Figure 52.1 shows the áxial pressure disuibutiols along the socttr of the cavity wall

along which flows entained ambent fluid v/hich is induced into the nozzle. Note that tbis is m the q'posite side

frorr the s€cttr occupied by the urall jet. Its azimuthal position relative to the seomdary fluid injeaion point is t=0'.
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The obvious feature of this figure is that the pressure decreases with increase in exit area and becomes sub-

atmospheric between the AR = 0.25 and AR =0.34.

The next set of measurements, Figure 5.2.2 , represents the flow at the azimuthal position of 0 = 90o, that

is, pressure near the boundary where the wall jet entrains the ambient fluid. These pressure distributions show the

same trend exhibited in the previous figure indicating that streamline curvature is not a major factor in the problem

except near the exit lip where the strong curvature associated with separating wall jet causes a marked transverse

gradient. The negative bifurcation at the surface in the vicinity of the pressure tappings near the exit, as shown in

the china-clay visualisation figures, complements these observations. Figure 5.2.3 shows the axial distribution of

pressure at the azimuthal angle of 0 = 180o, that is the prqssure under the wall jet. Pressure in this case is sub-

atmospheric when the AR is above 0.25, which is consistent with the previous figures. All three of the above

observations indicate that the nozzle pressure is subatmospheric at AR above 0.34 and above atmospheric at AR of

less than 0.25. The subatmospheric pressure produces an induction of ambient fluid into the nozzle at AR above

0.34, a result of which is the enhancement of the vortex loop inside the nozzle. In turn this process incre¿ses the

angle through which the jet is deflected. The opposite is true for the AR below 0.25.

As the exit area ratio is reduced to AR = 0.34, the pressure beyond six throat diameters is initially sub-

atmospheric and relatively constant until the exit lip is approached. The pressure in each of these configurations, as

shown in Figure 5.2.1 to Figure 5.2.3 , has this cha¡acter. Close to the exit lip where the pressure rises

considerably the flow is dominated by the impingement of the wall jet on the exit lip, the related separation from the

inner surface ofthe nozzle and the vortex associated with the reversed flow below the stagnation line on the exit lip.

For exit a¡ea ratios less than 0.25, the axial static pressure everywhere is above atmospheric indicating that there is

no entrainment of ambient fluid into the nozzle. The pressure however exhibits a similar trend as in previous cases

and increases near the nozzle exit due to the stagnation line at the exit lip. A set of pressure measurements along the

azimuthal locations 0 = 0o, 90o, 180" and2lo" axis were taken for a range of mass flow rates and exit areas and are

presented in Figure 5.2.4.1 to Figure 5.2.4.11. It appears that the axial dishibution of wall static pressure is

Reynolds number independent. At higher flow rates there appears to be a radial pressure difference across the wall

jet and this radial pressure gradient is associated with the entrainment of the "free" boundary of the wall jet. The

other interesting feature of Figure 5.2.4.2 and Figure 5.2.4.4. is that at the azimuth 0 = 90o and 2JO" the axial

distribution of pressure appears to be identical suggesting symmetry of the wall jet across nozzle. On the other hand

axial distribution of prqssure along the wall jet is different to the distribution on the opposite side , shown in

Figure.5.2.4.1. and Figure 5.2.4.3., for azimuth 0 = 0o and 180o

lt9



Axial Distribution of Static Pressure
Azimuthal Location = 0 deg., AR = 0.L1.
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Figure 5.2.4,1 CD10 wall static pressure measured axially, at azimuth 0 = 0" at a range of mass flow

rates, AR = 0.11.

Figure 5.2.42 CD10 wall static pressure measured axially, at azimuth 0 = 90o at a range of mass flow

rates, AR = 0.11.
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Axial Distribution of Static Pressure
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Figure 5.2.4,3 CD10 wall static pressure measured axially, at azimuth 0 = 180o at a range of mass

flow rates, AR = 0.11.

Figure 5.2.4.4 CDL0 wall static pressure measured axially, at azimuth O = 270" at a range of mass

flow rates, AR = 0.11.

Axial Distribution of Static Pressure
Azimuthal Location =270 deg. AR = 0.L1.
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Axial Distribution of Static Pressure
Azimuthal Location = 0 deg., AR = 0.17
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Figure 5.2.4.5 CD10 wall static pressure measured axially, at azimuth 0 = 0" at a range of mass flow

rates, AR = 0.17.

Figure 5.2.4.6 CD10 wall static pressure measured axially, at azimuth 0 = 90" at a range of mass flow

rates, AR = 0.17.
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Figure 5.2.4:7 CD10 wall static pressure measured axially, at azimuth 0 = 180" at a range of mass

flow rates, AR = 0.17.

Figure 5,2,4.8 CDL0 wall static pressure measured axially, at azimuth 0 = 0o, 90", 180" ,

at Re1= 200¡000, AR = 0.25.
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Axial Distribution of Static Pressure
Re = 2001000, AR = 0.34
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Figure 5.2.4.9. CD10 wall static pressure measured axially, at azimuth 0 = 0o, 90", 180" ,

at Re1= 200,000, AR = 0.34.

Figure 5.2.4J0 CD10 wall static pressure measured axially, at azimuth 0 = 0", 90", 180o ,

at Re¡ = 200,000, AR = 0.44.
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Axial Distribution of Static Pressure
Re = 200,000, AR = 0.69

0.2

a

ctl
È

I
tt)
À

0.15

0.1

r0
o90
a 180

0.05
A

0
t 4 6

ø ^8E

10 t2
t
ô

ll4 o 16

-0.0s â I o

xlDt

Figure 5.2.4.11 CDL0 wall static pressure measured axially, at azimuth 0 = 0", 90", 180o ,

at Re1= 200,000, AR = 0.69

Figure 5.2.5.1 CD10 circumferential distribution of static pressure measured at a range of mass flow

rates, AR = 0.69.
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CD10 Nozzle Circumferential Distribution of Static Pressure,
AR=0.34
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Figure 5.2.5.2 CD10 circumferential distribution of static pressure measured at a range of mass flow

rates, AR = 0.34.

Figure 5.2.5.3 CD10 circumferential distribution of static pressure measured at a range of mass flow

rates, AR = O.25,
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CD10 Nozzle Circumferential Distribution of Statíc Pressure,
AR=0.11
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Figure 5.2.5. 4 CD10 circumferential distribution of static pressure measured at a range of mass flow

rates, AR = 0.L1.

Figure 5.2,5.5 CD10 circumferential distribution of static pressure measured at a range of AR.
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The circumferential static pressures were measured for a range of mass flow rates and exit are¿s. Variation of

circumferential pressure with change in AR at 10 throat diameters downstream from the throat is presented in

Figure 5.2.5.1to Figure 5.2.5. 5.

The cavity static pressure is only slightly dependent on Reynolds number, as may be deduced from the

above figures. The static pressure inside the nozzle has bepn measured independently at points distributed in axial

and circumferential directions and the results are in good agreement at the common measuring pressure tappings,

where the axial pressure tappings coincide with the circumferential pressure tappings in four azimuthal positions 0o,

90', 180" and270" at about 10 throat diameters downstream from the throat.

5.2.2 CDI-O Nozzle Throat Static Pressure

The throat static pressure was initially measured at 4 locations 90' apart. At a later stage it was decided to

increase the number of tappings to 8. This was done so that a detailed static pressure distribution at the throat of the

CD nozzle could be obtained to act as a datum during interpretation of the downstream pressures. The results

produced by each of the four locations indicate the variation of pressure with mass flux in the CD10 nozzle. A

sample result for the CD10 nozzle is presented in Figure 5.2.6. I and shows the static pressure variation at the

throat for the asymmetric case at AR=0.69 for a range of Reynolds numbers, and the results are in good agreement

with the CD nozzle results shown in Figure 4.2. 18. The asymmetric flow produces an asyrnmetric throat static

pressure distribution with the lowest pressure experienced at the azimuthal position downstream from the point of

separation. When the flow is not controlled by injection of fluid at the throat, the flow may change its azimuthal

direction without any warning. The work presented here relates to a flow controlled by secondary fluid injection of

sufficient magnifudefo maintain the azimuthal direction.

The pressure ratio ( P - Pu*) / Q¡, where Q, is the dynamic pressure defined as being equal to ll2 p (U)2,

in both the CD and CDlO nozzles for a given AR = 0.69 and Re¡ = 75,000 have a value of about 0.6 at the azimuth

0 = 180o and a value of about -0.2 atthe azimuth 0 = 45o.
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Circumferential Distribution of Static Pressure at the Throat of a
CD10 Nozzle, at a Range of Re and AR = 0.69
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Figure 5.2.6. I Static pressure at the CD10 nozzle throat for a range of mass flow rates, AR = 0.69.

5.2.3 CDL0 Nozzle Total Pressure

An attempt was made to measure the CD10 nozzle fotal pressure at a range of axial distances from the

throat. The probe was mainly traversed diametrically across the nozzle. The results were inconclusive due to the

uncertainty of the flow direction inside the nozzle as this was found to be changing. It is now known that the

va¡iations are related to variations in the strength of the vortex loop inside the nozzle which turns the primary fluid

back towards the throat. Data for the CD20 nozzle was even more inconclusive. Similar problems were cited by

Nathan (1988) in his evaluation of the Long Cavity nozzle. Further study is recommended using LDV to accurately

map out the 3-D velocity profiles inside the cavity to determine the vortex strength due to the lip height (exit area

ratio) and mass flux.

At the CD10 nozzle exit, the total pressure was measured by traversing across the jet streamlines which

were found to be directed approximately at 35o to 45o away from the nozzle axis for the AR=0.69, see Table 4.1 for

summary ofdeflectedjet angles. The total pressure profiles, when converted to velocity, gave the "picture" ofthe

exiting jet width and thickness shown in Figure 5.2.6.2, shown as a 3-D surface plot representing the velocity of

half the exiting jet, traversed at 45o to the nozzle axis at the exit plane, at Re¡ - 86,000 .
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The profiles were taken at 5 mm intervals across the stream to give a reasonably complete picture of the exiting jet

from one aspect. This result was also used to calculate the momentum flux producrd by the particular nozzle

configuration and the results were compared with the measured thrust values obtained from the strain gauge

apparatus described earlier in Chapter 2. T\e results from the momentum calculations \'r'ere presented elsewhere,

[293] and the results are in good agreement with the results presented in Chapter 6. The total pressure

measurements outside fhe nozzle were useful when the direction of the flow was known so that the probe could be

aligned with the flow. It was found that the measurements using total pressure profiles were consistent with the

results from both hot-wire and LDV.
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5.3 Measurement of the CD6, CD10 and CD20
Nozzle Deflected Jet Mean Flow Direction

The angle at which the jet leaves the CD6, CD10 and CD20 nozzles was measured in a number of ways.

As discussed in Section 4, the most suitable and convenient method was to place a tuft in the flow and measure its

angle. The other method used was a laser sheet flow visualisation. These two methods were sufficiently accurate to

measure the deflected jet angles produced by a lip at the nozzle exit since it has bepn shown by the use of the LDV 2

component velocity vectors, that the previous two methods give results which are sufficiently accurate for the present

interpretive study . The tuft method was used for the CD10 and CD20 nozzles and laser sheet for the CD6 nozzle.

5.3.L Laser Sheet Photography Results

The laser sheet flow visualisation has been described earlier and the same method was used to capture the

deflected jet leaving the nozzle. The flow images of the jet from the CD6 nozzle were recorded on 35 mm film and

are shown in Figure 5.3. L to Figure 5.3. 7. The captured images show only the width of the jet and the angle at

which the jet is deflected by the lip at the exit. The intensity of the image across the centre plane of the jet may be

interpreted as being related to the local proportion of primary fluid, as discussed in previous section. Towards the

edges of the jet the intensity reduces indicating that the primary fluid is becoming more diluted by ambient fluid due

to the entrainment and mixing. The spread of the jet in the asyrnmetric flow at AR=1 could also be measured. In

general the spread is of the same order as for the CD nozzle. The above ltgures show the effects of exit are¿ on the

angle to which the jet is deflected. The feature to notice is that the maximum angle is reached when the AR=0.34,

and is the same result observed for the CD nozzle. Note the visible signs that part of the primary jet fluid is induced

into the cavity when no exit ring exists at the exit as shown in Figure 5.3. L and a considerably larger proportion of

primary fluid recirculated when an exit ring AR = 0.69 is introduced at the CD6 nozzle eljt as shown in Figure

5.3. 2. Further more it is clear that a large proportion of primary fluid is recirculated, and presumably increases

with reduction of exit area, into the cavity ,shown in Figure 5.3. 3. It is also of interest to see the formation of the

vortex loop cross section and subsequent move upstream as the exit area is reduced, shown in the above figures.

