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A) ABSTRACT:

The beneficial application of vortex generators to control boundary
layers in the sub- and supersonic flow regime has been shown in the
past. In this thesis the use of vortex generators is extended beyond
boundary layer control by using them within an ejector-diffuser type
augmentor. During the course of the research work it was established
that the vortex generators could be used as effective 'mixers' between
the primary air stream and the secondary entrained air stream.

A previously developed mathematical model of ejector-diffuser flow,
incorporating parameters such as pressure ratio, nozzle to duct area
ratio and diffuser area ratio, was extended and refined. With the help
of that model the above mentioned parameters were defined and according
to these parameters a test rig was designed and manufactured. The
primary ejector was driven by either a peripheral slit jet or eight
individual air jets or the combination of both. The major task of the
project was to design a rig which was short but produced a good thrust
augmentation based on the Dbare nozzle thrust. A good thrust
augmentation ratio was obtainable by ensuring rapid mixing between the
primary and secondary air streams.

The test programme was split into two major parts, namely the use of
vane vortex generators in conjunction with the peripheral jet and then
the application of air jet vortex generators again with the peripheral
jet. The vanes and also the air jets were configured either as eight
co-rotating vortices or as four contra-rotating vortex pairs. A special
case which was also considered involved the air jet vortex generators
on their own without peripheral blowing. This test was possible because
the eight air jets could be used as primary air injectors and vortex
generators at the same time. It emerged that this configuration was
particularly revealing because it highlighted the essential difference
between co- and contra-rotating vortices.

Near the design primary pressure ratio of 5.0 the bare nozzle thrust
was augmented by a maximum of 30 per cent with the wvanes installed.
This was a considerable advance on the augmentation for the bare
augmentor, 1i.e. the same configuration as above but without vortex
generators installed, which came to 1.15 at the same pressure ratio of
5.0. The results of augmentation for the air jets were more complex due
to the way in which the air was injected. Elevation and skew angle were
responsible for the enlarged complexity. As a general trend it can be
stated that the augmentation ratios were high for low pressure ratios,
as high as 1.7 at a pressure ratio of 2.0, but fell off as the pressure
was 1increased. Dynamic pressure contour plots in the exit plane gave
good indications of the vortex movements produced by the co- and
contra-rotating vortex generators.

This project showed that considerable thrust augmentations could be
achieved by using vortex generators.
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NOTATION:

area
air jet vortex generator

area ratio or aspect ratio
boundary layer control

normal force coefficient

distance

Mach number

pressure ratio: pd over pa
universal gas constant, radius
Reynolds number

temperature

temperature ratio: TA over Ta
velocity

velocity

vane vortex generator

vane span

vane chord

distance

vane vortex generator height
constant

mass or inlet to duct area ratio
mass flow rate

diffuser inlet to exit area ratio

normalized radius

coordinates

vane skew angle (w.r.t. axial dir
air Jjet skew angle (w.r.t. axial
angle

elevation angle of air jets
thrust augmentation ratio

thrust augmentation

ratio of specific heats (for air
efficiency

taper ratio

viscosity

kinematic viscosity

universal constant
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Suf fices :

AJVG,A — refers to air jet vortex generator
a — atmospheric condition

e,exit — exit conditions

o - total

p,peri — refers to peripheral jet

r - root

t tip

b4 - distance

01 total reservoir

1/2,3 — stations or various notations for distances
@ - free stream

Superscripts :

* — choked condition
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1.) INTRODUCTION

1.1.) GENERAL:

Longitudinal stability studies for Short Take-Off Vertical Landing
aircraft have shown that some sort of Reaction Control System is
desirable. This desire led to the idea of a compact thrust augmenting
ejector-diffuser located at nose and tail of an aircraft. Since the
cross-sectional area at these points is limited, a determining factor
for the practicality of such a device 1is its overall 1length. The
principle of augmentation 1is achieved as follows: the primary jet
introduced via a nozzle mixes with the secondary air flow drawn in by
the differential in pressure. The combined flow must then be diffused
to allow the pressure to recover to near atmospheric conditions. For
a fixed diffuser area ratio, it 1s an advantage to maximize the
diffuser angle, thereby reducing its length. This angle cannot normally
exceed about 8 degrees due to separation, but may be increased by the
use of a Boundary Layer Control (BLC) technique, such as Vortex
Generators (VG's). These devices re-energize the flow near the wall by
entraining flow into the boundary layer. Vane vortex generators have
become well established for this kind of BLC, but they always carry a
drag penalty. The use of air Jjet vortex generators would probably

overcome this problem, rather they would increase the thrust.

This research project was introduced to the author in March of 1989.
The theme of the project was that the City University wished to pursue
a project which considered the possibility to enhance the bare nozzle
thrust of an ejector-diffuser by at least fifty percent. It became
clear that preliminary studies had been made and according to these the
project proved viable. The intention then was to refine the initial
studies and then try to manufacture an ejector meeting the desired
requirements.

Studying the literature related to ejector-diffusers showed that the
requirement of fifty percent thrust increase on its own was not that
hard to obtain, the difficult and previously not attempted part was to
make the device as short as possible. The ultimate aim was to have a
device with a total 1length of less than 500mm. The requirements and
physical constraints for the full size, 1i.e. real 1life application

augmentor were:

16
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a) thrust augmentation > 1.5

b) total length < 500mm

c) overall thrust > 9000N

d) supply pressure = lb6bar

e) temperature of supply air 750K

f) injection via a nozzle

Initially it was Dbelieved that the thrust augmentation was to be
achieved by a boundary layer control (BLC) technique, making possible
the use of a short large angle diffuser. The BLC method envisaged was

that of air jet vortex generators (AJVG).

1.2.) HISTORICAL DEVELOPMENT:

A preliminary assessment of the general arrangement and layout of the
thrust augmentor was made by Mattock (@, a former research student
working on this ©project. His ©proposed device <can be seen in
Figure 1l.la. The design features were mainly based on research done by
the Vought Corporation Advanced Technology Centre 1), the Flight
Dynamics Research Corporation B and the National Aeronautics and
Space Administration 4. Further relevant material on ejector design
is given in references H and 4.

Mattock particularly spent time on the design of the intake, the
bell-mouth, which was being used unaltered despite the fact that the
final overall design was changed considerably. It was only necessary
to scale it to the required dimensions. There seemed to be two ways of
increasing the overall performance of a short augmentor, the first to
improve the mixing between the primary and secondary flows and the
second to improve the efficiency of wide-angle diffusers. The two ways
are likely to be additive. Mattock's original design had to be altered
for the following reasons. The objective originally set for the current
project was to study the possibility of improving the diffuser by using
boundary-layer-control (BLC). The first consideration then was that,
with high pressure air available, tangential blowing might well be the
most effective form of BLC. This could be achieved by diverting some
of the primary air away from the central jet. The peripheral wall et
thus formed would itself contribute towards the flow entrainment
(ejector effect), to an unknown lesser or greater extent than the debit
from that of the central Jjet. Assessment of any effect of boundary
layer control would hence be extremely difficult. It was therefore
decided to study first the performance of an ejector formed by the

peripheral jet only (which also automatically solves the mixing problem
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for the primary nozzle flow) and to try to separate out its relative
contribution to entrainment and BLC by using diffusers of different
lengths and angles. Vortex generators would also be studied as an
auxiliary means of boundary-layer-control. It was envisaged that the
optimum thrust augmentor might eventually combine peripheral and
central Jjets. This eventual combination could then also incorporate
improvements in the efficiency of the central jet that resulted from
work known to be in progress elsewhere, e.g. hyper-mixing nozzles as
employed by Millerld.

For a time another research student RJ Flynn also assisted in the
design work. He was responsible for the design of the peripheral
blowing (including the supply of air and all "internal" components),
the vortex generators and the bell-mouth. The remainder, the design of
the diffuser, the mounting stand, an intermediate mixing section and
the instrumentation was the responsibility of the author. The major
aims throughout the initial design phase were to simplify the device
as much as possible. In Figure 1.1b the layout of the rig as it was
manufactured is shown. Furthermore, in Figure 1.1lc a photograph of the
rig and its location is illustrated.

In Chapter 3 more detail is given of the various phases of the final
design required in order that the rig could be manufactured by the
workshops and then set up and tested in the high speed laboratory of

the Centre for Aeronautics, City University, London.

1.3.) VORTEX FORMATION:

The City University has gained a valuable reputation and insight into
the use and function of vortex generators through other theoretical
work and experiments carried out in the past. Pearcey Tl contributed
extensively to the enhancement of knowledge and the understanding of
vortex formation. A number of experimental verifications carried out
on the wvalidity of VG's could be mentioned here, e.g. retardation of
separation on aerofoils up to extremely high angles of incidence
(35degrees), boundary layer control on an aerofoil set in a supersonic
air stream, and so on. The study and understanding of vortex formation
is essential to this project because it considers the physics of vortex
movement for example.

On the history of vortex generators the literature revealed that the
principle of boundary layer control by vortex generators in the form
that we now know them was first conceived and formulated by Bruynes and
Taylor B of the United Aircraft Corporation in 1947. Boundary layer

control is achieved by increased mixing between the external stream and
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the boundary layer. It 1is promoted by vortices trailing in the
streamwise direction over the surface, in close proximity to the edge
of the boundary layer. Fluid particles from the free stream, being of
high momentum, mix and to a certain extent replace the low momentum air
close to the surface. The fluid particles move on helical paths into
the boundary layer and out again. The exchange of momentum causes a net
increase in streamwise momentum within the boundary layer, since this
re-energization occurs as a continuous process the natural boundary
layer retardation and growth due to skin friction and adverse pressure
gradients 1is reduced. This effect can be exploited in various forms,
for example retardation of separation on aerofoils or controlling

buffeting on transonic aerofoils.

The simplest form and "original" type of vortex generators are vane
vortex generators (WG) . These devices protrude normal from the surface
and each one 1is set at an angle of incidence relative to the free
stream in order to produce a single trailing vortex. They are
positioned in rows across the surface (the spacing of the individual
WGs 1is rather important and will be discussed below). There are

fundamentally two different arrangements of vortex formation, namely:

a) co-rotating vortices and

b) pairs of contra-rotating vortices.

Co-rotating vortices are obtained by setting all the vanes to the same
angle of incidence. Usually the vortices are of equal strength, at the
same height above the surface and also equi-spaced. Contra-rotating
vortices are generated by alternately setting the vanes at positive and
negative angles of attack, thereby grouping them as pairs. Again they
are usually of equal strength, at the same height above the surface,
but equi-spaced in pairs only. A variation of (b) is the bi-plane type
where the vanes are set as alternate pairs (Fig. 1.2). Depending on the
number of generators employed are other formations possible. Since the
number of vortex generators was limited to eight there seemed no point
in investigating the bi-plane or any other complex configuration, 1i.e.

the co- and contra-rotating vortex formation were tested exclusively.

In the course of studying vortex formation Pearcey found that to
establish an effective co-rotating vortex pattern the spacing of
adjacent vortices needed to be kept above a certain minimum value. In
Figs. 1.3(b) and 1.3(c) (taken from Pearceyll) effective vortex pattern
are shown. One observes strong discrete vortices 1lying close to the
surface but sufficiently spaced apart, such that the low energy air is

prevented from being swept back into the surface after it has been
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swept out by the adjacent vortex.

This system can be obtained only if the individual vortices have an
initial spacing of more than about three times their height. If a
smaller spacing than this critical ratio is chosen the vortices tend
to dampen one another. They then fail to sweep high momentum air to the
surface at any point in the cross-section of the boundary layer
(Fig. 1.3(a)). It was found that when this ©point was <clearly
understood, the performance of co-rotating generators compared well
with that of the contra-rotating system. For certain applications the
co-rotating system, in fact, turned put to be superior, for example for
boundary layer control over wings at very high angles of incidence.
This is due to their nature of staying at fairly constant height above
the surface and therefore they are effective over a longer distance.
Once the spacing is well above this minimum value, the effectiveness
falls only very slowly with further increase provided the individual
vortices are strong. Systems with a distance to height ratio of five
to six are frequently used successfully in practice.

On the subject of contra-rotating the researchers discovered that the
induced velocities are responsible for a substantial change in the
vortex path as the vortices move downstream. It became clear how
important the determination of the vortex path was to the design of
these systems. Furthermore, it was established that the effectiveness
in delaying separation maximizes as the boundary layer is kept thin
between the vortex pairs, i.e. the 1low energy air 1is carried out
between the intermediate pairs of vortices. The vortices are effective
in delaying separation when they are arranged as shown in Fig 1.4 (a)
(PearceylIl) . This Figure refers to a specific case where all generators
were equally spaced and the cross-sectional measurements were taken at
1.6 generator heights downstream of the source. It can be seen that the
favourable vortex arrangement breaks down as the spacing was increased
as shown in Figs. 1.4(b) to 1.4(d). These Figures also show the effects
of the induced velocities, 1i.e. the vortex centres move closer together
in pairs and further away from the surface. Many generator heights
downstream the vortices eventually become damped out (Fig. 1.4(d)).
They also suggest a degradation in their effectiveness, limited to a
distance of about ten generator heights downstream of the source, as
the vortices move away from the surface in pairs. All contra-rotating
arrangements possess this particular feature, but it can to some extent
be controlled in the way the vanes are set up. The failure of the
vortices of such a system to follow the surface is also clearly shown
in Fig. 1.5(b)I7", particularly when this is contrasted with Fig. 1.5(a)

for co-rotating vortices.