These dark areas of induced ambient fluid inside the cavity confirm that the exiting jet does not oæupy the whole of

the exit area for at least AR = 0.69 anway. Figure 5.3. 2 to Figure 5.3. 7 show how the angle of deflected jet is

effected by reduction ofexit area.
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Figure 5.3. L Deflected jet from the CD6 nozzle illurninatcd by a laser sheet: AR =1.0, Ret = 27,000.

Figure 5.3. 2 Deflected jet from the CD6 nozzle illuminated by a laser sheet: AR =0.69, Re1 = 27,996.

134



Figure 5.3.3 Ðeflccted jet from úfte cÐ6 mozzle itËu¡minatecl by a laser sheet: Af,t =0.44, Rc, = 27,ggg.

illurnimated by a laser shect: AR =0.34' R.e¡ = 27,000Figure 5.3. 4 Deflccted jet from the CD6 nozzlc
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Figure 5.3. 5 Deflectcd jet from the CD6 nozzle illuminated by a laser sheet: AR =0.25, Rel = 27,996.

Figure 5.3. 6 Deflected jet from the cD6 nozzle illuminated by a laser sheet:
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Figure 5.3. 7 Deflected jet from the CD6 nozzle illuminated by a laser sheet: AR =0.11, Re1 = 27,966.

5.4 Measurement of Velocity Inside and Outside the
Nozzle

A number of velocity traverses of the jet and its related flow fields have been taken inside and outside the

CD10 nozzle. The convergent-divergent nozzle was made of a opaque material so it was not possible to use the

LDV to measr¡re the axial velocity profiles in the vicinity of the first 6 throat diameters. Measurements of the

velocity profiles were attempted through the perspex cavity of the CD10 and CD20 nozzles and it was found that the

water mist seeding system left a deposit of condensate on the cavity walls. This made the experiment very time

consuming because the experiment had to be stopped, the cavity wall cleaned, and the experiment restarted, stopped,

and the procedure repeated again a short time later. The initial cavity wall was 5mm thick, which produced

distortion of the beams and the scattered sigaal collected in the back scatter mode had a high noise component due

to the condensation. New cavity walls were manufactured from lmm thick perspex (a precision task accomplished

by Mr Jager and Mr Price at the Departrnental Workshop) and the beam distortion was minimised. The setding

problems could not, however, be avoided due to the type of seeder and the nature of the flow inside the cavity. Solid

particle seeding could have been used but this would have required the apparatus to be redesigned to allow the

containment and subsequent extraction of the seeding particles to conform with the statutory Occupational Health
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and Safety legislation. On this basis it was decided to limit the use of the LDV to the region outside the nozzle to

avoid the condensation problem. The velocity profiles inside the cavity were measured using a hot-wire probe and

the direction of the flow was inferred from the surface flow visualisation as discussed later in this Chapter.

5.4.1 Hot Wire Anemometry

A number of hot-wire fraverses were carried out inside the cavity to establish the effect of the cavity on the

spread of the jet and the jet centre line decay. Figure 5.4. 1 shows the development of the velocityprofile inside the

CD10 nozzle. The initial velocity profile, in this case, was measured at an axial distance of 3 throat diameters

downstream from the nozzle tbroat and indicates that the jet is 1.25 throat diameters thick and has the centre line

value of U*/[J.=0.60 in the plane of symmetry. At the axial distance of 6 throat diameters the jet thickness increases

to about 2 tfuoat diameters while the jet centre line velocity has decayed to around 0.35 of the throat velocity,

determined by the mass flux and nozzle confrguration. This would indicate greater diffr¡sion of the jet than that of a

CD nozzle flow where the centre line velocity at 6 throat diameters downstream from the throat maintains a value of

close to 0.6 of the throat velocity. The wall jet in general is expected to difñ-lse a great deal more in theCD2O nozzle

because of the greater residence time, and in fact the jet occupies the whole of the exit plane.

The velocity profiles outside the CD10 nozzlefor a range of distances from the nozzle extt plane have been

measured along a 45" line relative to the nozzle axis, which coincides approximately with the deflected jet

centreline. These results are presented in Figure 5.4.2 and show the profile of the jet as it moves away from the

nozzle exit. The 45" angle was chosen from the laser sheet flow visualisation and tuft measurements which

determined the angle at which the deflected jet was leaving the nozzle. From the figure above it is clear that the

chosen angle was appropriate since the maximum velocity remains close to the chosen centreline. It is also evident

thatthe jethas aspreadinghalf angleof about 10'. This appears tobein good agreement with an axisymmetric

turbulent jet spreading half angle. The spreading half angle of the free side of the jet however is of the order of 1 5o

to 20".

A number of velocity measurements have been taken at the edge of the rectangular plate of the RP45

nozzle and results presented in Figure 5.4. 3 and Figure 5.4. 4 for two Reynolds numbers. The profiles are

similar in character to the velocity profiles exiting the CD10 nozzle and the centreline velocity is just over 0.45 of

the throat velocity in both cases. The point to note is that the jet has deformed into a jet similar in character to the

wall jet discussed in Chapter 4.
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5.5 Surface Flow Visualisation

The major features of the flow topology can be deduced from close examination of the surface flow

patterns. The process of interpreting the flow patterns has been outlined in Chapter 4 and only the results \4/ill be

discussed here. The surface flow patterns, pressure measurements and pitot traverses inside the CD10 nozzle have

revealed the flow to be complex and three dimensional with stream surface bifurcations and foci present on the

nozzle wall. To study the surface flow patterns, the inside surface of the nozzle is coated with china-clay (Kaolin)

solution and exposed to the flow. The differences in the rate of evaporation of the oil from the mixture and the

residual depths of Kaolin left on the surface reveal the areas of high and low surface shear stress. The patterns are

then photographed for later analysis. As a variation within the cylindrical cavity the surface flow patterns were

captured by inserting a thin sleeve coated with china-clay and exposing it to the flow. When the surface is exposed

long enough to "freeze" the image, the sleeve is removed and rolled out flat to simplifu the photography.

The flow of oil on the surface was used to observe the dynamic mean changes inside the nozzle and in the

transparent cavity the patterns were clearly visible from outside the nozzle. The non-toxic oil for this form of

visualisation is introduced as smoke and provides some indication of the jet motion. However when the smoke cools

down as it comes into contact with the nozzle walls it condenses and leaves a thin film of oil on the surface. The

areas of high shear then moves the oil to the areas of low shear where the oil accumulates. An impression of the

flow in the region of the thoat was captured by viewing the nozzle from downstream along its axis. The oil that

was introduced to view the flow patterns in the throat region was mixed with gaphite to increase contrast with the

white background ofthe nozzle surface.

5.5.L China Clay Surface Flow Visualisation

The surface flow patterns revealed by the china-clay surface flow visualisation has shown a number of

features of the flow inside the nozzle. Figure 5.5.1. (a) is a photograph of the unrolled sleeve that has been coated

with china-clay and inserted into the cavity. The flow direction was from bottom to top of the sleeve and the

Reynolds number and area ratio were Re,=72,66ç and AR=0.69. The centre of the picture shows the footprint of

the entrained fluid as it flows upstream towards the nozzle throat and the outer edges correspond with the centre line

ofthe walljet. (The left and right edges ofthe sleeve are adjacent within the cavity).

The dominant feature in Figure 5.5.1. (a) is the negative surface bifurcation along the cavity which flares

out as it approaches the exit lip. Just below the exit lip in the region occupied by the wall jet the negative bifurcation

143



corresponds with the line of separation where the primary fluid is deflected away from the nozzle wall by the exit

lip. Streamwise "legs" of the negative bifurcation are where the primary fluid and the entrained fluid meet and

leave the surface. These a¡e the negative sffeam surface bifurcations described in the discussion of Figure 4.5.2. lt

can be seen that as rhe prima¡y fluid flows downsheam along the cavity wall the lateral spread noted previously in

the basic CD nozzle continues within the cavity at an increasing rate until the flow becomes tangential across the

cavity and eventually reverses to carry primary fluid back towards the throat. This reversal of the primary flow to

the low pressure inside the cavity is caused by entrainment of cavity fluid at the "free" surface of the primary wall

jet. This low pressure also induces ambient fluid into the nozzle but if insufficient ambient fluid can be induced to

satisff the entrainment appetite, some fluid from the primary jet must recirculate back towards the throat. The

surface flow patterns also show the very edge of the vortices which are formed just upstream from where the cavity

joins the divergent section ofthe CD nozzle, (see discussion ofthe oil flow visualisation in Section 4.5 ).

Nea¡ the exit of the nozzle just upstream from the lip, at the top right and left of Figure 5.5.1. (a), the

negative stream surface bifurcation is only about 3 mm from the exit lip. This distance increases with the increase

of the size of the lip, ie. with the decrease of the diameter of the exit ring, and follows the same trend as was shown

in Figure 4.5.9. I to Figure 4.5.9. 8. Additional data for other exit area ratios may be found in Appendix C.
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Figure 5.5.1. (a) Photograph of the untolled sleeve inserted into the cavity of the CD10 \ozzle, coated

with china-clay and exposed to the flow at Re¡ = 72,000, AR = 0.69, the primary jet flows from bottom
to top.

f igure 5.5.1. (b) Interpretation of the flow patterns on the unrollçd sleeve at Re, = 72,¡¡¡, AR = 0.69.
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Figure 5.5.2 (a) Oil-surface flow patterns inside the CD10 nozzle near the thloat, jet exiting from left
to right at Re. = 55,000 and AR = 0.69.

Figure 5.5.2. (b) Interpletation of the oil-surface flow patterns at Re¡ = 55,000 and AR = 0.69.
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Figure 5.5.3 (a) Oil-surface flow patterns inside the CD10 nozzle near the throat, jet exiting from left
to right at Re1 = 72,000 and AR = 0.69.

Figute 5.5.3. (b) Interpretation of the oil-surface flow patterns at Re¡ = 72,000 and AR = 0.69.
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Figure 5.5.4 (a) Oil-surface flow pattelns inside the CD10 nozzle near the thloat, jet exiting fi'om left
to right ât Rel = 130,000 and AR - 0.69.

Figure 5.5.4. O) Interpretation of the oil-surface flow patterns at Re¡ = 130,000 and aR = 0.69.
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5.5.2 Surface oil flow visualisation

The use of oil to visualise the surface flow was used because the double curvature of the nozzle wall made

the china-clay method both difficult and imprecise. To reveal the surface flow patterns in the vicinity of the throat,

an oil-graphite powder mixture was injected through a pressure tapping at the throat. The asyrnmetric flow was

kept steady by injecting secondary fluid through a prqssure tapping also at the throat, and when a steady state flow

pattern was reached a photograph was taken along the nozzle axis looking upsheam towards the throat. Figure

5.5.2. (a)shows the captured image of the oil surface flow patterns near the throat at Re,=J5,96¡ and AR=0.69,

indicating the initial stages of the formation of one of a pair of foci that appear on the opposite sides of the secondary

fluid injection location. The interpreted flow, Figure 5.5.2. (b), shows that the foci are near the throat and only

several throat diameters apart. Figure 5.5.3. (a) shows the surface flow patterns for the Re,=72,ggg with AR=0.69

and the striking difference when compared with the previous figure is that the pair of foci have moved diametrically

opposite from each other and are further away from the throat, as shown in Figure 5.5.3. (b). This is caused by the

higher momentum fluid issuing from the throat. The formation of the negative stream surface bifurcation is also

revealed in this figure. There are in fact two pairs of stream surface bifurcations present in this figure. The first pù

is the continuation of the stream surface bifurcations in the cavity as revealed by china-clay flow patterns in Figure

5.5.1. (a) and the second pair rolls up into the foci. As the mass flux is increased, with AR = 0.69 and

Re.=139,666, the flow pattern changes as shown in Figure 5.5.4. (a). The area between the negative strearn

surface bifurcations associated with the ambient fluid moving along the cavity wall towards the throat appeats to

enlarge perhaps due to the recirculated higher momentum primary fluid moving toward the throat. The foci have

moved further away from the wall jet and remain at a distance of around 6 throat diameters downstream from the

throat.

The side view of the oil flow patterns inside the cavity shown in Figure 5.5.5. (a) and the interpretation

shown in Figure 5.5.5. (b), reveals the flow of the primary jet as it expands and encounters the entrained fluid, at

which point the flow separates and thus produces the negative stream surface bifurcation which is clearly visible.

The flow Reynolds number is 72,000 and the flow exits the cavity from left to right. Figure 5.5.6. (a) shows the

same flow from a position where the flow is exiting towa¡ds the viewer, with interpretation of these flow patterns are

shown in Figure 5.5.6. (b). It shows the two negative stream surface bifurcations between which the flow is down

toward the throat while on the other side the primary fluid is turning along the cavity wall toward the viewer and

down. This figure confirms the previous findings using china-clay flow visualisation in Figure 5.5.1. (a). Surface
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flow patterns along the cavity wall, where the wall jet is attached to the cavity, shown in Figure 5.5.7. (a), shows

the separation region near the exit lip which is the negative stream surface bifurcation that continues down along the

opposite side to the wall jet and ma¡ks the boundary between the primary and the entrained ambient fluid and or

recirculated primary fluid , some of it coming from behind the lip on the side of the attached wall jet. This small

sample of the visualisation techniques presented here is representative of the flow patterns at higher Reynolds

numbers and other exit areas tested. The changes in flow patterns with exit area is similar to that described in

Chapter 4 for the CD nozzle. The effect of cavity is to increase the amount of mixing inside the nozzle such that

when the wall jet reaches the exit lip, the jet momentum is more diffr¡se and the amount of primary fluid

recirculated toward, and to strengthen, the main vortex is lower than for the CD nozzle.

5.5.3 Discussion of Results

The surface flow visualisation results presented above are indicative of the flow patterns of the various

geometric configurations such as the exit area and would consume a large part of the thesis if presented in detail.

Qualitatively the surface flow patterns in the CD10 nozzle compare favourably with those in the CD nozzle. In both

cases the flow pattern changes signiûcantly with increase in mass flux as shown above, but features such as the foci

remain present but shift with changing flow parameters and nozzle configuration. The stream surface bifurcations

are also present in all geomefric conditions considered. It can be concluded that the flow patterns in the vicinity of

the throat, once est¡iblished, remain but are shifted due to different quantities of primary fluid being returned

towards the throat determined mainly by the size of the exit lip. Flow patterns are comparable with the flow

patterns in the CD nozzle and in both cases there appears to be a pair of foci on opposite sides of the nozzle. It is

postulated that these foci are the footprints ofa strong vortex loop which appears to play the major role in turning

the jet as it leaves thenozzle.
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Figure 5.5.5. (a) Side view of the oil-surface flow patterns inside the CD10 nozzle marking the negative
stream surface bifurcation, jet exiting from left to right: Re* = 72rng6 and AR = 0.69.

Figure 5.5.5. (b) Interpretation of the oil-surface flow patterns inside the CD10 nozzle marking the
negative stream surface bifurcation, jet exiting from left to right: Rel = 72rgnn and AR = 0.69.
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Figure 5.5.6. (a) Front view of the oil-surface flow patterns inside the CD10 nozzle marking the
negative stream surface bifurcation, jet exiting toward the viewer: Rel = 72r¡¡6, AR = 0.69.

Figure 5.5.6. (b) Interpretation of the oil-surface flow patterns inslde the CD10 nozzle marking the
negative stream surface bifurcations, Jet exiting toward the viewer: Re, = /2166¡, AR = 0.69.
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Figure 5.5.7 (a) Oil-surface flow patterns inside the CD10 nozzle showing the wall jet separation near
the exit lip, jet exiting away from the viewer¡ Re, = 72'gg¡ and AR = 0.69.

Figur.e 5.5.7. (b) Interpretation of the oil-surface flow patterns inside the CD10 nozzle with the jet
exiting away from the viewer': Re¿ = 721000 and AR = 0.69.
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5.5.3.L Stability of FIow Inside the Nozzle

It has been found that the azimuthal direction of the asymmetric jet is established by the azimuthal position

of the secondary fluid injection. Once the azimuthal direction has been established with the secondary injection, the

flow inside the cavity is stable. Without any secondary injection the flow is unstable and is liable to change its

azimuthal orientation in an unpredictable manner and without warning. The amount of ambient fluid entrained

into the cavity depends on the exit area and for a given exit area, the amount offluid entrained fluctuates due to the

apparent instability of the deflected jet exiting across the exit plane. This has been shown by other researchers in the

department using hydrogen bubbles in water to visualise the amount of ambient fluid entrained into the cavity. This

work has been carried out on a Orifice-Cavity-Orifice (O-C-O) nozzle configuration but results apply equally to the

present test nozzles. The instability is more apparent in the O-C-O nozzle configuration than in the CD nozzle due

to the reversed flow foot found at reattachment after separation at the upstream orifice in the O-C-O nozzle flow.

This does not occur in the CD nozzle flow, except for a very low velocity flow, below Re. of several thousand, as

discussed in Chapter 4, the wall pressure on the wall jet side, just downstream from the throat, is sub-atmospheric

for a number of nozzle configurations. The flow from CD nozzleis more stable at high mass flow rates, in any case,

the secondary fluid injected at the throat pressure tapping fixes the azimuthal position of the wall jet.

5.6 Influence of Exit Rings on the Flow

The primary function of the exit ring is to deflect the wall jet across the nozzle axis. In the process of

doing so, some of the primary fluid is channelled back into the nozzle to feed the two foci of the vortex loop found

downstream from the throat. The size of the exit lip determines the deflected jet angle, up to a maximum value of

65o at AR=O.34 for the CD10 nozzle, which corresponds to an exit diameter of 35mm. This is the exit area that

also produces larger deflected jet angle in CD and CD6 nozzles. When the exit area is reduced further the static

pressure inside the cavity is above atmospheric and the deflected jet angle begins to decrease. The influence of the

exit ring diameter is similar to that for the CD nozzle but because the flow has defused more in the CD10 than in

the CD nozzle, the maximum angles achieved are less.

The second point to note is that when the exit ring is placed at the nozzle exit, some primary fluid is

redirected back into the nozzle and this reduces the ambient fluid required to be entrained. This primary fluid is

seen to be directed towards the two foci and appeårs to feed the vortex loop which joins them. As the lip size

increases, a point is reached when the exit area is so restricted that no ambient fluid is induced into the cavity and

only primary fluid is redirected back toward the throat. This also occurs with the CD nozzle.
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5.7 Conclusions

The CD10 nozzlehas been shown to have internal flow patterns similar to those in the CD nozzle. The

measured velocity profiles inside the nozzle have the same form as in the CD nozzle but the magnitude of the

velocity vectors are reduced due to the nozzle length and the azimuthal diffr¡sion associated with the increase in

length. By the time the wall jet reaches the exit plane and the exit ring, its momentum has been spread over a larger

cross-sectional area and therefore the stagnation pressure on the ring is less, the vortex loop is weaker and thejet is

deflected at a lesser angle. The nozzle interior is sub-atmospheric up to the maximum jet deflection angle, at which

point the angle begins to decrease and the pressure inside the cavity increases above atmospheric as the exit area is

reduced frnther. The flow patterns inside the cavity show a pair of foci belonging to a vortex loop downstream from

the throat. The vortex line is stretched as it loops downstream due to the diverging wall curvature. The foci are

seen to be fed by the primary fluid being returned upstream from the exit lip. The fluid that spirals into a pair of foci

leaves the surface via the low pressure core of the vofex loop and transported downstream by the primary fluid.

Figure 5.7. 1 shows the postulated vortex interaction inside the CD10 nozzlefor a configuration with a modest exit

lip This postulate is similar to the vortex structure deduced in the CD nozzle in Chapter 4.

It has been shown that a range of deflected jet angles can be produced from CD10 nozzle by reducing the

exit area, through placement of an exit ring of a particular diameter at the nozzle exit plane. The azimuthal

direction of the flow is controlled by the azimuthal position of the secondary fluid injection. The efficiency of the

CD10 nozzle is slightly lower than that of the CD nozzle but still produces some very useful thrust. The CD20

nozzle has been found not to be very effective in deflecting the wall jet at large angles. The jet from the CD20

nozzle is deflected at an average angle of around 40', with the smallest lip, and maintains that angle for a large

range of lip sizes. For an exit area ratio greater than 0.25, the jet deflection angle reduces. The flow inside the

CD2O nozzle near thè exit has been found to be a diffused jet with some high momentum fluid being returned along

the cavity wall opposite from the point of secondary fluid injection.
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Figure 5.7. L Deduced vortex skeleton built from the interpretation of the surface flow
visualisation figures inside the CD nozzf,e showing the interaction between vortex loops.
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CHAPTER 6 a

Thrust EvaluatÍon of CD, CD10 and CD20 Nozzles

6.I Introduction

The thrust from a selection of nozzles has bepn measured using the apparatus described in Chapter 2. A

set of strain gauges fitted to the base of the afu supply tube, details of which could be found in Appendix A, was

connected to yield voltages which were directly proportional to the side force produced by the vectored jet. The set

of thrust measurements for each configuration span a range of mass flow rates up to 40x1O3 kg/s, corresponding to

a driving prqssure of 100 kPa gauge. Vibrations excited by fluctuations in the thrust from the nozzle at the end of

the flexible supply tube were resolved by applying a continuous known side force and this bias was accounted for in

the analysis. Thrust produced by the CD, CD10 and CD20 nozzles with exit ring diameters d"/d¡ from 2 to 5.5 are

presented here.

The azimuthal position of the deflected jet in the CD, CD10 and CD20 nozzle,s is controlled by the

azimuthal location of the secondary fluid injection at the nozzle throat. Any one of eight pressure tappings at the

throat of the nozzle can be used as the injection point to provoke asyrnmetric separation of the primary flow

immediately downstream from the throat. The injection of air is normal to the primary flow and behaves as a jet in

a cross flow [18,32,53r56,69f as discussed in previous Chapters. As the secondary jet mixes with the primary jet it

produces locally an adverse pressure gradient which causes the primary flow to separate from the diverging wall

downstream from the injection position. As the secondary jet penetrates the primary it is bent over and in some

cases could be approximately aligned with the surface, when it reaches the diametrically opposite wall, slightly

down stream from the throat. This adds momentum to the flow near the wall as does a wall jet and so keeps the

primary jet attached to the wall. Reference may be made to the general field of separation control by increasing the

momentum in the boundary layer close to the surface, eg. Duncan, Thom and Young (1970).

The primary jet expands to a kidney shape cross-section and impinges on the exit lip as a high momentum

wall jet. The exit lip causes the jet to separate immediately upstream. Below the staglation line on the exit lip the
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flow fonns a sffong vortex which feeds back into the other major vortex structures within the nozzle, as described in

Chapter 4 anrl Chapter 5. The structures cause the primary jet to deflect and produce the vectored thrust, the

meåsurements of which are reported in this Chapter.

6.2 Apparatus

The vertically cnientated exJrerimenØl rig, shown in Figure 2.1. 1, together with a set of sftain gauges

mounted at the base of the flexible supply tube, shown in deøil in Ap¡rendix A, wa,s used to measure the bending

moments produced by the vectcred thrust issuing from the nozzle. The voltage signal from the input conditioner

was {igitise.d using an ânalogue to digital (A/D) card and the data were stored via a personal cünputer (PC) for laær

analysis. The card is capable of sampling 16 channels simultaneously at2Y:I12. Record lengths were varied to

establish that required, and it was found that a pericxl of 5 seconds wa.s sufticient to obtain a reliable average. Data

were then analysed anrl a¡e prcsented as time averaged valuqs of Eansverse comfrcnenLs of the thrust. It should be

noted that the stifhess required to maintain stability of the nozzle precluded the use of süain gâuges to measure the

axial thrust comlnnent. Instead, the angle at which the jet leaves the nozzle wa.s measured, and the total vectored

thrust calculated.

Thrust has been mea.sured for a number of n<uzle configurations and exit areas. Vectored thrust from the

CD, CD10 and CD20 nozzles mmbined have been evaluated fm a range of exit areas and mass flow rates. The

performance of other nozzles such as RP45, RP60, 845 and 890 have also been evaluated to provide a mmparison

with mnventional thrust vectoring systems.

6.3 Experimental Results

The transverse reaction or side fcnce prcxluced by the vectcned jet fiom e¿ch of the nozzles was me.rsured

from the strain gauge ouq,uß discussed above. The angle at which the jet leave.s the nozzle was measured in a

number of ways, as rJiscussed in Chapter 4 and 5. From thqse two measuremenls the total thrust has been

calculaæ¡I. The thrust prcxluced by each of the nozzles is presented a,s a percentage of the total thrust that would

have been producerl by a convergent nozzle fcn fhe same mass flux and same thr(tat diameter expanding ab'ruptly in

atrnospheric conrJitions. Thus the thrust efhciency r1 is here defined as the ratio of the totâl thrust F, prcxlucal by

the deflected jet dfuected at some angle a away from the nozzle geometric centreline, anrl the thrust F.' that woultl

have been produce<l by the cnnvergent nozzle for the s¿ìme mass flux. While other definitions of thrust efficiency
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are possible, the present definition in terms of mass flow rate is believed to be compatible with the fact that the

effectiveness of the rocket motof can be gauge.d by the effective work done by the jet during the buming time of the

fuel, which is the integral of the thrust with res¡rect to the distance travelled. The deflected jet angles produced by

the various nozzles are summarised in Figure 6.3. 1. The resulß show that the maximum angle of deflection of the

jet is around 80", for the limited range of nozzles tested. For this situation, the accuracy with which the total thrust

is produced by the nozzle is determine,d primarily by the accuracy of the strain gauge matrix, which is high. On the

other exfteme, when the deflected jet angle is relatively small, say of the order of 20", the c¿lculated tr¡tal thrust

depends on the accuracy with which the jet angle c¿n be measure¡l and a small uncertainty in the measured angle

has an influence which increases as the angle decreases. Thus a large uncertainty must be accepted in the

calculation of the total thrust.