Closer inspection of the contra-rotating system for which the vortex
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generators are equally spaced (Fig. 1.6(a) taken from Pearcey 17)
reveals that the net resultant induced velocity at the centre of any
one vortex is initially parallel to the surface. This is precisely the
same as for the co-rotating system. The major difference is the fact
that when resolving the vectors of the vortices and their respective
images they induce velocities 1in opposite directions for adjacent
vortices. This causes them to move closer in pairs as they travel
downstream and inevitably produce an induced velocity directed away
from the surface.

For contra-rotating systems for which the vortex generators are
unequally spaced as shown in Fig. 1.6(b), certain features similar to
the ones mentioned above can be seen. To illustrate the vortex paths
in two dimensions they are projected on to a plane normal to the
stream. This representation can be regarded as a transformation of the
three dimensional particle movement to a two dimensional problem. The
array of vortices 1is described by: the spacing between vortex A and
vortex B is smaller than between B and C. The individual vortex paths
are indicated and can be considered qualitatively by assuming that
their general directions are determined by the induced velocities due
to the nearest real vortex or vortex image. Three stages are
characteristic for the paths. The first stage applies when the distance
AB 1is less than BC. The path is then directed towards the surface. As
the vortex moves closer to its image the particles begin to travel
parallel to the surface (stage 2). The combination of these two stages
lead to the grouping of vortex pairs BC, DE, etc. The net effect of
this third stage is a movement away from the surface. It was found that

the vortices are most effective for BLC during stage two.

1.4.) PURPOSE AND AIMS OF THIS PROJECT:

The original proposition of having a duct to nozzle area ratio in the
range of 15 to 20, and meeting the requirement for a thrust
augmentation of 1.5 proved difficult. This was essentially because, at
the pressure ratio specified i.e. 16:1, the secondary flow would have
become choked thus 1limiting the thrust on the inlet and hence the
augmentation. Calculations of the ejector-diffuser as performed by
Mattock using one-dimensional mass, momentum and energy equations
revealed that assuming a diffuser efficiency of 100 per cent, an
augmentation of 1.5 times the bare nozzle thrust could have been
achieved with the following solution: a duct to nozzle area ratio of
38 and a diffuser area ratio of 1.09 for the given pressure ratio. This

clearly was not the only solution, combinations of a lesser duct to
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nozzle and a greater diffuser area ratio or vice versa were feasible
but only if the assumption of a less than 100 per cent efficient
diffuser was used. There was no direct proportionality between these
two ratios making a simple relationship non-existent.

For diffusers of non-ideal behaviour both the ratios had to be raised.
For example, if a diffuser efficiency of 95% was assumed, based on the
loss in total pressure between the entry and exit of the diffuser, then
one solution was: a duct to nozzle area ratio of 53 and a diffuser area
ratio of 1.338. These figures showed that the overall exit to nozzle
area ratio rose from 41.4 for the ideal diffuser to 70.9 for the 95%
efficient one. Incidentally, the latter overall ratio was very close
to the solution when no diffuser at all was installed. This in effect
meant that the diffuser needed to be more than 95% efficient to prove
its existence.

Translating the results obtained into proper dimensions showed that a
very large rig was necessary, which would have been extremely difficult
to mount in a University laboratory. Remember that a net thrust of
9000N was desired. Assuming a thrust augmentation ratio of 1.5, this
effectively equated to a nozzle of 62.6mm in diameter producing the
required 6000 Newtons of bare nozzle thrust at a pressure ratio of
16:1. Inserting the above area ratios gave duct diameters of 388mm and
459mm for the ideal and non-ideal case respectively.

The movement away from relatively small duct to nozzle area ratio
(15 - 20), as was the original outline when the project was started,

towards higher area ratios resulted in potential problems in ensuring
adequate mixing between the primary and the secondary air flows. The
problem of mixing suddenly seemed to Dbecome the issue of major
importance. Various forms of hyper-mixing nozzle designs were studied
by Mattock. In the end it was decided that too many problems were asked
to be solved simultaneously. This lead to the idea that instead of a
central nozzle a peripheral one should be employed to raise the mixing
shear area. It also made the practice of boundary layer control much
easier.

As mentioned above the full scale ejector would have had a huge duct
diameter and would have drawn enormous amounts of air from the
compressed storage. Consequently the decision was taken that a model
with an approximate scale of 1:2.5 should be built. The pressure ratio
for the primary was also scaled down 1in order not to choke the
secondary; an upper ceiling for the pressure ratio of just over 6:1 was
selected. Using the chosen scale factor caused the duct diameter to lie
in between 155mm and 184mm for the above discussed cases.

It was finally decided that the duct should have a diameter of 150mm,

but at the same time the duct to nozzle area ratio was decreased and

the diffuser area ratio increased (Sketches 1 and 2 below show the
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basic layouts and define the various stations of the central and
peripheral nozzle ejector). One of the requirements of the rig design
became the feasibility study of including a variable duct to nozzle

area ratio in the range of 19 to 25. This proved extremely difficult

Sketch 1: Layout with central nozzle

Sketch 2: Layout with peripheral nozzle

due to the circular nozzle arrangement and the idea was therefore
dropped. Instead a fixed slit of 1.5mm was manufactured with the
provision of increasing the slit continuously up to 3mm by turning more
material off the peripheral slot. The slit of 1.5mm translated to an
injection area of 700mm2, hence giving the required area ratio of just

over 25, since the duct area was 17672mm2. At the same time the
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diffuser was designed such as to have possible area ratios of 1.3, 1.4
and 1.5. The overall area ratios, defined as the exit over injection
area, therefore came to 32.8, 35.3 and 37.9 respectively.

Having established these all determining dimensions and ratios the
detailed design work started. The other important design limitation
were the manufacturing techniques available. The rig had to be designed
such that it could be produced by the workshops of the City University.
The final rig would then be set up in the high speed laboratory and the
feasibility of obtaining the desired augmentation of 1.5 times the bare

nozzle thrust would be investigated using the vortex generators.
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2.) PRELIMINARY INVESTIGATIONS

2.1.) THEORETICAL MODELLING OF RIG:

From preliminary investigations of the general dimensions and the
principle layout of the rig the following important parameters were

initially decided:

i) maximum mass flow rate: 2kg/sec

ii) max. total pressure within nozzle = 6 bar
iii) temperature of supply air = 288K
iv) diameter of working section = 150mm

v) desired thrust augmentation ratio > 1.5

Points i) and iii) were determined by the physical limitations and
constraints of the primary air, supplied from the reservoir tank. The
primary air in the reservoir tank was at ambient atmospheric conditions
and there was no provision available to heat the flow, therefore cold
flow had to be used. The maximum working section driving pressure (ii)
was the scaled down value of the full scale pressure ratio specified
in Section 1.1.). The working section diameter was selected on the
basis of remaining within the constraint boundaries, as invoked, for
example, by the maximum mass flow rate. A net thrust of one and a half
times the bare nozzle thrust was desired.
Having these parameters in mind a theoretical basis needed to be
established to decide on the peripheral slot size and the diffuser area
ratio. Mattockll in conjunction with Lush found equations (2.1), (2.2)
and (2.3) below, devised from a control volume approach, to represent
the device, as shown in Figure 1l.la (see also Sketch 1 in Section 1.4.
for schematic view) . These equations were derived from the three one-
dimensional conservation equations, namely mass, momentum and energy.
Several very important assumptions were made to allow the setting up
of these equations:

a) primary nozzle choked

b) complete mixing between primary and secondary flow

c) inlet total pressure equal to atmospheric pressure

d) secondary inlet flow isentropic

e) adiabatic flow throughout device

f) exit static pressure equal to atmospheric pressure

g) negligible wall friction, no boundary layers

h) uniform conditions across any plane
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The first assumption just implied that a driving pressure greater than
the critical pressure needed to be applied in order to choke the
primary inlet. If blowing into atmospheric air this meant a pressure
greater than 1.89 pawas required. Point b) was largely an assumption
which was met by choosing an appropriate mixing length. Assuming an
inlet total pressure equal to the 1local atmospheric pressure was
probably quite easily satisfied for the given bell-mouth shape. Points
d) to f) were aspects which for simplicity had to be assumed as stated.
The seventh assumption clearly was a rather poor one since a boundary
layer was certain to develop. For a refined mathematical model this
should be included. Fortunately, it was known that for high speed
subsonic flow boundary layers grow very slowly, hence their adverse
effect was not too grave. Finally the last assumption was rather poor.
A velocity profile factor should have been included, as Miller 14 did
for his one-dimensional mass, momentum and energy equations. This last
point probably was the largest shortcoming of the model. If the model
would have been the centre of this research all the eight assumptions

could and should be introduced as parameters into the equations below.

7 2
M Q- PR 1-
0.335 pRSmb + 22 Zm  PRMym U -m oy /TR-1]

1 + 0.2Mi) 1.728 (1 + 0.282)

(1 + 0.2MI) Ml n 2 — (2.1)
1.26788 pr + = T 1AM \
: 1 Lilr Nll =
I +0.2M,
1+ 1.4mMp \ M 10 7 - 2.2)
m LM, ] T n
M, T n M
—  [2.3]
(1 + 0.2M?) (L + 0.2M?)
note-. Y =1.4

The derivation of these equations can be followed in Appendix IA; the
derivation of the accompanying performance terms are given in Appendix
IB.
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A computer program was written solving equations 1 to 3. This program
was 1initially written by Mattock in BASIC on a BBC and therefore was
rather slow due to the large number of iterations involved.
Consequently the program was rewritten in Fortran (a listing of this
program 1is given in Ref. [Q). The features of the program can be

summarized as:

step 1: arbitrarily select low subsonic inlet Mach no., say M2 = 0.1

step 2: inserting this value of M2 into equa.(2.1) and solving this
equation quadratically produces one real solution for
diffuser exit Mach no. M4

step 3: applying the Newton-Raphson iteration technique to
equa. (2.3) produces (to a high accuracy) a solution for
diffuser entrance Mach no. M3

step 4: all terms in equa.(2.2) are now known and are inserted

step 5: if equa.(2.2) 1is not satisfied then the initially chosen
value of M2 is increased by small amount, eg 0.01 or 0.001
for greater accuracy, and the calculations restart from
step 2

step 6: on the condition that equa.(2.2) is satisfied to near
proximity, the performance terms are evaluated and

then put into an output file for later reference

On executing the program the following six variables were read in from
a data file: m, n, tj,MiiH, PR, TR. The term MWl was the Mach number at the
throat of the secondary inlet and 9 was the diffuser efficiency
parameter based on the loss in total pressure between the inlet and the
exit.

By the time the Fortran Code worked properly the nozzle design was
scrapped in favour of a peripheral blowing arrangement. Fortunately,
the equations required minor changes only. With the help of the program
the optimum area ratios were established. There were two ratios which
needed optimizing, namely n and m. Where m was the ratio of peripheral
slot area over mixing section duct area and n was defined as the
diffuser exit over entry area (where the entry area was clearly the
same as the working section and as the parallel walled mixing section
duct area). For a working section diameter of 150mm the results of the
optimisation suggested diffuser area ratios between 1.3 and 1.5 and the
slot sizes between 1.5 and 3 millimetres. These results showed a close
relationship between the two ratios as can be expected. Having
established these important parameters the detailed component design
work began. In Section 3.1.) the various components, e.g. the diffuser

and the working section are discussed in more detail.
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It should be mentioned at this point that the three conservation
equations were modified such as to model the rig in its expanded form,
namely including the air Jjet vortex generators. The Jjets add extra
terms to the mass, the momentum and also the energy equation. The
modified equations in their final form are as listed Dbelow. The
procedure to converge to a numerical solution in the computer program

was done the same way as described above.

q2 + 2gr + (gs+trs) </TR + (gs+rs) VYTR'l + r2 +s2 =

(L +0.2M1) Mo n2 — (2.4)
where:
q = PRp MIPmp (1 + 0.2M1R)
-3
r = PRa Mla mA (1 + O.ZM])
s =M2 (L -mp) (L + 0.2M2)
PRp mp
-3.
+ (1 +0.2M2) [ @ -mp) (1 + 1.4Af2) - kA mA cos p cosfi] =
7
M, t) n Ma
- (2.6)
1 + 0.2M,2) 1 + 0.2M,2)
again:
Y =1.4

The subscripts A and P refer to the air jet nozzle and peripheral
nozzle parameters respectively. The angle p is the skew angle and 6 is
the elevation angle of the jet leaving the vortex generator plug.

Please note the factor kA in equation 2.5 which can vary between zero

and one according to the pressure assumed on the inclined surface of
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the air jet VG plug. If the pressure is assumed to be the same as that
of the nozzle exit plane then the factor is =zero; 1if the pressure is
assumed to be the static pressure of the cross-stream then the factor
becomes one. A factor of 0.5 probably represents the true physics of
the local fluid flow gquite well. Without experimental tests it is
impossible to determine this factor any more accurately. It is believed
that a closer 1look at the interaction between the air jet and the
cross-stream would pose a major task in its own right, but would yield
considerable insight into the expansion of the jet. Using a Schlieren
picture would also show if the jet remained attached via an expansion
fan or separated at the corner and re-attached at some distance
downstream.

This meant that the term including kA was effectively the pressure

thrust contribution from the AJVGs.

2.2.) RESULTS FROM MODEL:

The area of interest was primarily limited to try and satisfy the
requirements and remain within the constraint boundaries. This meant
that the pressure ratios (PR) to be considered varied from just beyond
the critical PR, i.e. 1.89 at standard atmospheric conditions, to about
five. The upper 1limit of a total pressure of six within the primary
nozzles was considered to be the scaled down pressure of a real
application as pointed out in Chapter 1.1.). The equations were set up
to include possible temperature effects, but since the primary air was
taken straight from the storage tank the temperature ratio (TR)
effectively equated to one, i.e. cold flow was assumed.

The only variables left were therefore the area ratios of:

a) the primaries relative to the duct, denoted by m, and

b) the exit over the duct, denoted by n.