6.3.L CD Nozzle

The CD nozzlemnsists of the convergent<livergent section of the nozzle with downst¡eam length from the

throat of 6 throat diameters. For the range of ma.ss flow rates mnsidered, the thrust vectoring efftciency for the

nozzleis plotte¿ in Figure 6.3. 2 as a function of mass flux iatio m/m., where m is the mass flux and m- is the mass

flux for sonic flow through a convergent nozzleexiting to ambient. Figure 6.3. 3 shows the effects of both the mass

flux and the exit area on the thrust vectoring efhciency a.s a 3-D surfâce plot. The re.sults show that for the exit area

ratio AR = 0.84, representing the 55 mm exit diameter, an average thrust efliciency r¡ of 70% bars been achieved

and with the jet deflectøl a.=25" from the nozzle axis. These values are sustaine¡l up to the ma.ss flux ratio rn/m*=

0.g where mmpressibilitybegins to effect the flow. This character is typical for all the exit areas tested. Fcr the exit

area ratio AR = 0.34, reprasenting the 35 mm exit diameter, the thrust elficiency r1 reaches a minimum value of

45Vobutpraluce,sthemaximum¿eflectionofthejetofü,=80". Againttrethrustefficiencyisinitiallyconstantand

as the mass flow rate is increaçd, the thrust efhciency decreases. As the exit area is reduced further beyond AR =

0.34, the thrust effrciency r¡ increases reaching a value of 60Vo when AR = 0.11 with the jet deflected to cL = 45o

away from the nozzle axis, as shown in Figure 6.3. 1. The.se angles were also plotted against the exit to cavity area

ratio in Figure 4.3. 79 . The area ratio AR = 0. 1 1, was the minimum exit area tested, and corres¡rcrnds to Uü = 2.

The thrust efficiency rl cân be summarised as decreasing with the reduction of exit area, reaching the minimum

value at the maximum deflected jet angle of 80", then increasing again to 6O7o fcn the minimum exit aleâ tested.
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Mean Angle of Deflected Jet as ä Function of Exit Lip Height
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Fþure 6,3.2, CD nozzle thrust vectoring efficiency q plotted against mass flux ratio for a range of

exlt area ratios tested.
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6.3.2 CD10 Nozzle

CD10 nozzle consists of the basic convergent-divergexúnozzle with a 100 mm cavity aüached at the exit.

The additiotì of tlrc cavity brings the toøl length of the nozzle 16 throat diameters. Fm the range of mass flow rates

cmsidered, the thrust vectuing efficiency fm tbis nozzle was measrned and the results shown in Fþure 63. 4.

They show that the largest exit area AR = 0.84 producas the highest thrust efficienq rl of ûVo. This is achieved at

a deflected jet angle cr of 20" and it remains relatively constant until the urass flux ratio m/m" = 0.8 at uùich point

the efficiency begins to decrease, as fø the CD nozzle. The thrust efficiency deseases with the reducing exit area

and reaches a minimun r¡ of 25Vo for the exit area AR = 0.34. Again the thrust efficiency is ccnstrnt until the mass

flux ratio nrÁrf of 0.8 is reached at which point the efficiency deøeases. The deflectod jet angle o for the minimum

thrust efficiency is 65" beymd whicì the deflected jet angle decreases. Efficiency increases with frrther decrease of

exit area such that for the minimum exit area ratio AR = 0.1 1, the thrust vectcring efficiørcy q is 50Vo at a deflecfed

jet angle o = 30". Flgure 6.3. 5 shows the thrust efficiency data as a 3-D surface plot and shows the effects of exit

a¡ea as well as mass flux cn thrust vectoring efficiency.

Figure 6.3.4 CD10 nozzle thrust vectoring efficiency r¡ plotted against mass flux ratio for a range of

exit area ratios tested.
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6.3.3 CD20 Nozzle

The CD20 nozzle cmsists of a basic convergent4ivergent nozzle with a 200 mm cavity attached at the

exit which m,ake.s the total length of the n ozzle 26 throat diamet€rs. Fm the range of mass flow rates considered" the

thrust vectuing efficiency fu this nozzf,e was measured and the resulß are shown in Flgure 63. 6. The results

show that fu the exit area AR between 1.0 and 0.25, the avøage thrust efficiency î achieved is a¡ound l07o and the

jet is deflected at cr = 35" away from the nozzle axis. The thrust efficiency is mainøined at a hidy constant value

frn the range of mass flow rates considered" but the defleoed jet angle increases to a maximum value of 45' at the

eút a¡ea ratio AR = 0.56 after which the angle deøeases. The maximum thrust efficiency 11 of 45Vo is achieved at

the minimum eút a¡ea ratio AR = 0.11 and this produces a deflection cr of 10". The results are also shown in

Figure 6.3. 7 to enphasise the effects of exit area ratio on the thn¡st efficiency as a 3-D surhce plot.

Figure 6.3.6 CD2O nozzle thrust vectoring efïiciency r¡ plotted against mass flux ratio for a range of

exit area ratios tested.
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6.3.4 Other Nozzles

As described earlier, nozzles RP45 and RP60 consist of a convergent section identical in profile to the

convergent section of the CD nozzle to which is added a 100 mm square deflector plate inclined at 45' and 60'

respectively across the nozzle exit. The measured thrust efficiency of the RP45 has an average value q of 507o and

RP60 has an average value 1 of 45Vo. Both remain constant over the range of mass flow rates considered. The flow

is deflected at 45o and 60" respectively. A typical profile at the edge of the RP45 nozzle shown in Figure 5.4. 3

with traverses across the jet axis measured at 5mm intervals and Re, = 55,000. The centreline velocity at 10 throat

diameters downstream from the nozzleextt was found to be 0.45 U, which compares with 0.25 U¡ centreline velocity

exiting the CD10 nozzle, shown in Figure 5.4. I and 0.5 U, at the CD nozzleexit shown in Figure 4.7. 6.

Nozzles B45 and 890 consist of the convergent nozzle, described above, to which is added a bend with an

internal diameter the same as the throat diameter of the convergent nozzle. B45 has a bend at 45' and B90 has a

bend at 90". Both of these nozzles achieved a thrust effrciencytl which was measured to b9OVo for a range of mass

flow rates.

6.4 Conclusions

From the results presented it can be concluded that nozzles CD, CD10 and CD20 can be used for thrust

vectoring, at least for cold flow, where the thrust required does not exceed TOVo ofthe total thrust, for a thrust vector

angle of cr = 25o. The maximum deflection possible, using the CD nozzle, is cr = 80o with an efficiency q = 457o.

The thrust vectoring effrciencies and deflectedjet angles measured are highest for the CD nozzle, followed by the

CD10 and then finally the lowest thrust vectoring efficiencies were given by the CD20 nozzle. From the results for

the CD and CD10 nozzles, shown in Figure 6.3. 3 and Figure 6.3. 5, it can be seen that the maximum deflected

jet angle is achieved at the minimum thrust efficiency. This however is not the case for the CD20 nozzle and the

Figure 6.3. 7 shows that the thrust vectoring efficiencies are effectively constant until the exit area ratio is reduced

to AR = 0.25 after which q increases.

RP45 produces a thrust vectoring efficiency 1 of 50Vo at the preset angle cr' of45" and RP60 gives r'¡ =

457o at cr = 60o. This is compared with the CD nozzle which produces a deflectedjet at an angle cr of 45" with r1 -

7O7o at AR = 0.69 and o¿ = 60" with \ = 5O7o at AR = 0.56. This indicates that potentially the CD nozzle could

have a superior thrust vectoring performance in service then nozzlqs based on the deflector plate principle embodied

in the RP45 and RP60 nozzles. The 845 and 890 have been shown to vector the thrust very efftciently with q =

907o. T\e efficiency is high due to the relatively low pressure losses associated with redirecting the flow inside the
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tube compared in comparison with the high degree of mixing involved in the CD, CD10 and especially the CD20

nozzles.

For the range of nozzle,s tested, CD nozzle paforms best due to its capacity to deflect the jet through a

large range of angles with relatively high thrust vectoring efficiencies. This trend can be seen in Figure 6.3. 8 to

Figure 6.3. 11 in which the nozzle thrust effrciencies for CD, CD10 and CD20 are compared for each area ratio. It

is clea¡ that the thrust vectoring efEciency q for the CD nozzle is superior in all cases. The decrease in effrciency of

the CD nozzle as cavity extensions a¡e added can be explained by reference to Chapter 4. There it is shown that the

primary wall jet prodrrced by the secondary jet at the throat spreads azimuthally around the circumference as it

moves downstream through the divergent section ofthe nozzle. This spreading proc€ss continues through the 100

mm cavity extension and still fr¡rther through the 200 mm long cavity extension. Thus although the total mass flux

changes very littlel, the momentum is more diffr¡se and hence the linear momentum leaving the nozzleis decreased.

In the profiled nozzle some of this momentum loss could be regained by changes in the pressure dishibution within

the nozzle. This is unlikely to be significant with the constânt diameter cavity extensions.

tThese differences being due to small differences in the mass of ambient air entrained into the
nozzle
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CHAPTER 7

Toward the Optimum Nozzle Confïguration

7.1 Summary of Factors Influencing T.V.N. Performance

Many factors can influence the performance of the CD nozzle as a thrust vectoring device. The

initial nozzle design was based on the preliminary findings by Nathan (1988) which were based on an

Orifice-Cavity-Orifice nozzle. With an exit ring attached to the nozzle, the reattached jet downstream from

the primary orifice is deflected to large angles across the axis as it leaves Íhe nozzle. Initial findings by

Nathan revealed that in the O-C-O nozzle, the required l/ds was of the order of 2.7 for the reattachment of

thejet and hence the precession, for this application, to occur. The throat area expansion ratio A¡/Aç, for the

above configuration, was found to be 36. Using these ratios as the initial design for the convergent-divergent

nozzle, it is probable that the nozzle efficiency has increased relative to the simple O-C-O nozzle because of

the smooth contraction and expansion of the CD nozzle since there is only a partial separation of the jet

downstream from the throat and not a total separation such as occurs downstream from the primary orifice in

the O-C-O design. Other factors that could influence lhe nozzle performance are the cavity length, exit lip

height and shape , secondary fluid injection point, secondary mass flux, angle of secondary fluid injection to

the main jet, nozzle throat axisymmetry, turbulence intensity of the primary jet and expansion ratio of the

throat to maximum nozzle diameter.
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7.1.L Effects of Cavity Length

Three cavity lengths have been tested to ascertain the role they play in the development of the wall

jets prior to their reaching the exit lip. From velocity profiles and laser sheet flow visualisation it has been

shown that the length of the cavity determines the wall jet thickness atthe nozzle exit. The short cavity, as in

the CD nozzle, produces a wall jet which is relatively thin, is of high momentum and has a relatively low

turbulence level. This thin wall jet leaves the CD nozzle as a jet with high momentum concentrated near the

nozzle surface, as shown by laser sheet flow visualisation at the exit of the nozzle. Figure 4.3. 10. When the

exit area is reduced by addition of an exit ring, the wall jet is caused to separate from the wall and to be

deflected sharply across and away from the nozzle axis.

The addition of the medium length cavity, as in the CDTO nozzle, allows the mixing layer to grow

and the overall wall jet cross section to increase. The wall jet thickness increases and the jet also spreads

laterally around the curved inner surface of the cavity such that the wall jet momentum is distributed across a

larger cross section. To a first order this reduces the potential thrust inversely with the jet cross section, a

result which assumes one-dimensional flow and ignores skin friction. Eventually, the expanding wall jet will

occupy the whole of the exit plane. This is the case for the CD20 nozzle. When the exit area of the CD10

nozzle is reduced, beyond the value which produces maximum deflected jet, the wall jet is deflected, but due

to the lower momentum of the wall jet, the lip vortex is weaker and hence the strength of the main vortex

loop within the nozzle is reduced. Thus the deflection of the jet is reduced. With a small exit area, the wall

jet occupies the whole of the outlet area and the stream lines converge towards the nozzle axis causing the

wall jet to separate further upstream from the exit, further reducing the strength of the lip vortex and further

reducing the jet deflection.

The above discussion reinforces the conclusions drawn in Chapter 4 that the prime influence in

deflecting the jet is the strength of the vortex loop within the nozzle and this in turn depends on the

efficiency with which part of the linear momentum of the primary jet can be converted into angular

momentum, via processes such as the lip vortex, and fed into that vortex loop.

With a long cavity, as in the CD20 nozzle the weakening of the wall jet as it spreads, and the fact

that the now diffused jet occupies the whole of the exit plane, even before an exit ring is attached, together

result in the poor performance as a thrust vectoring nozzle. When the exit area is reduced to a value of
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around AR = 0.25, the wall jet is deflected only mildly and the thrust efficiency is low. The efficiency is

improved marginally by reducing the exit a¡ea still further as discussed in Chapter 6.

7.1.2 Exit Lip

The exit lip plays a very important role in deflecting the wall jet across the nozzle axis. The angle

of the jet deflection is determined by the ratio of lip height to the wall jet thickness. This is the dominant

factor in determining the angle at which the jet will deflect as it leaves the nozzle.

In an attempt to understand the dominating influences of the exit lip a number of experiments were

carried out on the interaction of two dimensional wall jets with gates of several different heights placed at

various distances from the exit plane of the wall jet. The results for the 2-D walljet have been discussed in

detail in Chapter 4. They show that the deflected jet angle is proportional to the ratio of the lip height to the

jet thickness. It was also shown that the axial distance of the gate from the jet exit also has an influence.

The velocity profiles at the exit of one 2-dimensional wall jet and axisymmetric jet are shown in

Figure.4.8.1. They reveal the similarity between the velocity profiles. This led the author to investigate

further the effects of gate heights on wall jets at various distances from the jet exit and to note the jet

deflection angles achieved by these means. The 2-dimensional configuration was investigated to simplify the

geometry, hopefully without altering the main features of the deflection process. From various velocity

measurements, laser sheet flow visualisation and tuft flow visualisations, deflected jet angles were measured.

The interesting feature ofthese data is that for subsonic flow the angles at which thejet deflects at, appear to

be Reynolds number independent in both 2-D and 3-D flows, or at least not very Reynolds number dependent,

due to large variations of the spreading angles of the exiting deflected jet. Data for the 2-D wall jet flow over

a gate shows that for a given gate height the angle of deflection of the wall jet varies with distance from the

exit . This was anticipated from the CD20 nozzle data. It was also established that the thickness of the 2-D

wall jet increases with the axial distance from exit due to mixing layer growth. The mixing depends on the

ambient conditions, and in our test case, the cavity pressure and the proportion of exit area occupied by the

jet also influence the mixing. If the exit area of the CD nozzle through which ambient fluid is entrained is

small, then the entrained fluid, which does enter the nozzle, must do so at a much higher velocity. This

promotes mixing with the shear layer which increases both the turbulence level and jet thickness. The results

from the 2-D experiments show that the deflected jet angle decreases with distance from the origin of the wall

jet. This is due to the thickening of the wall jet and diffusion of the wall jet momentum as it flows over the
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surface between the origin and the gate. The reduced effects of gate height on deflection jet angle in 2-D case

is due to the absence of communication between the lip vortex loop and the primary vortex loop which exists

in the CD family of nozzles, shown in Figure 4.8. 11 and Figure 5.7' 1'

7.L.2.1, Influence of Exit Lip Shape on the Flow

The exit rings tested had an upstream facing chamfer from the inside nozzle diameter to the exit

diameter. This prcxluced a sharp edged orif,rce at the exit of the nozzle with a shallow angle except the 55

mm dianreter exit ring which ha{ a 22.5 degree chamfer. Two other 50 mm diameter exit ring types were

tested, a square edge anrl a reverse chamfer so that the upstream face was normal to the nozzle wall and the

results compare¿ with the test lip. They prcxluced no noticeable changes in the flow direction at the nozzle

exit. The results are inconclusive since only these two exit rings of 50 mm diameter were tested. Further

investigation into the effec[s of the exit lip shape shoukl be carried out on the remaining exit ring diameters

but it is suspecte¿ that they will have secondary effects on both thrust effîciency and the angle at which {he 
jet

is deflected. One feature in particular which is worthy of further study is the suggestion in Figures 5.3.3 to

5.3.6. that the Coandalike effect causes the jet to attach to the outer face of the sharp edged exit lip for the

range of a,spect ratios represented.

7.L.3 Primary Mass Flux

The influence of the primary mzuss flux on the efficiency has been established in Chapter 6' It has

been shown that the ma,ss flux does not alter the angle to which the jet is deflected. Thus the vectored jet is

not, to the first order at least, Reynokls number dependent. The primary mass flux has been shown to have a

secon6ary effect ¿uring the initial stages of establishing the asymmetric flow at low flow rates, below say

_î
5x10-r kg/s, but beyon¿ that flow rate the primary flux does not influence the thrust efficiency utltil the

compressibility effects come into effect. It is postulated that as the primary momentum increases, the

proportion of that momentum which is converted to angular momentum via the lip vortex, and is hence fed

back into the main vortex loop, remains approximately constant so providing sufhcient circulation in the

main vortex loop to deflect the higher momentum primary flow to an angle which is approximately

in¿epen¿ent of flow rate. It is recommended that this postulate be tested. The efÏects of supersonic flow need

to be investigated to determine the effects of shock rùr'aves on the thrust vectOring performance of the nozzle.
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7.2 Conclusion

The nozzle configuration plays a critical part in determining the thrust efficiency and magnitude of the

deflected jet angle. To produce maximum thrust, the nozzle should be short, yet long enough to deform the

axisymmetric jet into an asymmetric wall jet after the injection of the secondary fluid. The lip height can be

chosen to suit the particular thrust vectoring requirements of the nozzle. As mentioned previously, the

secondary mass flux required for stable operation of the deflected jet is below 5Vo of the primary mass flux.

The effectiveness with which the throat separation is induced in the nozzle and hence the ability to control

the thrust vectoring are dependent on the secondary mass flux direction. This has been shown by Azevedo

(1993) who studied the performance of a two-dimensional convergent-divergent nozzle and showed that the

performance was improved if the secondary fluid was directed upstream at 10 degrees from the normal. It

was also shown by Bis et.al., (1990) that the jet inclined at 30 degrees toward the upstream in cross flow

penetrates the primary flow further than when the jet is normal to the cross flow. This last result was

predicted by C.F.D. and later confirmed by experiments. The momentum ratio of the primary to the

secondary fluid determines the spread, deformation and penetration of the secondary fluid jet which should be

investigated further.
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CHAPTER 8

Comparison of Results With Other Research

S.L Introduction

Very little research has been carried on controlling the direction of jets from an axisymmetric nozzle

by fluid dynamic means. Consequently few direct comparisons of the present findings can be made with data

in the public domain. The initial research carried out by Nathan (1988) had the aim of enhancing the

characteristics of non-pre-mixed gas burners by improving the mixing of the fuel with the surrounding air.

The large scale precessing motions produced by the O-C-O configuration were found to increase flame

stability and reduce undesirable emissions. The emphasis of the present research, even though it had its

origins in the work of Nathan l2Ù7l and Luxton and co-workers 1174,175,176,180' 119, 204,205,206'

208, 209, 2621 has been control of the thrust vector from a nozzle by purely fluid dynamic means. The

coÍtmon theme of these two research projects has been that they both produce a deflected jet by means of a

lip at the nozzle exit. The other published research on the topic has been carried out by Franke and co-

workers ll02r225l and others [314] and this has concentrated solely on supersonic flow through anozzle of a

particular geometric configuration. Secondary fluid injection is used but is located downstream from the

throat.

r74



8.2 Comparison of CD Family of Nozzles With
Other Similar Nozzles

Franke and his co-workers: The work by Friddell and Franke (1992), which extended the earlier

findings of Porzio and Franke (1989), involved a nozzle which has some similarities to one of the nozzles

tested in the present investigation. Porzio and Franke investigated thrust vector controlled by injection of

secondary fluid at a station downstream from the throat. The nozzle however had a 20" conical divergence

and was tested at supersonic flow conditions, while the present investigation has related only to the subsonic

conditions. Thenozzle had following specifications: d¡=12.7mm ,Lld¡=1Q.4, A"lAr=){, A,/A¡=f . The angle

of reconvergence was 55o and the lip height to throat diameter was 1.2. The deflected jet angle varied from

25" at 465 psia primary driving pressure to 45o at I 15 psia primary driving pressure. The thrust efficiency t1

varied from 65Vo to 60qo respectively. The results obtained by Fridell and Franke aÍe for the same

throat diameter and nozzle length, Lldr=10, A"lAr=17, Ac/At=7.8 , with the angle of reconvergence at 45o and

the lip height to throat diameter of 0.67 . The deflected jet angle also varied from 25" at 465 psia primary

driving pressure to 45" at 115 psia primary driving pressure. In their study, thrust efficiency q varied from

SOVo to 60Vo respectively. The nearest to equivalent test nozzle studied in the present investigation is the CD

nozzle with L/d,=6, A"lAr=J$, an exit to throat area ratio A.lAr=$, (AR=0.17) which represents the 25 mm

diameter exit ring and the lip height to throat diameter of 1.75. This particular configuration has been shown

to produce a deflected jet angle of 65o, and a thrust eff,rciency q of 50Vo, compared with the same CD nozzle

and an exit ring of 20 mm diameter, A,lAr={, (AR=0.11), and the lip height to throat diameter of 2, which

produced a thrust efficiency t1 of 6OVo and a deflected jet angle of 45o.

These results compare well when differences in nozzle shape, exit lip shape as well as the expansion

and contraction ratios are considered and are summarised below. The point to remember is that the present

results are for the subsonic flow with driving pressures up to 200 kPa(abs), where as Franke and co-workers

have explored their nozzle from 600 kPa (abs) to above 6.5 MPa (abs) primary driving pressure. The results

emphasise that this type of nozzle could be used to vector thrust at large angles very efficientþ at both

subsonic and supersonic regimes.
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Porzio and Franke (1989) results

D¡=l2.7nrn ,L/D¡=IQ.!,, AJA¡-24, AJA¡=6,\=6OVo to 65%ò

P- (psia) 115 2t5 315 415 465

o(o 45 35 30 27 25

Friddell and Franke (1992) results
D FI2.7 mm L/D.= | Q, A.lAr=lJ, AJ A¡7 .8, \ = 6OVo to 807o.

CD nozzle,(present study results Primary driving pressure up to 200 (kPa abs))

Dt=1 Qmm LID ¡=$, AJ Ar=36,

A"l^, 36 30 25 20 16 t2 9 6 4

c[o 0 25 45 65 70 80 '15 65 45

'î vo 70 65 45 45 45 45 50 60

CD10 nozzle results
Dt=1 Omm LlD r=l$, A"l Ar=36,

CD2O nozzle results
Dt=lOrnm LID ¡=/$, A"l A¡36,

A./4, 36 30 25 20 l6 12 9 6 4

c[o 0 35 40 40 40 35 30 20 10

T',t vo 10 10 10 T2 t4 I7 33 45

Wishart and Krothapalli (1993) investigated supersonic flow from an axisymmetric nozzle. The

results for nozzle with a solid body obstruction on the wall between the throat and the nozzle exit were

presented qualitatively. The aim of the small blockage rwas to produce distortion and hence side force from

the axisymmetric jet. The results show that it is possible to contour the jet shape via the number and location

(axial and azimuthal) of disturbance. They also note that even though mechanical disturbance generators

(rods) were used, the same effect can be obtained by the use of fluid-mechanic disturbance such as a jet in a

cross-flow leading to possible active control of the vectored jet. The disturbance rods projected upstream at

an angle of 28o to the jet centreline and emits a cone shaped disturbance wave. The intersection of cone and

the nozzle lip produces two regions of pressure mismatch that cannot be sustained by the shear layer and a

pair of streamwise vortices are formed, the result noted in the present thesis shown in flow visualisation

Figure 4.3.12. Bradbury and Khadem have investigated axisymmetric flow disturbed by tabs at the jet exit

plane. The angle of the wedge shaped tabs influence the local flow exiting the nozzle such that a 45" wedge

deflects the local flow above the tab by about 12o, where as the 90o tab deflects the local flow by about 15o.

P- (psia) 90 115 165 2t5 31s 4t5
c[o 45 35 26 26 24 24

A./4. 36 30 25 20 16 t2 9 6 4

o¿o 0 20 35 50 60 65 60 45 30

r1 Vo 60 50 35 27 2l 27 30 50
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This shows how effective a small tab, with jet exit to tab area ratio of about 200: 1, is for deflecting the flow at

moderate angles.