If the effects of temperature were to be included in the mathematical
model, a clear relationship would have developed. As the temperature
ratio increased the augmentation dropped. In Figure 2.1 this behaviour
is illustrated. It is interesting to note that the augmentation for the
low pressure ratios remained greater than for the higher PRs as the
temperature ratio is raised. This must be caused by the fact that the
term including the temperature ratio in Equation (2.1) becomes more
dominant as the pressure ratio is increased. For a temperature ratio
of four the augmentation falls from nearly 100% near the primary

choking pressure to about 60% at a pressure ratio of five. Miller [ in
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his work made a reference to Bevilagua ,ul, where the author claimed
that for real flows, hot gas jets (TR = 3.0) developed a better degree
of mixing than the cold gas ones. This meant a smaller deduction in
augmentation than expected, 1in many cases a drop of between three to
four percent only was possible. According to that theory, temperature

had hardly detrimental effects.

Returning to the area ratios the following features were determined.
As the ratio of m was decreased it became harder to choke the
secondary, i.e. greater and greater primary pressure ratios were
required to achieve entrainment of large proportions. Since the primary
pressure ratio had to be 1less than five, due to the experimental
constraints, this gave a limitation for the choice of secondary area
ratio m. The diffuser area ratio n had a similar effect, namely as its
ratio was increased the rate of entrainment rose. This implied that a
balance had to be found between a large diffuser and small primary
inlet or vice versa. The mathematical model <clearly allowed both
extremes but the limiting factor was the feasibility and practicality
of such a system for a real application. The limits of each ratio were
illustrated in the original "Feasibility Study" Il by Mattock. The final
choice was 0.0396 for m and between 1.3 and 1.5 for n. The variation
in n was desirable because for a very efficient diffuser the secondary
would have become choked for an area ratio of 1.5. The lower 1limit
avoided this problem altogether.

As was just mentioned the efficiency of the diffusion () also made a
large contribution to the selection of a desirable ratio n. In Fig. 2.2
the effect of H in the range of a one hundred per cent efficient
diffuser to a 96 per cent efficient one 1in one per cent steps 1is
illustrated. Remember that the efficiency was defined as the loss in
total pressure between the inlet of the diffuser and its exit. The
graph shows clearly how the secondary choking was delayed to higher
primary pressure ratios as the efficiency reduced. A net thrust of 700N
and more was obtainable for an ejector with mpd = 0.0396 and n = 1.5,
i.e. a ratio of n/m = 37.9. Note the curve for the bare nozzle thrust
crossing the constant efficiency lines. This meant that a 97% and less
efficient diffuser would have thrust degradation for low pressure cases
and for higher PRs only would augmentation be possible.

The representation with the theoretical bare nozzle thrust crossing the
constant efficiency lines was not very encouraging. Somehow a better
representation was desired. The original proposition of basing the
diffuser efficiency on the total pressure loss between the inlet and
the exit of the diffuser was suggested by the ESDU I data items and
was therefore followed. As that representation turned out to be

unsatisfactory, the decision was taken to go back to the usual diffuser
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efficiency which is founded on the static pressure rise between the
inlet and the exit of the diffuser. Fortunately, it proved that there
was a direct relationship between the two definitions of diffuser
efficiency and therefore the original equations could be maintained and
were modified within the computer program as calculations proceeded.
In each iteration cycle the modified definition of diffuser efficiency
was evaluated. The result of this process can be viewed in Figure 2.3,
where thrust 1is plotted against pressure ratio. The slope of the 100
per cent efficient diffuser 1is clearly the same as before but the
slopes for the less efficient diffuser do not have constant slopes.
This 1is in total contrast to the thrust vs pressure ratio curves which
are parallel for the wvarious diffuser efficiencies (Fig. 2.2) when
based on total pressure loss. Instead the static pressure rise within
the diffuser leads to a 'fan-shaped' distribution, 1i.e. the slopes
become less and less steep as the efficiency is reduced. Suddenly, this
modified representation was a very satisfying solution encompassing the
theoretical bare nozzle thrust nicely. A diffuser efficiency of minimal
size, incidentally, modelled the bare nozzle thrust. This result is far
from 70 per cent which can usually be expected from a diffuser.
Entrainment of secondary air via the process of good mixing would

possibly produce that kind of diffuser efficiency.

Including the modified efficiency (based on static pressure rise) the
relationship between Mach No. and pressure was slightly more extensive
than for the total pressure definition, as shown by the increased

complexity between the two diffuser efficiencies 1in equation (2.7)

below:

n (2.7)
where 1Y) was the diffuser efficiency based on total pressure loss
and »1.i1C was the diffuser efficiency based on static pressure rise

However, as both efficiencies were closely related it was simpler to
use the conservation equations based on the total pressure definition
and then modify for the static pressure definition at a later stage in

the theoretical determination of the total thrust. In fact the
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mathematical model was structured such as to incorporate the static
pressure diffuser efficiency definition at the end of each iteration
cycle, N.B. one iteration cycle consisted of the initially assumed low
inlet Mach no. M2plus the sum of the total number of cycles (k) times
the incremental change in Mach no. M2, i.e.
MZnew = Mzinitial + k * MZincrement.

For the very first iteration where Mikhew was equal to M2initial a 100
per cent efficient diffuser was assumed. This was necessary for the
model to work properly. Thereafter the assumed static pressure diffuser
efficiency (gsa), for example 65 per cent, was inserted into equation
(2.2) above and the new equivalent diffuser efficiency based on total
pressure loss was used for the next iteration cycle. This continuous
process produced the fan-type distribution of theoretical net thrust

versus pressure ratio and should therefore be recommended for this kind

of work.
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3.) EXPERIMENTAL ARRANGEMENTS
AND PROCEDURES

3.1.) DESIGN OF EXPERIMENTAL RIG:

As mentioned earlier the design work was divided between RJ Flynn and
the author. This thesis incorporates extensive work done by Flynn, who
has produced a written account of his part of the work in the Design
Study Report No. 2, August 1989 [Bl. The components considered include
the main working section (peripheral nozzle), the auxiliary working
section (vane and air jet vortex plug mounting), the working section
nut, the spacer, the air Jet vortex generator plug, the flexible
piping, the octagonal supply reservoir and finally the bell-mouth. The
complete set of drawings can be viewed in Appendix 10.2, where also all
other important components of the augmentor are listed. A discussion

of these remaining parts will follow in the next paragraphs.
3.1.1.) DIFFUSER DESIGN:

The idea of a diffuser is to have some controlled means of decelerating
very high velocity flow and thereby recovering the low sub-atmospheric
static pressure back to atmospheric in a very efficient manner. The
emphasis 1lies on efficiency in order to Jjustify its use. From many
previous experiments it was known that diffusers with semi angles of
around four degrees work reliably well. This angle was then chosen for
the diffuser. It clearly was far from the requirement of having a wide
angled diffuser but this requirement had to remain in the background
until the apparatus was set up properly and some experience was
obtained with a device which was very likely to work. It is anticipated
that at a later stage the semi angle will be increased, thereby
decreasing the overall length.

The design of the diffuser was such that it had an area ratio of 1.3,
1.4 or 1.5 which simply could be changed by adding another diffuser
frustum shape (see Draw. 7 for details). For ease of manufacture the
diffuser cone was cut out of a thick-walled tube with a semi angle of
4 degrees. The frustum shapes were added by the means of flanges (the
flanges conform to BS4504). The material used was mild steel. During
manufacture special care was taken to blend the parallel walled mixing
section to the diffuser taper of 4 degrees. Furthermore, the flanges

were made such that they met with a minimal gap to avoid any surplus
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turbulence levels or initiators for separation bubbles to form.

3.1.2. ) MIXING SECTION:

The requirement for a mixing section arose from the fact that the
spreading angle for a free wall jet is only around four to six degrees.
The direct implication of this would be incomplete mixing on a large
scale between the peripheral Jjet and the secondary air and hence the
desired thrust augmentation would certainly not Dbe achieved. The
specifications for the length of this section was unfortunately quite
unclear because it was not known how the pressure gradients were going
to affect the mixing of the flow. The chosen length of 300 mm was
rather optimistic taking account of the aforementioned spreading angle.
A section at least twice this length would be required to ensure full
mixing of the two flows. From the point of view of manufacture the
piece was simple. A fairly standard tube was turned to a 150 mm
diameter inside bore and then flanges were welded on to this tube. The
material used again was mild steel. A perspex tube was proposed but got
rejected on the grounds of strength. For this section the same applies
to the flanges as for the diffuser above. A wall thickness of 3 mm was
calculated to be sufficiently strong to withstand the maximum hoop
stresses which were to occur. For practical manufacturing purposes the
wall thickness turned out to be much thicker making the combination of
the mixing section and the diffuser very heavy. In retrospect it was
rather foolish to specify weighty mild steel because these sections
needed to be removed regularly in order to set new angles to the VGs.
Aluminium as a raw material would have been seriously more expensive
but probably would have meant a shorter manufacturing time scale and

would have served the operator.

3.1.3.) THE MOUNTING STAND:

A major decision to be made was the way in which the entire device was
to be mounted. The exhaust air could either be directed sideways, up
or down. The horizontal configuration was rejected immediately because
it was difficult to mount and to measure the forces. Blasting downwards
would have meant that the arrangement had to sit far off the ground
requiring a large frame. If the net thrust was bigger than the weight
it also would cause the assembly to take off making the force
measurements quite difficult. Hence by systematic exclusion only one
final way remained, namely to have the thrust and the weight acting in
the same downward direction.

An important parameter to be decided early on was the distance between

the intake at the bell-mouth and the floor. This distance needed to be

34



Ejector

sufficiently large to minimize flow distortion caused by the presence
of the ground. At first a height of 1m was selected. But intuitive
feeling dictated a larger height. The whole device was lifted to 1.4
meters. For stability reasons four wooden legs were initially proposed.
Their sections needed to be 50 mm squared to carry the maximum load of
approximately 250 kgs. This would have meant a blockage of around seven
percent based on a frustum representation of the stand. In the end a
steel frame sounded more suitable because one could weld it easily
together and it required a hollow section of only 20 mm square. The
blockage went down to the two percent region. Since the frustum
approach did not seem to represent the physics too well a sink image
method was adopted. After a short excursion into source methods an
appropriate computer program was written, giving the velocities in the
x and y direction respectively. The results showed fairly small
magnitudes in the transverse y-direction velocities.

In the final design the number of legs was reduced to three since also
three load cells were used which then sat nicely on top of each leg
eliminating the problem as caused by bending of the top frame mounting
support plate (Drawing 40). The thickness of the frame mounting plate
was selected to be S9mm in order to make the frame very rigid. The
layout of the frame made it very much self supportive.

The rig mounting plate which sat on top of the above described plate
required some further thought. The evaluation of its thickness was
determined by plate theory, i.e. looking at a plate with a hole in the
middle (refs. M4, OB and 14). The results from these sources for
the required plate dimensions and applied loads suggested a thickness
of 8 mm and adding a reasonable safety factor gave a plate thickness

of 14 mm.

3.1.4.) WORKING SECTION:

It seems appropriate to explain first the term working section as it
is used here. The section referred to is where the primary air was
being injected. Also included was the section where the vortex
generators were located. In Mattock's design there was primary
injection wvia a central nozzle plus some AJVGs downstream. In the
design that was manufactured this had been changed completely, namely
two different set-ups were being considered. Firstly, the testing was
performed with a peripheral jet on its own. This provided the reference
basis for the later configurations to be calibrated against. Then the
section with the vortex generators was added. Solid wvane vortex
generators were tried out first. Two different set-ups were tested:
eight co-rotating VG's or four contra-rotating VG pairs.

The vane vortex generators were mounted on 'plugs' which slotted into
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the working section mounting. The entire plug could then be adjusted
with a purpose-built protractor-type tool. The chosen angle was frozen
by tightening the securing nuts. These WG 'plugs' were later replaced
by AJVG 'plugs' which were fed by an addition octagonal reservoir
sitting on top of the other one. The reservoir and the working section
were joined by flexible piping to facilitate the removal of the plugs.
This arrangement produced extensive problems, which will be explained
later on. The air jet plugs were also adjusted by a purpose-built tool
requiring access to the inside of the working section duct, i.e. making
necessary the removal of the diffuser and the mixing section. This
special tool consisted of a 'foot' which would slide into the jet slot
and a pointer which would be set against a scale ranging from minus
fifteen to plus fifteen degrees relative to the vertical. The pointer
itself could be adjusted relative to the 'foot' in 45 degree
increments. This effectively gave a continuous range of 190 degrees

relative to the vertical.

3.1.5.) VANE DESIGN:

Previous studies on vane vortex generators by Pearceyll and others have
led to a specific vane design. The span of the vane was chosen such
that it protruded outside of the primary jet assuming a spreading angle
of six degrees for the wall Jjet. Having in mind that the wvanes were
approximately 70 mm downstream of the injection slot the primary jet
had expanded from 1.5 mm at the nozzle to approx. 7 mm. Consequently
the vane span was chosen as 7.5 mm. The chord extended over the entire
length of the replaceable 'plugs', i.e. 32 mm. The vane looked like a
flat plate cropped delta wing (Fig. 3.la) having a sweep-back of 60
degrees.

Since the mixing of the primary and secondary flows was not as good as
desired for the first set of tests it was decided that a vane with a
larger span might move the vortex cores out towards the middle of the
working section and hence contribute to enhanced mixing. Incidentally,

the span was increased by 50 percent to 12 mm (Fig. 3.1b).

3.1.6.) AIR JET VORTEX GENERATOR DESIGN:

It was mentioned above that the entire rig was built within the
workshops of the City University. The delicate air jet vortex generator
(AJVG) 'plug' was no exception. The final design (Draw. 20a) was
manufactured in two halves. This procedure was necessary because of the
manufacturing equipment available. A solid perspex cube of 40 mm3 was

milled on a CNC machine such that the required shape was established.
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The milling bit was taken to a depth of 10 mm. When Jjoining the two
mirror image halves this provided a slot with a width of 20 mm. The Jjet
exit had a rectangular section because Freestonelll showed that the
vortex strength from such a jet is greater than that of a round jet.
The throat of the jet had a section of 4x20 mm and the jet was inclined
at an angle of 30 degrees relative to the flat bottom surface of the
plug.

A purpose built angle setting tool was manufactured, able to slide
neatly into the throat of the AJVG plug. With the help of this tool and
a protractor scale, divided into one degree increments, the skew angle
of the jet relative to the axial direction of the rig could be set in
the range of #90 degrees. The disadvantage of this method of setting
the skew angle was the fact that the tool needed to be inserted into
the delicate throat causing the occasional chipping of the perspex.
Fortunately, the ensuing damage was very limited. The benefit on the
other hand was that no extra holes needed drilling. These holes
otherwise would have been required for a pair of setting tongs to be
placed.

In Figure 3.2 a definition is given on how a positive and a negative
skew angle was set. This was clearly particularly important for the

contra-rotating arrangements.
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3.2.) COMMISSIONING OF THE RIG:

3.2.1.) DEAD WEIGHT LOAD CELL CALIBRATION:

Initially, the load cells were calibrated by using static load tests.
In order to load the augmentor evenly a simple ancillary device was
devised. This device consisted of a wooden board lying on top of the
diffuser exit with a hole located centrally. A rope was then passed
down the inside of the augmentor fastened to the board at the top.
Approximately 20 cm below the bell mouth a hook was attached to the
rope. This hook was a standard piece of equipment used to support a
number of cast iron weights. Before testing the weights were
individually weighed on a weight scale. One by one the weights were
then carefully shifted on to the hook and the corresponding voltages
as produced by load cells were read off. The load cells work on the
principle of the piezo-electric effect; as a load 1is applied to the
cell the crystals become deformed and produce a charge. This charge is
then amplified by the charge amplifier and converted to voltages which
then can easily be displayed on voltmeters. The relation between the
deformation and the charge produced is extremely linear within the
operating range of the load cell. Overload seriously distorts the
crystal matrix and leads to irreversible faults rendering the elements
useless. The calibration curve for the static test is shown in Figure
3.3. It can be seen that the curve 1is straight as could be expected.
Using the correct conversion factors gave the following relationship

between the applied load and the output voltage:

1 Vv = 111.47 N — (3.1)

3.2.2.) PRESSURE TRANSDUCER CALIBRATION:

There were three independent air circuits in which the pressures needed
to be recorded. Firstly, the pressure of the compressed air inside the
working section feeding the peripheral slot had to be monitored.
Secondly, the pressure of the air fed to the individual jets had to be
monitored and thirdly when the pitot rake was 1installed the pitot
pressures 1in the exit plane were measured using a transducer. The
transducers used were of the sturdy diaphragm type (DEAN) connected to
a set of FYLDE MINI BALANCES and AMPLIFIERS. The effective ranges of
two of the three transducers covered 0-100 psi and the third 0-25 psi

for monitoring the peripheral Jjet, the individual air jets and the

38



Ejector

pitot pressures respectively. The former transducers were calibrated

against standard Budenberg test gauges covering the pressure range:

PO -pa=0 to 6 bar ---(3.2)

Both the transducers and the test gauges were linked, for calibration
purposes only, via a T-junction to a 2m3 large compression tank which
is charged up by a two stage electrically driven compressor. The
compressor 1is switched such that it charges from atmospheric pressure
(0 psi) to 100 psi above atmospheric, at which point the compressor
shuts off automatically. Two sets of readings were taken at the
beginning of the testing and at an intermediate stage. The respective
curves are given in Fig. 3.4a and 3.4b showing a similar relationship.
In the second test the pressure discharge was also monitored but is not
recorded explicitly on the graph because only a minute amount of
hysteresis existed. A mathematical expression was devised to represent

the curve closely. The description of the curve in the first case was:

y 6.195 x1'06 -==(3.3)

where x is in Volts

For the second set of results:

y =6.150 x 145 — (3.4)

was found to be representative. It should be noted that the first
expression was used for the first testing period and the other one
thereafter. Since the discrepancy between the two is approximately 0.7
percent this error is not considered as too serious.

The pitot pressure transducer was calibrated using an alcohol manometer
recording its height and the respective output from the transducer.

Applying the simple formula:
p=pgh --=(3.5)

the static pressures were found. Figure 3.4c shows the relationship

between the pressure and the equivalent transducer output voltage.

3.2.3.) TARE THRUST EVALUATION:

It was important to establish the effect of the air supply tubes to the
working section reservoir. As a large pressure is applied to a flexible
tube it stiffens up and therefore if it is initially bent it will try
to straighten. After realising and understanding this phenomenon
extreme care was taken to minimize the bending of the tubes. However,
while welding together the various pieces of the octagonal reservoir

distortion was unavoidable. This meant that the tare thrust had to be
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measured. This was done by blocking off the four supply pipes inside
the working section using simple blanking plates. The calibration curve
is shown in Figure 3.5. The plot shows a linear relation between the
pressure applied and the tare thrust obtained. The tare thrust was a
fairly small quantity compared to the overall thrust levels measured

(less than 3 percent).

3.2.4.) DATA ACQUISITION:

There were two major test blocks, namely the load cell measurements and
the pitot rake measurements. As far as the equipment for displaying the
data is concerned both cases were straightforward. For either tests two
or three digital voltmeter readings needed to be recorded, depending
on the arrangement of the rig. When the solid vane vortex generators
(WG) were installed two outputs required recording and with the AJVGs
in place this increased to three. For the WG layout one voltmeter gave
the equivalent pressure of the peripheral driving pressure and the
other showed the load cell thrust reading or the pitot rake pressure.
When the AJVGs were installed the third voltmeter displayed the
equivalent pressure of the AJ driving pressure.

The pressure in the exit plane was recorded at 45 discrete points using
simple pitot probes. Each of the pitot probes was connected via a
silicon tube to a reservoir of large volume compared to the volume of
the tubing. While running the rig the reservoir could be isolated by
clamping off the silicon tube. The reservoir then acted as pneumatic
memory. Each of the 45 reservoirs finally was connected to a port on

a scanivalve head.

3.2.5.) PITOT RAKE ASSEMBLY:

In order to achieve fast accumulation of data during the test runs it
was decided that a two dimensional rake bed should be used. During
testing it turned out that the two dimensional rake also had the
invaluable advantage that the flow throughout the exit plane was frozen
at one instant, thereby excluding the need for long runs; alternatively
one could have obtained a full dynamic pressure picture from several
runs but this would have produced a time averaged representation of the
flow in the exit plane which was not really desired. The total number
of pitot probes (45) was limited by the use of a single D3-type
scanivalve which has a maximum of 48 ports. Several ports needed to
remain "open" for calibration purposes.

Two feasible solutions emerge. On the one hand since the diffuser exit
had a round perimeter a radial rake distribution (Fig. 3.6a) seemed

favourable; on the other hand there was the possibility of employing
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a straightforward equi-spaced rake (Fig. 3.6Db).

As one can see from the Figures it would have proved rather difficult
to manufacture and mount the radial assembly but more importantly did
the likely non-uniform flow restrain from the use of the axisymmetric
grid. A further problem with the radial setup are the elongated areas
which particularly the outer pitot probes are representing. The cause
for these unsuitably shaped areas arose from the idea of having equal
sized areas for the convenience of integrating the local thrust values
easily. It should be noted that the areas of the inner ring of pitot
tubes have an area weighting of four, i.e. these areas are four times
as large as those areas of the outer ring. The area weighting of the
ring in the middle is two and the outer ring clearly has a weighting
of one. Decreasing the area size towards the perimeter was chosen
because it was thought that due to the peripheral arrangement of the
primary injection most changes in dynamic pressure would occur in the
outer radial area of the exit plane. Clearly, this last problem of
weighting disappeared completely for the equi-spaced grid, i.e. no
prejudice with respect to changes in dynamic pressure is given, but it
introduced a new problem, namely the uncertainty around the diffuser
perimeter. Some of the pitot probes covered areas extending beyond the
perimeter of the exit plane and other areas did not even extend up to
the perimeter. It was anticipated, however, that the respective over-
and under-estimates would cancel out to a considerable extent.

It was mentioned above that the distribution of the pitot tubes was on
an equal area basis. This method gave a very simple way of determining
the overall thrust of the augmentor, namely by doubling the dynamic

pressures and multiplying by the local area AL to give:

local thrust =p U2AL = - (3.6)

and then summing up all the local thrusts gave the total thrust. Since
the square grid representation was selected, AL was simply 24 mm
squared. A tube spacing of 24 mm was chosen on the grounds of covering
the exit area in the most efficient way possible, always having in mind

the maximum number of 45 pitot tubes available.

3.2.6.) NOISE TESTS:

Theoretical predictions were done for the determination of the noise
levels produced by a free round jet, which for the given physical rig
dimensions without any attenuation would be in the region of 150 dB.
To be deducted from that value was the attenuation of the pressure
waves by the room volume plus the absorption by the walls. The
absorption rate of the concrete walls and ceiling is very low, i.e. the

pressure waves are simply reflected and therefore produce a high
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reverberation level. Theoretical calculations lead to a final pressure
level of approximately 135 dB at a distance of 1lm away from the rig.

A fairly good noise insulator is heavy board (ideally acoustic board)
plus a layer of 50 mm thick acoustic foam. The thickness of the foam
is determined by the wavelength of the acoustic wave. It is known that
the 2000 Hz frequency area causes particular strain to the human ear.
It is therefore necessary to absorb this frequency, which equates to
a wavelength of about 25 mm. In order to simulate closely the ear,
noise meters are weighted around the 2000 Hz mark. The complete
acoustic treatment led to a figure of 90 dB, now lying within the
allowable noise band for a high speed laboratory. It needs mentioning
that the workshops are located next door to the rig and hence special
attention to gquieten the rig was essential. The proposed acoustic
'booth' can be viewed in Drawing 60, Appendix 10.2.

The noise prediction was found to be a considerable overestimate of the
actual noise measured; this is probably due to the fact that the noise
estimate was based on a round nozzle rather than a narrow slit as used
for the primary injection. The slit causes the frequencies to shift to
much higher frequency levels, so highly pitched that they become
inaudible to the human ear. With regard to the running of the project
this clearly was very good news. The noise tests were performed at a

working section pressure ratio of approximately 6.2, i.e. at the

uppermost end of the test conditions. The following results were
measured:

Room upstairs 80-83 dB

Back room (gangway) 84 dB

Industrial tunnel area 81 dB

Workshops 81 dB

Rig (at 1m distance) 105 dB

Reverberant level (lab.) 97 dB

Table I: Noise measurements

It must be stressed that these values were obtained without any noise
reduction in the form of an acoustic screen and therefore were
extremely encouraging. They did imply that no further attenuation
needed to be considered as long as no excessive time was spent on
testing. The period of continuous testing clearly became restricted by
the reservoir air available. It turned out that an eight minute run

took about half an hour of charging up the reservoir tank. Taking an
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average working day did therefore not make possible more than one hour
of testing, henceforth the acoustic booth lost its wviability, leaving
the entire process of testing very straightforward. The acoustic screen
also would probably have modified the pressure field slightly, calling
for some calibration and correction factors, which would have
complicated matters extensively.

The industry standard on noise allows a continuous noise level of 90
dB for an eight hour day. Halving the working hours permits a doubling

in noise level, i.e. raising it by three dB. In general this gives the

following picture:

Table II: Legal noise limits

The table shows that the running of the rig was well within the legal
noise boundaries, as the reverberant level measured within the

laboratory was 97 dB and the total testing accounted for less than one

hour per day.
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3.3.) ERROR ASSESSMENT:

For experimental work it 1is very important to assess the errors
incurred by all contributing factors. There are two basic kinds of
error which need quantifying separately, namely the systematically and
the randomly generated error. The former for example causes a shift
without changing the shape of a curve. The latter 1is rather self
explanatory. Listed below are factors contributing towards the

systematic error:

3.3.1) Experimental setup
3.3.2) Accuracy of instruments
a) Electrical equipment
b) Pitot probes
c) Force measuring instruments

3.3.3) Loads caused by air supply tubes

3.3.4) Random errors

These factors probably need further explanation.
3.3.1.) EXPERIMENTAL SETUP:

There were various intrinsic problems with the experimental setup. The
distance of the rig to the ground has clearly an effect on the way the
secondary air is drawn into the bell-mouth. If the distance 1is too
small the air drawn in is unnecessarily accelerated reducing the static
pressure excessively and thereby emphasising the ground/rig
interaction. This is not an error in itself but gives a less
representative case of an independent thrust augmentor. It was believed
that the chosen distance was sufficient to give the rig the desired
independency.

A further 1limitation was the location of the rig assembly. This
location was determined by the laboratory space available. As can be
seen 1in Drawing 61 the rig was only about two meters away from the
corner walls and therefore some distortion to the entrained flow must
be expected. To quantify this effect could have been done by using the
method of sink images in a three dimensional array. As the sink
strength diminishes as a function of one over the distance squared the
ground (dist. = 1.4 m) has a larger interaction effect than the walls.
The calibration of the load cells posed bigger problems than initially
anticipated. One major contribution towards a rather large discrepancy
in load readings was caused by pre-loading the cells. Pre-loading was

achieved by tightening down the M6 set bolts joining the main plate and
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the support frame. The holes for the bolts were unfortunately drilled
by hand and therefore were not properly aligned with the vertical axis.
This mis-alignment caused some friction on the inside surface of the
load cell which in turn caused very inconsistent results; before and
after loading with an external 1load a large offset occurred. This
phenomenon became worse as the bolts were tightened but persisted even
as the bolts were completely unfastened. Obviously, this situation
introduced highly intolerable experimental errors and called for
modification.