Ralu, Marathe, Paul and Mukundas (1990) have investigated a similar problem computationally and

compared the predictions with the experimental results of Newton and Spaid (L962). They predicted pressure

distribution generated by secondary injection between the throat and the exit by solving the 3-D Euler

equations (unsteady) with appropriate boundary conditions. The axial thrust augmentation was deduced from

integrating the nozzle wall pressure distribution obtained as part of the flow field solution and predictions

compared with measured pressures. An inviscid model was justified by the fact that the separation of the

upstream boundary layer has a comparatively insignificant effect on the total side force, as shown by the

experiments of Newton and Spaid. The predicted and experimental side force reaches the maximum value at

the secondary to primary mass flux ratio of SVo which compares well with the results by Franke and co-

workers and the results obtained in the present thesis.

Other researchers like Lilley and Arszman (1990) and Lilley (1992) investigated the effects of

scarfed-nozzles on the thrust vectoring ofjets. They found that the thrust from these nozzle can be vectored

by up to 34" for scarfangle of30o and expansion ratio2 and at about 12" for higher pressure ratios. Wu and

Chow (1985) also investigated flow from an asymmetric two-dimensional convergent nozzle and found that

with the upper wall deflected at 30o and lower wall at 0o, the jet deflected at about 24" for the pressure ratio

of 10. Wassom, Faupell and Perley (1990) investigated the thrust vectoring capabilities of an aero-fin and

found that it can deflects the flow at about 15o.

A two-dimensional jet oscillations or flip-flop jet nozzle has been investigated extensively by Badri

Narayan and co-workers, Viets (1975), Binder and Favre-Marinet (1981), and Lai and co-workers, amongst

others. They all show that the mixing of the jet by mechanical or other means is beneficial to improved

combustion and reduction of pollutants. This was the aim of the original study by Nathan(1988) which was

the origin of this thesis.

The research to date has , with the exception of Franke and co-workers, presented results for jets

deflected up to 35o. The present thesis has shown that thejet exiting aCD nozzle can be deflected up to 80o.
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8.3 Comparison of CD Family of Nozzles With the
EMB Family of Nozzles

The flow inside the CD family of nozzles has been investigated in detail and it has been found that

there are many similarities with the O-C-O configuration investigated by Nathan and Luxton. Geometrically

the CD10 nozzle has some comparability with their MLC (Mid Length Cavity) nozzle while the CD20 nozzle

has some with their LC (Long Cavity) nozzle. The MLC nozzle exit total pressure profiles as shown in

Nathan (198SX in his Figure 4.7), show that the maximum total pressure occurs at a distance of 0.5 dç from

fhe nozzle outlet which indicates that the jet is exiting at o( = 45'. This angle was confirmed in the Figure

4.9 of the same reference where the angle \ry¿ìs measured using a static pressure yaw meter. For the same exit

lip to cavity diameter ratio the jet from the CD10 nozzle is deflected to = 35o, as shown in Figure 6.3. 1.

The slight difference between the two deflected jet angles could be attributed to the fact that the O-C-O

nozzle reattaches to the cavity wall and tJue to entrainuent of prirnary fluid into the wall jet and the

formation of the reverse foot, the reattachment length decreases. The "free" surface of the primary jet is

greater than for the CD10 nozzle and therefore the entrainment appetite is greater. This would suggest that

the wall jet at the exit lip is thinner and spread out azimuthally more than CD10 nozzle which in turn would

increase the angle of deflected jet when compared with CD10 nozzle. Greater appetite would induce more

ambient fluid into the nozzle and increase the radial pressure gradient across the nozzTe exit which further

increases the deflectedjet angle.

The static pressure inside the cavity of the MLC nozzle has been shown to be approximately 500 Pa

below ambient for a Pd = 20 kPa and for the similar geometry CD10 nozzle the static pressure inside the

cavity was found to be approximately 450 Pa below the ambient which tends to support the above postulate.

The results of the wall static pressure variation in the MLC nozzle show similarity with the results for the

wall static pressure in the CD10 nozzle. That is, as the jet approaches the exit lip, the wall static pressure

increases to above ambient due to the stagnation region on the inner face of the exit ring. This gives some

confidence that comparison of the results acquired by Nathan with those acquired in the present investigation

for the two related, but seemingly different, nozzles is meaningful. The results show that the major features

of the flow inside the two nozzles are similar but have marked differences. The china clay surface flow

visualisation for the l|.4.LC nozzle has revealed that the negative stream surface bifurcation exists and that it

moves due to the precession of the exiting jet. With a bluff body inserted into the cavity, the flow is stabilised

enough to obtain an average china-clay surface flow picture (as in Nathan (1988) Figure 4.44), showing a
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surface flow pattern which has some similarity to the flow patterns found in the CD10 nozzle, shown in

Figure 5.5.L. (a). In both cases the striking features are the footprint patterns of the entrained fluid moving

toward the throat, the primary jet moving toward the exit lip with the two being separated by the negative

stream surface bifurcation. The difference between them is that there is no reattachment point of the primary

jet on to the cavity wall in the CD10 nozzle, for Re, > 58,000, since the wall jet is fully attached on that side

of the wall, hence there is no reverse flow foot associated with the CD10 nozzle. The flow characteristics of

the two nozzles are similar in the way in which the flow behaves downstream from the reattachment point

when the azimuthal position of the MLC nozzlejet is fixed. The nozzle relies on the flow instability inside

the nozzle for the precession to begin and to be maintained as in a limit cycle. This instability is suppressed

in the CD10 nozzle by the injection of the secondary fluid which hxes the azimuthal position of the jet.

'When the secondary injection is not implemented, the jet tends to change its azimuthal position but not in a

consistent manner like the lÀ'4LC nozzla This may be put down to the non-existence of the reverse flow foot

dcscribed in detail by Nathan. This flow was analysed by Hill (unpublished) who biased the direction of the

jet entering the cavity through the upstream orifice so it was misaligned by approximately 15' from the axis.

This flow did not precess and showed surface flow visualisation patterns which were remarkably like those

shown in Figure 5.5.3. (a). When the initial bias was decreased to 10o, the flow was on a verge of precession

and the surface flow patterns showed two dominant foci were displaced, one up and one down relative to each

other such that the vortex loop, discussed earlier in Chapter 4, is no longer perpendicular to the nozzle axis

and now has a component of circulation in line with the nozzle axis which may be the driving force for

precession to occur. The direction of precession is therefore determined by which of the foci moves towards

the throat. It is therefore postulated that this is the driving force behind precession.

8.4 Flow separation in nozzles and diffusers

The CD family of nozzles has been designed with a single profile based on a sinusoidal curve. The

separation of the jet is initially axisymmetric, as has been shown in previous sections, followed by an

asymmetric separation at higher mass flow rates. It is this asymmetric flow that is the driving force behind

the high thrust vectoring efficiency and it is envisaged that the ease by which the flow is forced to become

asymmetric will determine the efficiency of the flow. The simplest nozzle uses a conical expansion which

separates axisymme.trically unless provoked to turn into an asymmetric flow 1102,2251 by secondary fluid

injected downstream from the throat. A large amount of research has been done on design of supersonic
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îozzles ll9,ll2,l82l and on prediction of separation points within the nozzle. Back, Massier and Gier

(1965) have investigated the flows through conical supersonic convergent-divergent nozzles both

theoretically and experimentally. They have considered the conical half angle of convergence of 30" and 45o,

with conical half angle of expansion of 15". The wall pressures, for a range of driving pressures, have been

measured upstream and downstream of the nozzle throat. The results show that the flow separation could be

predicted by knowing the convergence and divergence angles and driving pressures. This could prove to be a

useful tool in designing an appropriately contoured nozzle to achieve the required asymmetric separation in

the nozzle with a minimum of secondary fluid injection. Their research has also revealed the dependency of

the pressure ratio on the ratio of streamwise radius of throat curvature (r") and the throat radius (r,¡). The

smaller the ratio of (r") / (r,¡,)., the larger the difference between the measured results and one-dimensional

isentropic flow predictions. This suggests that a small streamwise radius of curvature of the throat, compared

with the throat radius, should be avoided in the design of nozzles. This however may not be possible in some

instances where the geometric restrictions require the nozzle to be short. The nozzle contour of the CD family

of nozzles needs to be explored if the performance is to be optimised.

180



CHAPTER 9

Conclusions

9.1 Evidence of Postulated Flow

A large portion of the experimental effort was used to develop a postulate to describe the flow in the CD10

nozzle. This remained elusive. After some parametric investigation with the CD nozzle alone (ie. without any

cavity), it was discovered that the CD nozzle was capable of deflecting a jet efficiently when secondary fluid was

injected at the throat. This diverted attention to the later nozzle and most of the remainder of research has been

concentrated on the CD nozzle. The postulated flow patterns and flow mechanisms for both nozzles have many

similarities. The postulated patterns in the CD20 nozzlehave been investigated with less vigour since it was less

efficient than the CD10 rrozzle and much less efficient than the CD nozzle. Hence the experimental data to back the

postulate is not as strong but the conclusions drawn for the CD and CDIO nozzle can be extrapolated to strengthen

the postulate.

The experimental evidence on which the postulated flow structures are based on is listed below:

¡ Visualisation of the surface flow patterns inside the nozzle using china-clay.

¡ Visualisation of the flow outside the nozzle using marked fluid and laser sheet.

¡ Visualisation ofthe surface flow patterns using oil in the divergent part ofthe nozzle.

o Visualisation of the flow both inside and outside thenozzle using a tuft.

¡ Hot wire anemometry measurements of the flow both inside and outside the nozzle.

¡ LDV velocitymeasurements in both the CD nozzles and 2-D wall jet flow.

¡ Total and static pressure profiles both inside and outside thenozzle'

¡ Wall static pressure measurements at the throat, along the wall and around the circumference of CD and CD10

nozzle.
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It has beeri shown that the results are in agreement with those produced by Nathan (1988) on the

geometrically different MLC and LC nozzles. Good agreement has also been shown with the research by Franke

and coworkers which confi.rms the practical applications that this type of nozzle may have. Both thrust efficiencies

and the angles to which the jets are deflected are a significant advance on present jet vectoring systems. On this

basis alone the flow warrants further investigation to optimise the nozzle geometry. As a fundamental problem in

fluid mechanics, the complexitypresents a major challenge for analytical study.

9.1.1 Major Experimental Results

In both the CD and CD10 nozzles both flow mechanism and performance characteristics were evaluated

while for the CD20 nozzle only the performance has been evaluated. The flow mechanism outside the CD6 nozzle

was used to complete the evaluation of deflected jet angles for a range of nozzle lengths.

Some of the major norxf,e perfonnance findings for the CD nozde are:

¡ The maximum angle to which the jet has been deflected has been measured to be 80'.

o The maximum thrust efEciency produced by a CD nozzle has been measured as1ÙVo.

¡ The deflected jet angle increasqs with the decrease of exit area, to a limit beyond which the angle decreases.

o Correspondingly, the thrust efficiency decreases with the decrease of exit area.

o The maximum deflected jet angle is achieved at an Exit Area Ratio AR = 0.34 which is equivalent to a step

height of 1.25 throat diameters located at 6 throat diameters from the injection point.

o The thrust effrciency is minimum when the deflected jet angle is maximum.

¡ The deflected jet angle decreases beyond AR <0.34.

o Correspondingly the thrust efftciency increases with further decrease of exit area.
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Some of the major thrust performance findings for the CD10 nozzle are:

¡ The deflected jet angle increases with the decrease of exit area.

o The thrust efftciency decreases with decrease of exit area.

¡ The maximum deflected jet angle is achieved at an Exit Area Ratio AR = 0.34. as with the CD nozzle, but the

1.25 throat diameter step is now 16 throat diameters downstream from the secondary injection point.

o The thrust efficiency is a minimum at maximum deflected jet angle.

¡ The deflectedjet angle decreases with further decrease ofexit area.

¡ The thrust efficiency increases '\^rith further decrease of exit area.

Some of the major thrust per{ormance findings for the CD20 nozzle are :

¡ The deflectedjet angle increases slightly with the deerease ofexit area.

o The thrust efficiency remains relatively constant up to maximum deflected jet angle.

¡ The maximum deflected jet angle is achieved at AR = 0.56.

¡ The deflected jet angle decreases with further deprease of exit area.

o The thrust efftciency increases with further decrease ofexit area.

The performance characteristics of the nozzles with respect to the pressure

distribution inside the nozle can be summarised as follows:

For the no lip case, the CD nozzlewall static pressure is subatmospheric.

The wall static pressure is linearly proportional to the ratio ofexit area and local area.

It appears that the wall static pressure is not Reynolds number dependent but is set by the ambient reference.

The throat static þressure distribution is axisymmetric for the axisymmetric flow separation and asymmetric for

the asymmetric wall jet flow.

The CD10 nozzle wall static pressure is subatmospheric for AR> 0.34

The presence of radial pressure gradient was revealed by measurements of the circumferential pressure

distribution in both CD and CD10 nozzles.

a

a

a

a

a
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The flow visualisation findings can be summarised as follows:

China-clay surface flow visualisation has revealed the existence of the vortex that spans the nozzle with its foci

clearly visible downstream from the throat.

Oil surface flow visualisation has revealed the areas occupied by the primary jet and the entrained ambient fluid

within the nozzle and that the separation lines between them are negative stream surface bifurcations.

I-aser sheet flow visualisation has shown what appear to be a pair of streamwise vortices within the jet as it

leaves the CD nozzle.

The deflected jet angle for the test nozzles has been found to be maximum at an exit area ratio of 0.34, which

coincides with the minimum thrust efficiency of the CD and CD10 nozzle but not the CD20 nozzle.

The spreading angle of the wall jet after leaving the CD nozzle is twice that of the axisymmehic jet.

a

a

a

a

9.2 Conclusions

Through the results presented it has been confirmed that the flow through an axisymmetric convergent-

divergent nozzle of a particular expansion ratio will separate axisymmetrically up to a particular mass flow rate.

'When this mass flow rate is exceeded, the separation downstream from the throat becomes asymmetric and

unstable, in the sense that its azimuthal position of the separation changes without warning or bias and hence the

direction in which the jet le¿ves the nozzle fluctuates randomly. This can be overcome by injection of a secondary

fluid at the throat with sufûcient momentum to promote a local separation at the throat and inhibit separation from

the diverging section of the diametrically opposite surface of the nozzle. The momentum of the primary jet is thus

concentrated into a wall jet. The asymmetric wall jet leaves the nozzle as a jet of kidney shaped cross-section,

formed by the wall curvature and the downstre¿m legs of the horseshoe vortex. When a lip is placed at the exit of

Íhenozzle, thejet is deflected at a large angle to produce vectored thrust. Tìhe direction ofthevectored thrust is

primarily determined by the geometric configuration of the nozzle and its magnitude by the momentum of the

primaryflow.

TWo broad types of behaviour have been encountered in the evaluation of the nozzles. The first type is

where the flow inside th e nozzle does not oæupy the whole of the exit area. This allows ambient fluid to be induced

into the nozzle and entrained by the wall jet. The interaction between the induced ambient fluid, the high

momentum primary fluid and the vortex structures generated by the secondary fluid injection causes a strong vortex
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loop to form inside the nozzle. This vortex loop is partially responsible for the deflection of the exiting jet. This

type of flow was found to occur for the nozzles with lengths of between 1 and 3 times the maximum diameter of the

nozzle. In the second type of flow the primary jet occupies the whole of the nozzle exit area and no ambient fluid

enters the nozzle. When this occurs, a significant proportion of the primary fluid is redirected back towards the

throat to satisff the entrainment appetite of the primary wall jet, and in the prress the primary jet momentum is

distributed more uniformly across the nozzle exit reducing the thrust. This type of flow occurs when the nozzle

length is greater than 4 maximum nozzle diameters.

For the CD and CD10 nozzles, it has been found that the static pressure inside the cavity is below

atmospheric until the exit area ratio is reduced to 0.34. In the CD20 nozzle, on the other hand, the pressure inside

the nozzle was always above atmospheric in the parallel section when any exit ring was attached (AR<l) as the jet

occupied the whole of the exit plane. With no exit ring (AR=l) the pressure fluctuated from just less than

atmospheric to just greater than atmospheric allowing ambient fluid to be induced into the nozzle intermittently.

LDV velocity profiles at the CD and CD10 nozzle exits have shown that the ambient fluid is induced into the

nozzle, and these results are consistent with the wall static pressure measurements. The induction and subsequent

entrainment of the ambient fluid has also been shown by flow visualisation of marked ambient fluid as it is induced

into the nozzle.

It has also been found that the formation ofa vortex loop inside the nozzle has a significant influence on

the angle ofthe exitingjet, especially in the CD nozzle. It has been established that the strength of the vortex is

determined by the size of the exit lip and the mass flux, which enhances the angle at which the exiting jet deflects.

The vortex loop is formed through a complex interaction, the details of which are yet to be defined, between the

primary wall jet, the secondary injection jet and the ambient fluid which is induced into the nozzle. Certainly the

vortex structure which forms around the secondary jet injection point (which should not be confused with that which

would result if the secondary jet was replaced by a solid cylinder of the same shape) has an important influence as

can be seen from the strong pair of foci which form on the surface downstream from the throat. The addition of an

exit ring causes a lip vortex to be formed which extracts its angular momentum from the linear momentum of the

primary wall jet. The terminations of the lip vortex merge with the previously mentioned foci and the two vortex

systems become one. It is concluded that the foci are the footprints of the end of a vortex loop and that the strength

of this loop is increased by the circulation fed back from the lip vortex with which it becomes contiguous. When the

lip is not present the strength of the loop vortex is insufEcient to cause any appreciable jet defledion. As the height

of the lip is increased, the strength of the lip vortex first increases, reaches a maximum and then begins to decrease

as the separation in front of the exit ring moves further upstream. Accordingly the circulation fed into the vortex
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loop follows, first increases and then decreases. Such an inte¡pretation is compatible with the initial increase in the

angleof deflectionof theprimaryjetastheheightof thestepattheexitplaneincreases, ie. asARdecreases. Itthen

begins to decrease when the jet occupies the whole of the available exit area.

The two-dimensional studies of the interaction of a wall jet with a gate, Section 4.8.2 showed the vortex

loop contributes to a large degree towards turning the finite aspect ratiojet as it passes over the gate. The circulation

in this vortex loop derives solely from the lip vortex. In the nozzle it is augmented by the loop which derives from

the secondary fluid injection. The jet deflection may also be augmented independently by the radial pressure

gradient that exists at the nozzle exit, though it has not been possible to determine if this pressure gradient is also

caused by the vortex loop. Once the jet leaves the nozzle at a given angle, it diffr¡ses and appears to be self similar

downstream from the nozzle exit. This conclusion is based on the limited number of velocity profiles measured

through theplane of symmetry.

9.3 Future Work on Thrust Vectoring

The work should be tackled at two fronts; the fundamental aspects of thrust vectoring such as the effects of

vortex loop formed by the exit lip on the primary flow and the interaction between various structures formed within

thenozzle, and the application of such flows in industry as well as domestic use..

9.3.L Fundamental Research

The work presented in this thesis has succeeded in identiling the major flow structures within the very

complex flow in the nozzle. Parallel work by Hill, Nathan and Luxton (1992) is doing likewise for the O-C-O

configuration of the precessing jet nozzle. Both studies have found flows to be governed largely by vortex

interaction. An example found in the present study is the interaction between the vortex loop which forms as the

result of interactions between the primary flow, the secondary flow and the ambient fluid which is induced into the

nozzle, and the lip vortex which forms below the stagnation line of the finite aspect ratio wall jet on the exit ring. A

significant body of work exists on the vortex structures which form when a finite width obstruction is placed in a

boundary layer but no studies have been found of the behaviour of a finite width wall jet impinging on an infinitd

wide fence. This is a basic building block in developing an analytical description of the flow in the vectored thrust

nozzle and is well suited to a more conventional Ph.D. research program. Such work needs to be extended to the

interaction of the lip vortex shuctures with a vortex generated by placing a sharp edged "doorway'' upstream from
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the fence. More generally, the importzurt role playerl by vortex interactions in the fluid mechanics has been lnown

for many years, but only recently have non-intrusive measuring systems, such a.s the 3-D laser Doppler velocimetry

an¿ computational techniques and computing ¡nwer become available to allow their detailed study. The study

suggesterl abovg while being of clirect value in understanding of vortex interactions and their analytical modelling,

in a manner being arlopte<l by Hussain and his coworkers [130,188], should be canied out in the next phase of

resemch

9.3.2 Applied Research

The research thus far has cha¡acferised the flow associated with the CD baçd nozzles of various lengths

an¿ of a particular profile which produces a fluid dynamically controlled jet deflected at a latge angle without drastic

loss of thrust effrciency. The CD nozzle is almost certainly not the optimum configuration and mrre research is

neede¿ to characterise other parameters, such a.s nozzle profile, not evaluated in this investigation. The present

study is a first step in unrlerstanding the exceerlingly complex flow phenomena involved in the nozzle' As is

necessarywhen taking the first step into an unknown area a large amount of data has been accumulated and much

of it has prove<l subsequently to be either irrelevant or redunrlurt ¿us the flow toJrology began to emerge. For this

reason only those data which contributed directly to the interpretation of the flow have been included in this thesis.

The asymmetric separation downstreiln from the throat is controtled by the injection of secondary fluid at

the throat. The diameter of the injection fxlrt is restricted by the diameter and streamwise curvature of the throat.

The effects of moving the secondary fluid injection Jnint downstream from the throat to accommcxlate a larger

secrndary exit area and ¡nssibly to improve the controllability of the deflected jet" should tp evaluated. The profiles

of nozzle convergence an¿ tlivergence nee¡l be characteris'erl to optimise the location of the nntural separation point

of the primary flow within the nczzle. The shape of the exit lip requires detaited investigation to minimise the

losses across the lip.

This is pzyticularly im¡rntant if large deflections, involving large lips, are requirul. For particular

applications, means of varying the lip height in service, for example by means of an iris construction, should be

investigate.d. The resanrch reJxrted in this thqsis ha^s been mncerned with subsonic flow and extension to

supersonic flow, in which the flow fiekl will be further ccrmplicated by shock and expansion wave interaction, will

be essential before practicality can be claime<l. For such flows it is probable that the best loqìtion of the semndary

fluid injection port will be clownstream ftom the throat as found by Franke and his c,(>wtrkers.
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For practical applications as a thrust vectoring device, ttrre nozzle will be required to operate with hot

combusting flow. While small scale, short term research of this tlpe may be possible in the university facilities, the

larger scale, long term durability testing is necessarily in the provinces of Government l¿boratories and Industry.

9 .4 P otential Applications

The fluid dynamically deflected jet has many potential applications in both combusting and cold flow

regimes. The areas of possible application of the system could involve military, industrial and domestic use. The

potential application of the system which gave rise to the present study was the attitude and altitude control of

hovering rockets. It originated when the author was evaluating the performance characteristics of a system which

controlled thrust by insertion of tabs at the nozzle exit. It was found that the high temperature and corrosive

environment of the by-products from the solid propellant propulsive system me¿nt that the life of the tabs was short

and their geometry deteriorated during that life due to abrasive action of the plume, which introduced an undesirable

time dependencies into the control algorithm. This posed the question of how the thrust could be controlled by non-

mechanical means, and hence to the topic of this thesis. Other applications of the vectored thrust nozzle may be in

the use of highly manoeuwable aircraft by allowing pitch, roll and yaw to be controlled by vectoring the thrust from

two or more engines. This would simplify the aircraft design and remove some of the large, inefftcient control

surfaces and in the process reducing the total drag ofthe aircraft. The added advantage ofthe low drag aircraft is its

high performance envelope which should allow it to out-manoeuwe other atrcraft. If the system is developed it is

probable that the early applications would be to rockets and missiles. The conventional manoeuwability of missiles

is determined by the size of the control surfaces and the missile speed. The vectored thrust missile could do away

with aerodynamic control surfaces and use the vectored thrust to direct it to the target. It is also conceivable that the

missile could turn rapidly through 180' from its initial direction at any velocity. Conventional missiles need a large

radius and time to re-orientate an attack on a moving target if it is not successful on its first pass. Fuel limitations

usually preclude such re-orientation of an att¿ck.

A primary wall jet could be controlled in the azimuthal direction to act as a three dimensional flip-flop

valve. The primary fluid could be re-directed in any one of say four or possibly even eight equally spaced directions

by injecting a small quantity of secondary fluid at the throat. One possible industrial application of this type of

system envisaged is the pumping of fluids to different areas as required. Depending on the response time required,

such a system could form the basis of a new type of fuel injection system. Other potential application is in the spray

painting and powder coating industry where access between the components to be coated is limited. The direction
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of spray could be controlled by secondary fluid injection to allow difficult places to be coated. When combined with

robotic spray system this could eliminate from indushy an activity known to be a serious health risk.

A possible use of the system in the domestic environment could be a fluid dynamically controlled sprinkler

system. The system could allow continuous change in orientation of the exiting spray or jet by continuous change of

the azimuthal position of the secondary fluid injection point.