It proved advantageous once again that the net thrust acted downwards,
forcing the load cells to compress. This meant that the top plate just
needed to be held in place, i.e. to stop lateral movement for security
reasons. Three simple 5 mm diameter metal pins fulfilled this task

satisfactorily, eliminating the bolts.

3.3.2.) ACCURACY OF INSTRUMENTS:

One major error was produced by the fact that all electrical devices
like transducers needed to be calibrated against certain known
quantities 1like 1liquid manometers. This process 1in itself was quite
accurate but the changes as inflicted by the time factor could not be
taken account of. The test programme span across two years. The
transducers where re-calibrated at six month intervals and showed a
variance of up to two percent but without specific tendency. The output
from the transducers was fed through amplifiers for which the
manufacturers calibration curves indicate a repeatability of two
percent accuracy. From previous experience with these instruments this
level of accuracy can be believed.

The next problem arose from the ancillary equipment to the load cells,
the charge amplifier. As the name implies this instrument takes the
extremely small changes in charge from the cells and then amplifies
these to easily readable levels in the mV range. Since the cells use
the piezo-electric effect (i.e. the loads are registered as variations
in charge caused by crystal deformation) they do not really work in the
static load case. This adaptation is obtained artificially by
introducing a very large capacitor into the electrical system. It was
found out that a leakage still persisted (about 1 mV per sec.). This
discharge rate remained fairly constant for some time until the cells
were loaded several times. The charge amplifier then started to
overcompensate and henceforth the readings began to increase. However,
since this rate of increase was rather small compared to the total
output and occurred unpredictably no action to avoid it was taken. An
unfortunate consequence of this is that the high pressure tests have

a better repeatability than the low pressure ones, Dbecause of the
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relative magnitudes of the output voltages.

Specific problems with the load cells included the dead weight
calibration which was explained earlier. Several tests were performed
and always gave linear weight to voltage outputs. The wvarious curves
laid more or less parallel within a narrow bandwidth, i.e. an error of
less than half a percent was recorded. It could not be established due
to which reason these shifts were caused. Possible factors are the
relative humidity, the temperature and the atmospheric pressure. The
pitot rake measurements had their own set of problems, namely the fact
that the pitot tubes were not all perpendicular to the diffuser exit
plane. This clearly was a problem related to the production process.
A lot of care was taken during the manufacture but 1.5 millimetre
diameter brass tubing is easily bent. After the final assembly of the
rake arrangement each tube was straightened and it can be assumed that
a deviation of less than five degrees was achieved. The 1loss in
pressure as a function of misalignment angle in yaw can be viewed in
Figure 3.7. The graph shows that the losses for a total head tube are
negligible certainly for angles up to ten degrees. A greater error is
caused by the fact that the flow swirls considerably for large angles
of skew.

While using the pitot rake configuration further problems arose. The
major problem came from the stepping device, known as scanivalve, which
connects 48 ports with one pressure transducer. Since the Mach number
in the exit plane reached peak levels of up to 0.4 and 0.5 the pitot
pressures were accordingly large (several thousand Pascals). Effects
of compressibility were considered and the results suggested that a
maximum error of four percent for a localized area was not too serious
to require corrections. But these high pressures caused leakages from
one port to the next. This problem was contained by applying a balance
pressure to the scanivalve housing. One problem that still persisted
when the motor scanned from a high pressure port to a low pressure port
or vice versa was that the values were smeared out slightly because a
finite volume of air was carried forward. Fortunately, this does not
affect the aggregate results which were used to compare with the load
cell measurements. When scanning through the ports a second time showed
very similar results to the first scan implying that the 'smearing'
effect was quite small. The change was less than two mV compared to a
typical value of 500 mV representing an error of less than half of one
percent. This effect was so small that it can be considered negligible

compared to the random errors which are dealt with below.
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3.3.3.) LOADS CAUSED BY AIR SUPPLY TUBES:

The subtitle above already incorporates all the main terms which
contribute towards the error. It was known that elastic tubes which
have a throughput of highly pressurised air (several bar) try to
straighten themselves if they have a certain degree of pre-bending,
i.e. some curvature. Due to the manufacturing process of the octagonal
reservoir, the eight individual pieces had to be welded together
causing some deformation. Consequently, the four connectors did not
accurately align with those of the working section connectors. This
mis-alignment was rectified as much as possible by using washers to
obtain the desired relative positions. The remaining inaccuracy was
measured by blanking off the supply tubes within the working section
and then applying a range of pressures to the connecting tubes. This
calibration gave a certain relationship between pressure ratio (PR) and
tare thrust as shown in Fig. 3.5. Since pressurisation of the tubes
gave a positive thrust this amount of thrust had to be subtracted later
on from the measured values. Fortunately the graph of PR versus thrust
was a simple linear curve. The tare thrust amounted to approximately
3.5 percent relative to the bare nozzle thrust and clearly less for the
augmented thrust. After the tests with the solid WGs installed were
completed, the second octagonal reservoir was added on top of the other
octagonal reservoir (see Fig. 1l.1lb) to supply air to the air jet vortex
generators.

The initially specified design of having connectors welded to the three
inch pipe-work, quickly proved highly error prone because there was no
simple remedy to adjust the mis-alignment. The degree of distortion of
the large reservoir pipe due to the welding process was not properly
anticipated. The tare thrust caused by the straightening of the eight
individual flexible supply tubes was of the same order as the net
thrust measured for the thrust augmentor. This situation clearly was
unacceptable. The problem was solved by repositioning each connector
individually with the working section reservoir installed on the rig,
making this process extremely accurate but also very time consuming.
The author acknowledges the fact that this problem should have been
thought of in the design phase and dealt with accordingly.
Re-calibration showed a similar relationship between the driving
pressure ratio and the tare thrust as above, where the lower peripheral
nozzle working section was fed only, emphasising the accuracy obtained

from this modification.
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3.3.4.) RANDOM ERRORS:

When running the rig using the load cells to measure the thrust two
digital readings needed to be taken, a) the load cell output and b) the
corresponding peripheral slot pressure. Reading two gauges
simultaneously proved rather difficult particularly since the digits
did sometimes not settle down within a reasonable time period (about
two seconds). Experience with the system showed that the errors were
fairly small; 12 mV compared to an average value of 500 mV which
corresponds to an error band of 0.4 per cent. This clearly makes the
assumption that the values were read off correctly in the first place
which of course must be assumed at this point. Potential mistakes could
only be rectified once the results were plotted. Due to the fluctuating
nature of the measurements any false point was extremely difficult to
detect and therefore it must be stated that no provision was made for
this shortcoming. Making mistakes while noting down data is clearly
another potential source for error and is rather impossible to suppress
for a manual data acquisition system. The author nevertheless believes
that major care was taken in acquiring the data and thereby reducing
the above mentioned mistakes to a very small margin.

As anybody can imagine these problems became even more pronounced when
reading off values from three different digital voltmeters, which was
necessary for the joint peripheral and individual Jjet configuration.
Despite the aforementioned difficulties with the equipment it was
believed that most of the possible errors were looked at and thus
eliminated. Due to the nature of the testing facility an experimental
error band of *0.4 per cent for either the load cell readings and the
pressure readings should be allowed for. In addition the error from the
pressure transducer calibration curves which came to *0.7 per cent as
a maximum must be taken account of. Applying the generally applicable
formula for calculating the total random error we have: the
accumulation of the individual errors are squared then added and then
square rooted. This in effect implied that an error band of Jjust less

than 1.0 per cent should be allowed for.
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4.) THRUST MEASUREMENTS
USING LOAD CELLS

This Chapter deals with all the relevant measurements obtained from the
load cell tests. Using 1load cells was the qguickest technique to
determine the net thrusts. A total of three cells was used, with each
cell placed on top of one of the three support legs for rigidity and
hence accuracy reasons. The signals from the three cells were combined
and then fed through a single charge amplifier. More information could
have been extracted if each of the load cells could have had its own
charge amplifier, but this was rejected due to financial constraints.
Three individual signals would have given an 1indication of the

contribution towards total thrust at three discrete points.

It is important to note at this point that the data presented in this
entire Chapter was obtained at a diffuser area ratio of n = 1.5. The
measured thrusts were all normalized to standard atmospheric conditions
of 1013 mbar, except where explicitly otherwise stated.

Furthermore, it must be remembered throughout this section that the

parallel walled mixing section was installed for all the tests.

4.0.1.) Determination of bare nozzle thrust:

The bare nozzle thrust (BNT) of the peripheral nozzle was initially
evaluated using the theoretical formula for a convergent nozzle flow,
taking account of the momentum and pressure thrust. An accurate
experimental test programme, by blanking of the secondary inlet and
installing static pressure tappings to monitor the base pressure, was
thought of but was rejected because of the modifications involved.
Furthermore, the uncertainty of its validity was the stronger reason
for its rejection. The closest to a bare nozzle thrust test was
achieved by removing the mixing section, the diffuser sections and the
bell-mouth. Blowing the peripheral jet with a primary pressure ratio
of five the thrust for the peripheral nozzle (there was of course still
some secondary entrainment!) came to 98.4 percent of the theoretical
value. Since this value was within the experimental error band it can
be assumed that the theory over-estimated the thrust but that the
margin was not too large.

The BNTs with the air jets blowing, as discussed in Section 4.3. below,
were determined experimentally by again removing the mixing section,

the diffuser and the bell-mouth leaving only the working section with
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the ejectors. The total bare nozzle thrust of the eight individual air
jets was measured with the jets set to 0° 15°, 30° and 45° skew angle.
Since the respective BNTs reduced according to the cosine function it
was deduced that a direct relationship existed between the angle and

the bare nozzle thrust, i.e.:

BNT at some skew angle P = cos (P)BNTO0 — (4.1)

where BNTO was the zero degree skew bare nozzle thrust.

Due to the peripheral arrangement of the air jet vortex generators and
the elevation of the jets the surface area of the jet shear layers were
quite large and therefore entrained excessive amounts of secondary air
which in turn clearly produced thrust forces on the support structure.
Hence the ensuing augmentations presented are smaller than if based on
'true' bare nozzle thrust.

It must be emphasised that the calculation of 'true' theoretical BNT
was difficult for the given shapes of the jets. Even the determination
of thrust for a round nozzle of equivalent cross-sectional area poses
problems, because of the reasons discussed below, e.g. non-ideal flow
parameters. Theoretically there were various possibilities to evaluate

bare nozzle thrust:

a) ideal isentropic convergent-divergent nozzle

b) ideal convergent nozzle

c) fully expanded flow equations for convergent nozzle
d) inclusion of discharge and velocity coefficients

in a), b) and c)

The controlled expansion of a convergent-divergent nozzle does not
strictly apply to the air jet vortex generator nozzles Dbecause it
requires a contoured nozzle. The formula giving the highest thrusts for
a given driving pressure 1is the fully expanded flow equation.
Physically the flow was unlikely to attain this condition; the confined
space within the mixing section prohibited a full expansion. More
realistic was the formula for an ideal convergent nozzle. This formula
was used extensively because it seemed to simulate the likely physics
of the flow best. If discharge and velocity coefficients were to be
included in calculating the BNTs, they would represent losses, reducing
the ideal wvalues to actual ones. From previous investigations of
nozzles 1t was known that these losses are fairly small. Any such
losses certainly would translate into increased augmentations. Hence
if the ideal convergent formula for calculating the bare nozzle thrust
is used the corresponding augmentations are conservative.

All the comments on the calculation of the BNT apply to nozzles blowing

in the axial direction. What happens as a nozzle is set at some oblique
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angle to the axial direction? Literature on this subject of evaluating
the thrust for a Jjet injecting obliquely at supersonic speed into a
secondary stream was not available to the author. From the tests with
exclusive AJVG blowing it was established that the thrust degraded as
a function of cosine of the skew angle. This clearly implied that the
transverse velocity and pressure component of the momentum did not
contribute towards the axial thrust.

One major assumption was made in determining the combined peripheral
and air Jet bare nozzle thrust in Section 4.3., namely that the
individually measured BNTs simply added to give the total bare nozzle
thrust, 1.e. the combined BNTs were not explicitly tested. It is
probable that the combined thrusts would have given other slightly
different results due to the flow interactions of the two streams but
it was not thought to justify the time required to determine all the

possible combinations considered.

4.1.) BARE AUGMENTOR

There was a requirement for one test series only, and that was to
measure the thrust at different pressure ratios (PR). The test
procedure adopted was a slow build up in pressure from just Dbeyond
choked condition to an approximate pressure ratio of 5.5, raising the
pressure in steps of 0.3 to 0.5 bar. As testing experience grew it did
prove that the step size was not that critical because a very linear
relationship developed between the thrust and the PR. However, larger
steps were not used 1in order to minimize errors. Having a
representative number of data points ensured a good curve, revealing
any odd point. Using the appropriate calibration factors, as
established in Chapter 3, and taking into account the atmospheric
conditions and the tare thrust, the millivolt readings were converted
to real units (N/m2).

The results of these tests can be viewed in Fig. 4.1. A least squares
fit technique was adopted for the 1line joining the data points. Two
independent data curves are shown in this Figure. The lower curve
represents the measurements with the pitot rake installed on top of the
diffuser exit plane and the upper one shows the bare augmentor thrust
without the rake in place. The discrepancy between the two curves was
most likely caused by the drag on the pitot rake, reducing its values
by some margin.

When calculating the augmentation ratio ($), which was defined as the
measured thrust divided by the theoretical peripheral bare nozzle

thrust, at different PRs a certain trend was established, namely that
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$ decreased as PR increased. At a pressure ratio of 5.0 the
augmentation ratio came to $ = 1.15. This number implied clearly that
a 15 percent augmentation on top of the bare nozzle thrust was already
achieved with this simple arrangement. In the third column of Table IV
the augmentation ratios are listed for PRs in the range 1.5 to 3 rising
in 0.5 increments. The wvalue for a pressure ratio of 1.5 was
interpolated from the least squares fit curve and strictly speaking
must be considered with some caution because the primary nozzle was not
choked. The implication of this condition was that the bare nozzle
thrust should have been calculated using a subsonic approach rather

than the simplified choked solution.

4.2.) MODIFIED AUGMENTOR WITH VANE VORTEX
GENERATORS

The experimental layout and testing technique was similar to the one
described in Section 4.1. What did change was the inclusion of the
auxiliary working section which housed the steerable vanes.
Unfortunately, the rig had to be dismantled considerably in order to
alter the angle of incidence of the wvanes. The mixing section and the
diffuser section needed to be removed. The angle of the vanes was set
with the help of an inclinometer. It should be noted for later
reference that the wvane angle of attack was always relative to the
axial direction, 1i.e. it referred to a fixed frame of reference for
simplification rather than to the relative streamwise direction of the
flow. Ideally these two systems should coincide but this is obviously
quite unlikely due to the non-uniform behaviour of the flow and hence
its corresponding streamlines.

For these set of tests all the vanes were set to one particular angle,
e.g. 15 or 15 degrees. Their physical locations were approximately two
and a half vane chord lengths downstream of the peripheral injection

slot.

4.2.1.) CO-ROTATING VORTICES

From PearceyIl it was known that vanes installed on aerofoils perform
best when skewed to between 15 and 20 degrees. The test series was
directed towards finding the optimum vane angle as quickly as possible,
hence a start from the lower value was initiated. The vane angles were
then collectively increased 1in one degree increments, using the

technique described above, until a reduction in performance was
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observed. Quickly it turned out that the initially chosen angle of 15
degrees was too large to obtain a full picture, hence the angle was
reduced in one degree increments down to 12°. The processed values were
then plotted and some example plots in the range a = 13 to 15 degrees
are shown in Fig. 4.2a-d. As for the bare augmentor in Section 4.1
above, least squares fits were applied to the data points. Here again
it can be seen that there is a linear relationship between pressure
ratio and net thrust. Using the aforementioned plots the respective
augmentations were determined. Since the high pressure end gave more
accurate results, a comparison at PR = 5.0 is given in Fig. 4.3 (note:
the values were interpolated using the mathematical expression obtained
from the least squares fit describing the slope of the curve).

The maximum augmentation was reached at a« = 16°. At this angle the
performance of the vanes were at their maximum. It should be noted at
this point that the tests were repeated with the vanes set to the same
angles but in the opposite direction. The obtained results compared
well with the first set of results which led to the conclusion that the

flow was fairly symmetrical.

4.2.2.) CONTRA-ROTATING VORTICES

These tests were performed with precisely the same layout as those
explained just above, but the fundamental difference was the inclusion
of contra-rotating WG pairs instead of the co-rotating WG's. Any one
pair consisted of one vane set at plus x degrees of incidence and one
vane set at minus x degrees of incidence, i.e. the vanes were set at
+* x degrees alternately. The magnitude of x was the same for all the
vanes. Measurements were taken 1in one degree increments, this time
starting from 12° straight away and ending at 17 degrees incidence.
Again an inclinometer was used to set the vane angle just as in Section
4.2.1. A processed collection of the experimental results, showing
augmentation ratios at discrete skew angles, can be viewed in Fig. 4.4.
The graph reveals that the contra-rotating setup had a fairly wide band
of maximum augmentation. Close to thirty percent augmentation were
obtainable for the 14 to 16 degree range. The peak was reached at an
incidence of 14° for this set of results. It should be realised that if
error bands were added to all the test wvalues, the results for the 14
to 16 degree range would all lie within that band. Beyond 16 degrees
a definite feature occurred, namely the augmentation dropped off
sharply. This occurrence was similar to that of the co-rotating

arrangement.
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4.3.) MODIFIED AUGMENTOR WITH AIR JET VORTEX
GENERATORS:

In order to interpret the accumulated sets of results more easily they
were tabulated for various constant pressure ratio conditions. The four

tables give values for:

a) net thrust levels: (Table III, Table V)
b) augmentation ratios: (Table IV, Table VI)

The air jet PRs are shown horizontally across (values of 2.0, 2.5, 3.0,
3.5, 4.0 and 4.5) and the peripheral PRs are represented along the
vertical. The latter pressure ratios are also increased in half a bar
increments starting from 1.0 up to 3.0. The 1limit of three had been
selected because above this, the augmentations continued to reduce to
a level which could be reached with the simple augmentor, i.e. making
the complicated layout involving the two independent jets (peripheral
plus individual AJVGs) superfluous. The second column of the tables
specifies the skew angle to which the air jet vortex generator 'plugs'
were turned. Any one set of results for a constant peripheral pressure
ratio consisted of six skew angles for the AJs (0°, 15°, 30°, 45°, 60°
and 75°) . Skewing the air Jjets to 90 degrees was considered to be
nominally the same as blowing the peripheral jet only, but no explicit
measurements were taken for this condition. Justification for that
argument was that half the momentum would be diverted towards the
secondary inlet and the other half would move down the mixing section
in the ordinary way. For the real application, as the peripheral and
the individual air jets were superimposed, the normally blown air jets
would interact with the peripheral jet and would degenerate or enhance
its performance. The degenerating component would be caused by flow
interaction between the particles from the air jets and the particles
drawn in through the secondary inlet. The enhancing component would be
the fact that the air jets would force the particles from the
peripheral primary to move towards the central axis of the augmentor
and thereby increase the mixing shear area. Summarizing these effects
it can be said that for combined peripheral and air jet blowing the air
jets act as vortex generators and therefore produce different results
as when switched off.

Where a pressure ratio of one is specified for the peripheral or AJVG
results, it effectively meant that the one or the other jet was turned
off. From Chapter 3.3. it should be remembered that error bands of

+* four percent need to be attached to the individual values.
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The thrust augmentations, listed in the second set of tables, were
defined as the measured net thrusts divided by their respective

measured bare nozzle thrusts (BNT) e
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1.5

2.0

2.5

3.0

ANGLE

B & 8 oo d8& 8 G od 8 &8 G o d 3 &8 G o

o ©

30
45
60
75

THRUST MEASUREMENTS |[N]
(co-rotating AJVGs)

1.0 2.0

0 174

g B &

46
80 236
229
219
12
168

29
282
250
228
186
188 335
335
335
301
281
239
241 384
391
380
350
313
298

AJVG pressure ratio

2.5

g BN

169

56
281
273
252

12

336
336
312
277
248
1%
382
384
364
330
298
246
429
437
412
373
329
302

3.0

249
213

377
374
340
301
266
204

426
391
356
313
252
469
477
442
3%
343
305

3.5

302
288
252

177
78
359
349
312

231

413
408
367

282
210
459
4el
416
377
327
257
504
511
470
415
34
308

Table III: Measured load cell thrusts; co-rotating air jets
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4.0

335
322
281
246
1%
0
391
380
340
289
245
m
444
438
393
342
29
216
489
489

3%
338
261
534
538
495
432
364

Ejector

4.5

363
352
308
267
209
103
420
408
366
302
256
176
472
464
418
359
307
219
514
510
464
410
347
264
559
560
517
448
372
314



1.0

15

2.0

2.5

3.0

(co-rotating AJVGs)

AUGMENTATION
ANGLE 1.0 2.0
0 1.78
15 1.77
30 1.79
45 2.03
60 2.23
75 1.83
0 1.23 1.51
15 1.52
30 1.56
45 1.48
60 1.58
75 1.62
0 1.22 1.39
15 1.4
30 1.4
45 1.40
60 1.43
75 1.39
0 1.20 1.34
15 1.36
30 1.40
45 1.33
60 1.36
75 1.32
0 1.19 1.30
15 1.32
30 1.34
45 1.25
60 1.23
75 1.3
Table IV:

AJVG pressure mtio

2.5

1.70

1.69

1.88

2.10

17n

1.50

1.50

1.50

1.45

1.56

1.60

1.39

1.43

1.4

1.37

14

1.38

1.35

1.37

1.37

1.32

1.33

1.31

1.32

1.4

1.32

1.24

1.22

1.29

3.0

l.e4

l1.e3

1.60

1.97

l1.e2

1.47

1.4

1.4

1.53

1.58

1.38

1.42

1.37

1.34

1.38

1.37

1.35

1.37

1.33

1.3

1.3

1.29

1.32

1.34

1.30

1.22

1.20

1.27

3.5

1.56

1.55

1.53

1.65

1.86

1.57

1.4

1.43

1.39

1.37

1.49

1.4

1.34

1.39

1.34

1.30

1.35

1.34

1.34

1.30

1.28

1.28

1.27

1.30

1.25

(based on experimental BNT)

4.0

1.50

1.48

1.56

1.74

1.56

1.39

1.39

1.34

1.31

1.50

1.31

1.35

1.30

1.26

1.32

1.30

1.3

1.32

1.27

1.25

1.25

1.24

1.28

1.29

1.26

1.18

1.15

1.22

Augmentations based on measured bare nozzle thrust, co-rotating air jets
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4.5

1.42

l.e4
1.58
1.33
1.33
1.30
1.25
1.38
1.46
1.27

1.30

121
1.28
1.26
1.26
1.27
1.23
1.20
1.2
1.20
1.24
1.25
1.22
1.15

1.1



15

2.0

2.5

3.0

ANGLE

30

60

75

30

45

60

75

30

45

60

75

30

45

60

75

30

60

75

Table V:

THRUST MEASUREMENTS [N]

(contra-rotating AJ pairs)

1.0 2.0

0 174

168

146

117

75

29

80 236

233

212

186

149

101

136 201

289

268

241

208

162

188 335

339

329

297

257

215

241 384

389

381

349

323

277

Load cell thrust measurements; contra-rotating air jet pairs
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AJVG pressure mtio

2.5

221

214

187

147

97

38

281

277

248

211

164

105

336

333

303

265

220

162

382

383

363

319

268

214

429

435

415

372

331

271

3.0

264

256

224

174

116

46

322

317

281

234

178

109

377

373

334

287

232

163

423

421

393

339

280

214

469

476

445

392

338

267

3.5

302

292

256

198

134

54

359

353

311

255

191

113

413

408

362

307

244

165

459

455

420

358

201

215

504

510

470

409

346

265

4.0

335

324

283

220

149

391

384

337

275

204

119

444

439

387

326

257

168

489

485

445

376

303

217

534

539

492

424

354

264

Ejector

4.5

363
350
306
239
163

68
420
411
361
293
216
125
472
465
409
344
269
172
514
510
465
392
315
219
559
562
510
437
363

266



AUGMENTATION

(contra-rotating AJ pairs)

ANGLE

1.0 0

30

45

60

75

15 0

30

45

60

75

2.0 0

30

60

75

2.5 0

30

45

60

75

3.0 0

30

45

60

75

Table VI: Augmentations based on measured bare nozzle thrusts, contra-rotating air jet pairs

1.0

1.23

1.22

1.20

(based on experimental BNT)

2.0

1.70

1.55

1.13

1.5

1.5

1.50

1.47

1.40

1.19

1.39

1.4

1.40

1.37

1.30

1.19

1.34

1.37

1.39

1.34

1.28

1.18

1.30

1.34

1.35

1.3

1.29

1.2
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AJVG pressure ratio

2.5

1.70

1.75

1.69

l1.e2

1.50

1.12

1.50

1.4

1.47

1.42

1.33

1.39

1.4

1.39

1.34

1.26

1.13

1.35

1.38

1.38

131

1.12

1.32

1.35

1.34

1.28

1.25

1.15

3.0

1.64

1.67

l1.e2

1.55

1.45

1.48

1.5

1.4

1.37

1.28

1.09

1.38

1.43

1.36

1.3

1.22

1.08

1.35

1.38

1.35

1.28

1.20

1.08

1.32

1.35

1.33

1.26

121

1.10

3.5

1.56

1.59

1.55

1.48

1.39

1.08

1.4

1.47

1.40

1.32

1.23

1.05

1.35

14

1.33

1.27

1.18

1.03

1.34

1.36

1.33

1.25

1.17

1.04

1.30

1.34

1.30

1.23

1.05

4.0

1.51

1.48

14

1.34

1.06

1.39

14

1.35

1.28

1.01

1.31

1.37

1.29

1.23

1.15

0.99

1.31

1.32

1.22

1.14

1.00

1.28

1.3

1.26

1.20

1.02

Ejector

4.5

1.2
1.43
1.40
1.35
1.28
1.02
1.33
1.35
1.30
1.23

1.16

1.27
1.33

1.24

1.12
0.97
1.26
1.28
1.25
1.18
i1
0.97
1.24
1.27
1.22
1.17
1.10

0.99
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4.3.1.) CO-ROTATING VORTICES

An examination of the net thrust table revealed that the wvalues
increased from left to right and top to bottom as should be expected
since the respective pressure ratios were raised linearly. The thrust
produced by the peripheral jet added in a fairly linear manner to the
air Jjet thrust. In Figures 4.5, 4.6 this occurrence 1is verified
graphically, where the thrust is plotted against air jet skew angle for
two constant AJ pressure ratios of 2.0 and 4.5 respectively; it can be
seen that the thrust increment between the curves was fairly constant.
When subtracting a constant value of thrust equal to the initial thrust
as produced by the peripheral jet only, a small discrepancy occurred.
This discrepancy between the two curves must be caused by the
interaction of the two jets. The measured thrusts minus the peripheral
thrust gave new net thrust values which were lower than those for the
air jets blowing only. This feature was made clearer when looking at
the calculations of the augmentation ratios.