To conclude, it is probable that some or even all of the above applications mayprecede a full analytical

description of the extraordinarily complex set of flow interactions which occur within the thrust vectoringnozzle.
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DRÌfi No 5

DATE: SEPT 19 1989

DATE:

STALE:121

TITLE: DEFLECTOR RING

CLIENT: UNIVERSITY 0F AI)ELAIDE

vlE14 SH0hN

DRAhI'l BY: TH0MAS KIEBERT

THETKEfI BY:

A
2.5 070

060

NOTE 1

065

4.5
051

Ar-€¡

VIE\,/: SEtTl0N A-A VIE \,/: T0P

NOTE: ( 1 ) 4 H0LES 02. 5 DRILLED THR0U6H T0 ACTEPT M2. 5

ALLEN-HEAD STREI'¡S F0R ATTACHMENT 0F RlN6 T0
FL()I.l DEFLECTION TUBE.

( 2) MATERIAL: BRASS

( l) ALL DIMENSI0NS lN mm
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2
(

BRASS -
ï0 FIT ELB01,0
5.4-X 150 L0N6

It 1
THREAI]EI] SUPPLY TUBE

( STD PIECE) TITLE: INNER FLOr.l SUPPLY HAIIIFOLt) ASSE},IBLED

TO BASE PLATE
O FIT PART 1)

BRASS - 25.1 m,m

PLAIN END
PLAIN-FEMATE THREAO E Nt)

ELBOb' ( STD PIECE)
3 I

CLIENT: UNIVERSITY 0F ADELAII)E

STEEL DATE: OCT 11 '19892 1 BASE PLATE StlùE: 1: 1vtElå sEcTloN

f)RhG No 6DRAll,l BY: TH0l'lAS KIEBERT
N60L0 0I1X452sBRAS TUBE

0 9ssTHIC KNELtrfALINNER FLOT{ SUPPLY TUBEI t
f)ATE:CHECKEI) BY:

N0TE: (1) ALL J0lNTs BRAZE0.

( 2) PART NO 4 TO BE THREAI)ED INTO ELBO"T AFTER OUTER

FLOI/ I{A}IIFOL[) IS ASSEMBLED TO BASE PLATE.

( 3) ALL tll!frNS¡0NS lN m¡u-

1 005
45 t2. 5

I{ATERIAL I)IHENSIONSPART qTY t)ESCRIPTION
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DRhG No I
DATE: OCT 11 1989

DAÏE:

ALcs E 12

TIïLE: BASE PLATE

CLIENT: UNIVERSITY 0F ADELAIDE

VIEI{ BOTTO]4

DRAhI'l BY: TH0MAS KIEBERT

IHETKED BY:

r-.*A LE6 POSITION

4 LEGS SPATEI) AT 90"
DRILL AND TAP

M4 X 15 DEEP

8 HOLES

DRILL ANt) TAP

l,l5 X 15 DEEP

8 HOLES SPACED

AT 45 DEGREES

01 90

NOTE 2

01 70

0250

5

50

NOTE: ( 1) HOLE SIZE T0 ALL0I/ INNER

SETTION A-A
SUPPLY TUBE T() BE PRESS
FIT IN.

(21 DIAMETER T() MATCH THAT OF

THE SHROUD MOUNTING RIN6.
( l) MATERIAL: PLAIN STEEL.
( 4) ALL DIMENSI0NS lN mm.
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0RIfi No 9

DATE: SEPT 27 1 e8g

DATE:

SCALE: 1¿ 1

TITLE: LEG t,lTH ADUSTMENT F00T

ILIENT: UNIVERSITY 0F ADELAI0E

VlEtl SHohl,l

DRAhl,l BY: TH0HAS KIEBERT

THEIKED BY:

1t+5
l..116 X 2

A

t25
Al0

SE t TION A- A VIE Ìd: B0TT0l\,|

1

25 015 N0TE: ( 1) MATERIAL: PLAIN STEEL

(21 0UANTITY: I 0F EAIH

( 3) LE6S TO BE FILLET If LDED TO BASE

PLATE AT POS|T!0NS SHOhil 0N DRh6 No I
( 4) ALL DIMESI0NS lN mm

KNURL |116 X 2

\/lE l/,VIE tú: RI6HT TOP
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0RhG No l0

0ATE: SEPT 28 f 989

t)ATE:

SCALE: 221

TITLE: N0ZZLE SUPP0RTIN6 SH¡M

CLIENT: UNIVERSITY 0F ADELAII)E

VlEt* SH0hî,l

0RAI'rl'l BY: THOMAS KIEBERT

CHEIKED BY:

I

Ir

011. I

I* A

l-"--
025.1

A
t27. I

VIE W: T0P

NOTE 1) HATERIAL: BRASS

2I I)IAî'IETER OF SHIH TO MATCH SHOOTHLY }ITH
I¡IAI4ETER OF NOZZLE.

( ]) I)IAHETER TO MATCH INNER FLOI.' BRASS TUBE
DIAMETER.
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VIE\,/: SEtTl0N A-A

(D

x

a

o

Þ

0eø

z
N
N
(!

ô
t9

¡!x

0!
lÀ

1..)
ò.J.,



t)Rh6 No 11

0ATE: OCT l1 1989

t)ATE:

STALE:1¿2

TIïLE: SHR0UD I4OUNT|NG RING

CLIENT: UNVERSITY 0F AÍ)ELAItlE

vtEt* sH()t{'l

DRAISI DY: TH0},|AS KIEBERT

THECKED BY'

05 I H0LES
NOTE 1

01 90

45

O HOLES
01 50

c1 70

10

N0TE¡(1) DRILLED THR0U6H T0 ACCEPT HS SOCKET HEA[)
llOUNTlNG SCREt{s

(2, HATERIAL: PERSPEX

( 3) }4OUNTING RIN6 TO BE 6LUED TO SHR()UI).

( t) ALL DIHENSI0NS lN mm.
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TITLE: PLACEHENT 0F STRAIN EUAGES 0N INNER

SUPPLY TUBE

ELIENT: UNIVERSITY 0F AI)ELAIDE
STEEL2 f BASE PLATE

vtEb¿ sEcTtoN SCALE: 1: I DATE: OCT 26 1989
BRASS TUBE - 25. + X 1100 L0N6

rruL THICKNESS - 0.9 DRhG No 121 I INNER FLO'/ SUPPLY TUBE 0RAVI{ BY: TFIOHAS KIEBERT

DATE:CHECKED BY:

NOTE 2

SET No 4

NOTE 1

SET No 1

NOTE 3

SET No 2 NOTE 1

SET No 3

isd

50

N0TE: (1) 2 SETS 0F 2 GAUEES SPACED RAIIIALLY AT 1S0

( TO I.|EASURE BENDINE STRAIN. )

(2' 4 6UA6ES (TO HEASURE TORSIONAL STRAIM. 100

( 3) 2 T-SETS 1S0 lP¡rnT.

( TO HEASURE COI.PRESSIVE STRAIN)

150
( 4) ALL STRAIN GAU6E SETS TO BE FULLY BRID6EI].

I.IATER¡AL DIHENSIONSPART OTY DESCR¡PTION

2Zs



Appendix B - Ancillary Equipment

APPENDIX B

Ancillary Equipment
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Appendix B - Ancillary Equipment

Sotid State Pressure Sensors/Low Level 170PC SefieS

MOUNTING DIMENSIONS (For reterence only)

Gage Types

¡åt
Sì

21t
6l!

I

Terminals
1-Vs(+)
2 - Output A
3 - Ground (-)
4 - Output B

e iRn Pon

s?Yrl r slYtl 2 slllt !

Ditlerential TyPes

&¡?- fÍt

Câtrtog tisi¡ngs srr shonñ w¡tñ temiñar st-vle t. To oróer s¡y'e 2 to? 3). subslilule lh! ñumbar 2 tor 3) lor lhè 'l

sl ttì€ end ol the l¡5¡n9

ìin Fil

aþ ilox tûrfDú
ER ¡¡¡r¡rc

la)

xH t.l

91n¡ | 3"rLE 2 51lt¡ !

17OPC CONSTFUCTION

TFN (Thick F¡lm NetwoR)

f6i rdt¡1llo
EJSTTHG

j¡l *'r r.t

f,$ * r.r

Assembly

Mount¡ng Hardwa¡e

1a7
.5E

Port

BLACK FINISH
STEEL LOCKRING

Circuit Board Terminals

P1 Port

Cover
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Appendix B - Ancillary F4uipment

Photgraph showing hot-wire mounted on the 2-axis traverse table with pressure tappings connected to
the differential pressure transducer array and associated instrumentation in the foreground. Laser
orintation can be seen in the background.
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Appendix C - Supplementary Experimental Data

APPENDIX C

Supplementary Experimental Data
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Appendix C - Supplementary Experimental Data

Figure C.1. Photograph of the unrolled sleeve inserted into the cavity, coated with china-clay and
exposcd to the flow at Re, = 72,000 and AR = 0.11.

Figure C"2. Photograph of the unrolled sleeve inserted into the cavity, coated with china-clay and
exposed to the flow at Re1 = 721000 and AR = 0.17.

r Ê.i!S'
¡dÞ'

Figure C.3. Photograph of the unrolled sleeve inserted into the cavity, coated with china-clay and
exposed to the flow at Re, = 72,000 and AR = 0.25.
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Appendix C - Supplementary Experimental Data

Figure C.4. Photograph of the unrolled sleeve inserted into the cavity, coated with china-ctay and
exposed to the flow at Re1 = 72,000 and AR = 0.34.

Figure C.5. Photograph of the unrolled sleeve inserted into the cavity, coated with china.ctay and
exposed to the flow at Re, = 721000 and AR = 0.44.

Figure C.4. Photograph of the unrolled sleeve inserted into the cavity, coated with china-clay and
exposed to the flow at Re1 = 72rO00 and AR = 0.83.

'l
I

fE}
¡ .t'

i'

¡t¡a-;

230



Appendix C - Supplementary Bxpelimental Data

1

Figure C. 7 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed in natural tight at
Re = 27,000 and AR = 0.11.

Figure C. I Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed with laser sheet at
Re = 1469 and AR = 0.11.
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.A,ppendix C - Supplementary Experinrental Data

Figure C. 9 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed in natural light at
Re = 27,000 and AR = 0.17.

Figure C. 10 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed with laser sheet at
Re = 1400 and AR = 0.17.
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Appendix C - Supplemenf:rly lLx¡rerimerrtal l)ata

aü

/

Figure C. L1 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed in natur.al light at
Re = 27,000 and AR = 0.25.

Figure C. 12 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed with laser sheet at
Re = 1400 and AR = O.25.
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Appendix C - Supplementary Experimental Data

Figure C. 13 Detlccted jet exiting CD Nozzle, visualised by seeding the jet viewed in natulal light at
Re = 27,ggg and AR = 0.34.

Figure C. L4 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed with laser sheet at
Re = 1400 and AR = 0.34.
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Appendix C - Supplementary Expelimental Data

Figure C. 15 Deflected jet exiting CD Nozzle, visur¡lised by secding the jet viewed in natural light at
Re = 27,000 and AR = 0.44.

Figure C. 16 Deflected jet exiting CD Nozzle, visualised by seeding the jet yiewed with laser sheet at
Re = 1400 and AR -- 0.44.
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Appendix C - Supplementary Expeliment¿¡l Data

Figure C. 17 Deflected jet exiting CD Nozzle, visualised by seeding the jet yiewed in natural light at
Re = 27,000 and AR = 0.56.

Figure C. 18 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed with laser sheet at
Re = 1400 and AR = 0.56
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Appendix C - Supplemerrtary Bxper.imer.rtal Data

/

Figure C. 19 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed in natural light at
Re = 27,000 and AR = 0.69.

Figule C. 20 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed with laser sheet at
Re = 1.400 and AR = 0.69
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Appendix C - Supplementary llxperimcntal l)ata

Figure C. 21 Deflected jet exiting CD Nozzle, visualised by seeding the jet viewed in natural light at
Re = 27,000 a¡rd AR = 0.83

Figure C.22 Deflected jet exiting CD Nozzle, visualised by seeding the jet vieryed with taser sheet at
Re = 1400 and AR = 0.83.
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Appendix C - Supplementar.y Experimental l)ata

Figure C.23 Jet exiting CD Nozzle, visualised by seeding the jet viewed in natural light at
Re = 27,669 and AR = 1. Asymmetric flow.

Figure C.24 Jet exiting CD Nozzle, visualised by seeding the jet viewed with laser sheet at
Re = 14gg and AR = 1. Asymmetr-ic flow.
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Appendix C - Supplementaly Experirnental I)uta
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Figure C. 25 Jet exiting CD Nozzle, visualised by seeding the jet viewed in natural light at
Re = 27,000 and AR = 1. Axisymmetric flow.

Figure C.26 [et exiting CD Nozzle, visualised by seeding the jet viewed with laser sheet at
Re = 1400 and ÀR = 1. Axisymmetric flow.
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