Other features of the test results emerged as the thrust was plotted
versus skew angle at constant air jet driving pressures. Six curves in
the range PR = 2.0 to 4.5, rising in 0.5 increments, are shown in
Figs. 4.7 and 4.8. The two extremes of the table were selected to
demonstrate two interesting points: looking at the plot where a
peripheral PR of 1.0, i.e. no peripheral blowing, 1is specified it seems
that the curves converge to a point below 0 on the thrust axis for a
skew angle of 90 degrees. This actually would be possible if more air
travels towards the secondary inlet rather than in the usual streamwise
direction. A measurement of this condition would have proven quite
difficult due to the precise setting of the air Jjets required. The
second plot with PR® = 3.0 shows a much clearer shortcoming, again for
the skew angle P = 90° case. The assumption that the air Jjets did not
contribute towards the thrust in any way as they were skewed to 90
degrees seemed to be wrong. When looking at a mathematical model for
a jet blowing normal to the freestream flow the momentum contribution
towards thrust 1is certainly =zero, but the effect of mixing is being
neglected. In this particular example shown in Fig. 4.8 the curves
suggest a thrust in the region of 285N rather than the 241N as obtained
for the exclusive peripheral blowing. It meant that the discrepancy of
44N was contributed from the air jets in the form of enhanced mixing
between the primaries and the secondary, and not from the direct
increase in momentum, i.e. this discrepancy in thrust is probably due
to the vortex generation. Unfortunately no tests could be performed
under these conditions because the noise produced by the air jets was
excessive, well beyond the 'normal' noise levels for lesser skew

angles.
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From the point of view of obtaining maximum augmentation the
configuration with the air Jets only operating gave the really
interesting results, although it must be realised that the net thrust
levels were fairly small and therefore not of so much use for real life
applications. The table shows that more than one hundred percent
improvement on experimental bare nozzle thrust was possible. This was
achieved for the condition when the AJ inlet just became choked and the
jets were skewed to 60 degrees. In Figure 4.9 one sees how the
augmentation curves rose as the skew angle was raised and then fairly
suddenly fell off for skew angles beyond 60 to 65 degrees. It should
be remembered that all the augmentations were based on experimental
thrusts which took account of the degeneration in bare nozzle thrust
with the cosine function of the skew angle. This effectively meant that
a major component of primary axial streamwise momentum was re-directed.
For a real application this probably would prove unacceptable because
it is 'expensive' to produce the primary momentum in the first place.
As the peripheral jet was blown harder at PR = 2.5 (Fig. 4.10) the
augmentations obtained fell to more modest values in the region of 20
to 35 percent. The plot suggested a steady decline in augmentation as
the skew angle was raised. This decline was probably related to the
fact that primary momentum from the air Jjets was re-directed. The
reduction in augmentation did not, however, follow directly the air jet
thrust times the cosine of skew angle function. This was due to the
different effects on mixing as the AJ plugs were turned. It emerged
that for certain combinations of AJ and peripheral jet driving pressure
certain optimum angle of skew for the air jets were reguired, in order

to maximize augmentation.

4.3.2.) CONTRA-ROTATING VORTICES

When studying the net thrust table the general trend that the values
increase from left to right and top to bottom applies as for the co-
rotating arrangement. It was interesting to note how the difference in
thrust levels between 0 and 15 degrees skew reduced as the peripheral
pressure ratios were increased and even reversed, i.e. the thrust for
15 degrees skew became larger than for 0 degree skew (Fig. 4.11 and
Fig. 4.12). This was rather surprising since there was a factor of
cosine 15° (roughly 4%) being lost as the jets were skewed. This loss
in axial momentum must have been overcompensated by enhanced mixing of
the two primary jets and the secondary air because there was no other
contribution to which it could be attributed. It was expected that the
pressure contour plots would give a better indication of what the cause
for this occurrence was.

A rather surprising feature occurred as the air jets were skewed to 75
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degrees and the peripheral pressure ratio was raised to 2.5 and more:
the interaction of the two flows caused the net thrust to fall
initially as the air Jjets were being blown harder. How was this
possible? One explanation was that at this skew angle the flow leaving
the AJVG plugs had a large velocity component in the angular direction.
This caused flow interactions of the two primaries and thereby reduced
the axial kinetic energy at a faster rate than the direct gain from the
axial velocity component of the jet itself plus the beneficial effect
of forming discrete vortices. It seemed that the enhanced mixing via
the vortices still worked since the net thrusts were higher than for
the peripheral blowing only assembly. The enhancement was dquite
marginal though (Fig. 4.14).

Looking at the results for the augmentations the case without
peripheral blowing again was the more interesting as the augmentations
were rather high. From Fig. 4.15 a steady decline in augmentation can
be observed with increasing skew angle. Only initially, starting from
no skew, did the augmentations rise and then peaked at about 10
degrees. Beyond 60° the curves started falling off very sharply,
probably caused by any two jets from one pair interacting with each
other in an adverse fashion, i.e. flow interactions forced reductions
in streamwise energy faster than the beneficial effect of forming
discrete vortices and hence enhanced mixing. When adding a peripheral
jet, blowing at PR = 2.5 (Fig. 4.16), the fundamental picture was the
same as described above, what did change was a reduction in overall
augmentation. For the cases where air jet pressure ratios of 4.0 and
greater were applied and the vortex generator 'plugs' were skewed to
75° and more the thrusts measured reduced to a lower value than the

bare nozzle thrust, which clearly is an undesirable condition.
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5.) THRUST MEASUREMENTS AND
PRESSURE DISTRIBUTION
USING PITOT RAKE

This Chapter deals with the results for those tests which involved the
use of the pitot rake assembly to determine the thrust and more
importantly the pressure distribution in the exit plane of the
diffuser. After processing the data, contour lines for constant
pressure conditions were developed. Some features applying to all the
contour plots considered are discussed in Section 5.3.1.

In Section 3.2.5. above the method for evaluating the total thrust,
using the pitot rake, of the augmentor was described. It was mentioned
that the dynamic pressure for each probe needed to be doubled to give
the loading per unit area. Since the pitot probes were positioned in
a square arrangement, the distance between any two probes squared
represented a unit area. Multiplying the loading and the unit area
clearly gave the unit thrust. Assuming that each of the unit thrusts
were constant throughout their unit areas, a simple addition of the 45
unit thrusts determined the total thrust. The measurements for the
total thrust are presented under the individual headings of 'bare

augmentor', 'modified augmentor with vane vortex generators' and so on.

5.1.) BARE AUGMENTOR

At a very early stage in the experimental research programme the
dynamic pressures 1in the exit plane were monitored for the purpose of
verification of the load cell measurements. It should be remembered
that the bare augmentor was that configuration which had peripheral
primary blowing only. Measurements using the pitot rake assembly were
obtained at four discrete pressure ratios (2.67, 3.58, 4.58 and 5.74).
These pressure ratios were not specifically selected but were meant to
represent a good cross-sectional view over the effective range of the
augmentor. The maximum pressure ratio in the design phase was selected
as 6.0; the lower end was limited by the choked condition of the
primary Jjet, 1i.e. a pressure ratio of 1.89 and greater was required to
guarantee choked condition when injecting into air at atmospheric
pressure. Since the static pressure within the augmentor reduced to

sub-atmospheric as secondary air was drawn 1in, a PR less than the
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critical sufficed to ensure choked condition. The number of sets of
tests was kept to a representative minimum. From the previous load cell
tests it became known that there was a linear relationship between the
pressure ratio and the net thrust rendering more than four tests
excessive.

In the table below the summarized pitot rake results are shown. The
column headed Thrust (N.B. these were the summed up local thrusts)
lists the experimentally obtained values. The theoretical bare nozzle
thrusts (BNT) were calculated for the respective discrete pressure
ratios and atmospheric conditions. The augmentation was simply defined
as measured thrust over bare nozzle thrust (where the BNT was the

theoretical ideal convergent nozzle thrust):

PR Thrust [N] theor. BNT [N] augmentation
2.67 205.9 175.7 (pa= 1012mbar) 1.172
3.58 308.3 261.2 (pa= 10l4mbar) 1.180
4.58 418.0 354.8 (pa= 10l4mbar) 1.178
5.74 531.5 464.3 (pa= l1l0l6mbar) 1.145

Table VII: Augmentation for bare augmentor

A closer look at the dynamic pressure plot for PR = 4.58 (Fig. 5.1)
revealed several very interesting features. Firstly, the steep
gradients towards the edges of the diffuser exit perimeter were
noteworthy. These gradients were clearly produced by large
differentials in velocity, the velocity distribution was in turn an
indication that a peripheral nozzle was being employed. Secondly, it
should be noticed that the complete curves look like U-shaped curves
offset in the y-direction by some small amount. Taking the PR = 4.58
case as an example the trough went as low as 900 Pa but the peaks rose
above 20 kPa. Thirdly, the wide shallow 'bottoms' of the U-shaped
curves were 1immediately apparent. They indicated incomplete mixing
between the primary and secondary air of large proportions. This
phenomenon became even clearer as the dynamic pressure data was
reprocessed to form a constant pressure contour plot (Fig. 5.2) 1in the
x and y direction of the relevant exit plane. The plot revealed several
very specific features. The arrows on the perimeter represented the
position of the four supply tubes feeding the peripheral reservoir. The
ensuing consequence of this arrangement was the formation of the four
characteristic 'lobes'. They represented areas of very high dynamic
pressure, 1i.e. the momentum flux was very high in these areas. Ideally

the contour 1lines should be concentric circles, formed by equal
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introduction of momentum through the peripheral slot. As the contour
lines were, they suggested that the size of the reservoir of the
peripheral Jjet was too small to allow the flow to settle down
sufficiently to equalize the pressure within the reservoir. The problem
probably could have been contained by choosing a larger number of
supply tubes or by increasing the size of the reservoir or of course
a combination of both. Despite this short-coming it was decided that
a modification would have taken too much time and man-hours to justify
it. Instead it was accepted that this was the basis which should be
improved. The rather obvious scope for improvement was to transfer
momentum to the very low pressure area near the centre of the test
plane. The plot also showed that the low pressure area was expanding
more to the left, which possibly was caused by a multitude of factors.
One was the physical location of the rig with several nearby walls. It
was believed that the walls influenced the way in which secondary air
was drawn in. The other factor was the air supply to the octagonal
reservoir which was fed from a single side only.

This resultant effect of having differentials in pressure within the
octagonal reservoir must have been extremely small because its cross-
sectional area was huge compared to the cross-sectional areas of the
feeder pipes 1leading to the peripheral reservoir. The octagonal
reservoir was large enough to give the flow ample chance to slow down

and act as a settling chamber.
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5.2.) MODIFIED AUGMENTOR WITH VANE VORTEX
GENERATORS

5.2.1.) CO-ROTATING VORTICES

The load cell measurements were just means of determining the best WG
configuration quickly, i.e. to get a picture of the maximum thrust
enhancement. They did not, however, give any indication of the actual
modification to the flow field within the augmentor. One observation
that was immediately deduced from the load cell plots was that mixing
between the primary and secondary air must have increased in order to
justify the steeper slopes of the thrust vs PR curves (compare Fig. 4.1
and Fig. 4.2c for example). This fact was substantiated when looking
at the dynamic pressure plot (Fig. 5.4) taken at the diffuser exit
plane near the optimum vane angle of 15 degrees. Measurements again
were performed at four pressure ratios as for the bare augmentor,
namely 2.81, 3.47, 4.30 and 5.17. For the purpose of comparing a
dynamic pressure plot with that of the simple augmentor (Fig. 5.2) the
data for a similar pressure ratio was selected. To obtain the same
reference pressure ratio was near impossible and hence the next closest
set of data had to suffice. At a PR of 4.3 the discrepancy to the
pressure ratio for the bare augmentor only amounted to about 6 percent.
The difference for the dynamic pressure distribution was quite
striking. The 'bottoms' of the U-shaped curves had shifted considerably
to larger dynamic pressure values (see Fig. 5.3). Only for the central
rake (No.4) did the dynamic pressure dip to less than 2kPa. But at the
same time the really high pressure peaks near the injection points have
been smeared out. The maximum dynamic pressure measured came to 13 kPa
compared to 22 kPa for the bare augmentor. It was deduced that the
vanes were a good means of promoting mixing via the mechanism of
discrete vortex formation. The vortices caused some localized high
momentum air to be redistributed towards the centre due to the process
of mixing. This process was responsible for an increase in shear area
of the primary jet which meant that the pressure differential between
the primary and secondary air was spread over a larger cross-sectional
area. Consequently, more air was drawn in through the secondary inlet
and hence the inlet thrust on the bell-mouth was increased. At the same
time the momentum flux in the exit plane also enhanced giving a

considerable net increase in thrust.
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5.2.2.) CONTRA-ROTATING VORTICES

Two sets of results were obtained for the contra-rotating WG
configuration, namely at a pressure ratio of 3.12 and 4.34. The tests
were performed with the wvanes adjusted to 14 degrees, 1i.e. very close
to the optimum angle, as determined by the load cell measurements.
Figure 5.5 shows the dynamic pressures measured for the latter pressure
ratio. It revealed several important features. The curves for the
central rakes (2,3,5,6) had a very particular shape, similar to a
rounded M. Also noteworthy were the fairly small changes in pressure
compared to the previous dynamic pressure plots for the co-rotating
setup and especially the bare augmentor.

The total thrust, which clearly was the sum of local thrusts and which

in turn were obtained as explained in Section 3.2.5., came to:

PR pitot rake load cell difference
thrust thrust

3.12 269.6N 288.9N -6.7%

4.34 442 .8N 437 .5N 1.2%

Table VITI: Contra-rot. VVG pairs; Comparison of pitot and load cell thrust

The pitot rake wvalues compared well with those interpolated from the
load cell measurements. The pitot rake thrusts under-read by
approximately four percent. Under-reading implied that some of the
momentum was failed to be picked up by the rake assembly. This
deficiency must have been caused by either missing the high spots and
over-emphasising the low pressure areas or by leakage of some of the
pressure within the measuring apparatus. As was explained in
Section 3.3. dealing with the errors, a lot of care was taken to
minimize the errors on the data acguisition system. One assumption was
made which strictly was inaccurate, namely using the incompressible
Bernoulli's equation to determine the dynamic pressures (N.B. the local
thrust per unit area is equal to twice the dynamic pressure) . For Mach
numbers up to 0.3 this assumption 1is not bad at all because the
difference between the incompressible and fully expanded compressible
expression amounts to 0.1 percent only. Even up to a Mach No. of 0.5
is the discrepancy rather small, less than 1%. Since the Mach numbers
in the diffuser exit plane did not rise much beyond this wvalue, the
aggregate error must be gquite small. It was more 1likely that the
reduced pressure measurements were caused by the swirl in the flow
initiated by the generation of vortices. Since the vortices had a

considerable transverse velocity component a pressure gradient
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developed across the exit plane, making the assumption of having static

pressure equal to atmospheric throughout invalid.
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5.3.) MODIFIED AUGMENTOR WITH AIR JET VORTEX
GENERATORS

5.3.1.) GENERAL COMMENTS ON CONTOUR PLOTS:

There are certain features appearing in all the contour plots,
Figures 5.7 to 5.41, and should therefore be explained at this point.
The solid circle with a radius of 91.8 mm represents the boundary, 1i.e.
the solid wall of the diffuser exit. The eight dashes equi-spaced at
45 degree intervals outside of the circle indicate the positions of the
air jet vortex generator (AJVG) injection points.

For simplified reference purposes the following convention will be used
for locating certain areas on the contour plots: an imaginary line
should be drawn through the centre of the circular exit plane. Where
the line intersects the right hand side (reit = RJ the datum is assumed.
Going around the perimeter in an anti-clockwise sense determines the
reference angle, i.e. the top is situated at 90°, the left hand side at
180° and the bottom at 270°. Coming back to the datum closes the circle
and 1is equal to 360°. For further convenience is the circle split into
four quadrants; the first being the first 90°, the second being between
90° and 180° and so on.

The air jets will also be numbered in the case an individual jet needs
to be specified. Following the above convention of moving around the
perimeter in an anti-clockwise sense, No.l jet is positioned at 22.5°,
jet No.2 is located at 57.5°, jet No. 3 at 112.5° and the others follow
in 45 degree increments.

All contour plots required that the no-slip condition was satisfied at
the boundary, i.e. at the perimeter of the plots which represented the
wall of the diffuser. This meant that the dynamic pressure at the wall
was equal to zero. Away from it a steep dynamic pressure gradient was
present. These closely spaced contour lines were not plotted because
their individual shapes could not be determined from the pitot probe
measurements. It can be assumed, nevertheless, that they were in very
close proximity to the boundary. The exit plane was approximately 560mm
downstream of the injection points. To make a prediction for the
displacement thickness of the boundary layer in the region where the
vortices were present would have been exceedingly difficult. It was
known that the displacement thickness was very considerably reduced
underneath the cores of the vortex sheet, well below the wvalue for a
two-dimensional flow over a flat plate, but rose fairly sharply away

from the vortex sheet.
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If the Dboundary layer growth in the inlet, the bell-mouth, was
considered it became clear that the determination of the displacement

thickness using the assumption that laminar flow was present led to:

b a 1.72 — (5.1)
X
(this is the displacement thickness parameter
describing the distance from the surface to the
points where the effective modified shape due to
the presence of the boundary layer forms)
The displacement thickness on a flat plate of equivalent length as
along the surface of the bell-mouth would have grown to less than half
amillimetre. Since there existed a favourable pressure gradient along
the surface the thickness grew even less than on a flat plate, i.e. the

effective duct diameter was reduced by less than a millimetre.

It is important to realise that each pressure contour plot was obtained
from two pressure versus distance plots. The orthogonal co-ordinate
system (x,y), and accordingly the respective distances, was chosen such
that the axes aligned with the rakes. The centre of the co-ordinate
system represented the centre of the diffuser exit plane (this point
coincided with pitot probe no. 23). Since the layout of the rakes was
on a square grid the tubes were equi-spaced and separated by 24mm. As
shown in Section 3.2.5. the 45 pitot tubes were distributed into seven
rakes. The outer ones consisted of 5 and the inner ones of 7 probes.

When the rig was run pressure readings were recorded at all 45 points
of the grid, i.e. at points 1like (-72mm, -24mm) or (48mm, -48mm) as
examples. The recorded pressure values were then plotted at constant
y-distance values (-72mm, -48mm, -24mm, Omm, 24mm, 48mm, 72mm) against
distance x. The five or seven values of any one rake were then joined
by smooth lines, Dbecause it was known that there could be no sudden
jumps 1in pressure. This limited amount of data clearly needed to be
borne in mind when processing the raw data further. Most of the points
on any one rake were Jjoined Dby curves, which were functions of
polynomials of degree four. Several of these representations did not
join the points appropriately in some places and were modified by hand
using French curves. In order to gain more information the co-ordinate
system was then rotated by 90 degrees, 1i.e. plotting pressure values
versus distance y at constant x-distance values. A lot of care was
taken to match the pressure values with the correct (x,y) locations.

It became clear quickly that the greatest changes occurred towards the
perimeter of the plane. Due to the scarcity of information here it had
to be concluded that the degree of confidence was rather poor for

constant pressure lines lying in between the range:
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0.8 Re< raat < 1.0 Re, where reit is defined as a fraction of the exit
plane radius Rg, i.e. roit = 0 at the centre and reit = Re at the perimeter
boundary. This proved very unfortunate because the vortices seemed to
have a significant effect in this area, particularly for the
co-rotating arrangement. The author, however, believes strongly that
special features appeared in that somewhat uncertain area, which were
'real' and will be discussed in the individual sections later. For raoit
less than 0.8 Re it was believed that the lines joining the points were
accurate to a fairly high degree. The smoothness of the lines joining
the points probably did not quite represent the real picture, but it
was thought to be a detail of less importance. For most plots the high
pressure areas (peaks) and the low pressure areas (troughs) illustrated
very nicely. This fact gave a lot of confidence in the understanding
of the formation of vortices.

As mentioned above, the pitot measurements were taken at a distance of
over half a metre downstream of the injection points. Using the
knowledge on vortex formation, as described extensively by PearceyIl it
was deduced that the wvortices produced by the air jets must have
diffused and hence gained in cross-sectional area. This fact signified
that despite the large spacing of the probes it was possible to track

down the 1likely positions of the vortices.

5.3.2.) CO-ROTATING VORTICES:

There are two test series which revealed most about the formation of
vortices produced by the eight individual AJVG plugs. The particular

features and characteristics were demonstrated by looking:

a) at the change in the shape of the constant contour pressure
lines with wvarying skew angle p at similar air jet (AJ)
driving pressures and

b) at the change in the shape of the constant non-dimensionalised
contour pressure lines with fixed skew angle P but with

varying air jet driving pressures.

For the former case it was decided that a pressure ratio of 3.0 was
desirable as a representative case but it turned out that the actual
experimental AJ pressures ranged from a PR of 2.74 to 3.05 which
accounted for a change of approx. 11 percent between the minimum and
the maximum value. This wvariation in PR needed to be kept in mind but
was not thought to cause excessive distortion for comparison purposes.
The pressures in the exit plane were directly related to the AJ driving

pressure and therefore have the same relative change as above. The skew
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angle was gradually raised in 15 degree steps, including zero degrees
(which, strictly viewed, should not be included because the sense of
rotation was not co-rotating but formed an important base to make
comparison with) up to 60 degrees. The corresponding contour plots are
shown in Figs. 5.7 to 5.12. Test results for the 75 degree case
(Fig. 5.12) were obtained but these should be considered with great
care because of the excessive amount of swirl. The swirling motion had
a large transverse velocity component, falsifying the pitot probe
readings as mentioned in Section 3.3. "EXPERIMENTAL ERRORS". The
readings obtained were wrong due to the flow reversal in the middle of
the exit plane, 1i.e. the pitot probes were pointing the wrong way to
get a valid reading. The central area with 1its flow reversal was
analogous to flow past a solid cylinder with the plane of reference at
the backward facing side of the cylinder. After some discussion it was
decided that this particular distribution of dynamic pressure might
have been caused by the phenomenon of vortex breakdown.

Returning to the more relevant contour plots the following statement
was true; the dynamic pressure in the middle of the test plane was
lower than the average and then increased above the average towards the
perimeter up to approximately reit=0.7 to 0.85 Re and thereafter
started to drop again. In column 3 of Table IX the average dynamic
pressure values are listed, which are directly proportional to the
pitot rake total thrusts by multiplying them by two and 45 times the
unit squares of 24mm2 and then normalizing it to standard atmospheric
conditions.

The values for the 1load <cell thrusts 1in the fifth column were
interpolated from the data curves obtained in Section 4.3.1. above. The
last column represents the difference between the pitot rake and the
load cell thrust. The values are all negative and therefore imply that
the pitot rake assembly failed to 'capture' all the dynamic pressure.
For angles up to 45° the difference is quite small, but as the jets are
skewed to 60° it has increased to more than 10%. A probable cause for

the reduced pitot reading is the swirling motion of the jets.
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average pitot rake load cell percentage
Angle PR& dynamic total thrust total thrust difference
P pressure (N) (N) (%)
(N/nr)
0° 2.74 4608.1 235.4 241.2 -2.4
15° 2.98 4842.2 247.1 250.0 -1.2
30° 2.89 4172.8 213.4 213.7 -0.1
45° 2.84 3436.5 175.6 188.5 -6.8
60° 3.05 2728.9 140.6 158.0 -11.0

Table IX: Co-rot. AJVGs; Comparison of pitot and load cell thmst, airjet only blowing, varying airjet skew angle

The second series of tests were performed at a fixed skew angle of 30
degrees and the pressure ratios looked at included 2.22, 2.89, 3.64 and
4.33. In order to obtain a simple basis for comparison between the
various plots it was necessary to non-dimensionalise the pressure. This
was done by dividing each individual pressure by the average, where the
average was the sum of the pressures from each port divided by the
total number of ports. The other possibility would have Dbeen to
non-dimensionalise on the driving pressure ratio. The skew angle of 30
degrees was chosen because at this angle the loss in axial momentum
amounted to only about 13 percent and it was known that a single
discrete vortex was forming (see Ref.[) for details on vortex strength
and its formation). Since there was no peripheral blowing for this test
series all the primary momentum came from the air jets and therefore
the loss in axial momentum was an important factor reducing the axial

total thrust.

Considering the low pressure ratio case first, Fig. 5.13, with
PR = 2.22, showed an unambiguous pressure distribution, that is a low
pressure area of less than half the dynamic average in the middle and
then increasing pressure towards the edge of the exit plane. For exit
radii approximately greater than 0.65 Rc the pressure rose to values
which were larger than the average. Note the two concentrations of high
pressure spots at the 1left and the right. These were probably a
consequence of the high momentum primary co-rotating vortices. They
follow the known behaviour that they remain in the spatial vicinity of
their origin, 1i.e. the distance of the vortex core to the solid surface
remained fairly constant. A slight movement towards the central axis
did occur due to the differential in pressure. Due to the mirror image

of the individual vortex a net movement along the circular perimeter
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opposing the direction of rotation was present. This movement could not
specifically be monitored but is a consequence of the vortex / image
pair. By the time the vortices have reached the exit plane, where the
measurements have been taken, some interaction and diffusion has
happened and therefore the precise structure of the individual vortices
cannot be determined. The limited number of probes certainly did not
allow this kind of detail to be extracted from the measurements.

In proximity of the perimeter the dynamic pressure dropped off to
satisfy the no-slip condition at the wall. As stated in Section 5.3.1.
above the level of confidence of joining the constant pressure points
was not high for the area where the exit radius was greater than
0.8 Re. Approximations which were thought to represent the actual
picture were applied. In many cases the plots of pressure versus
distance displayed peak pressures close to the edges of the grid and
then the pressure fell off right at the edge; N.B. the distance grid
was defined by the pitot rake arrangement.

As the pressure was increased, Figs. 5.14 to 5.16, it was noted that
the pressure distribution within the exit plane became more balanced.
This meant a reduction in the deviation away from the average. For the
highest AJ driving pressure ratio of 4.33, the low pressure spots were
not much less than 0.75 of the average and the high areas did not rise
much beyond 1.25 times the average. The uniform pressure distribution
would have been a good 'platform' to start an increase of semi-angle
for the diffuser. The plot for the high driving pressure implied that
the vortices were reliable in forcing proper mixing between the primary
and the secondary air flow. Noteworthy were the formation of low and
high pressure spots around the perimeter in an alternating fashion. On
the right hand side of the plot the low spots are not that clear but
the area in between the high pressure areas are less than average. It
was believed that these spots were generated by the vortices which
themselves Dbecame more pronounced as the driving pressure was

increased.

The measurements of case a) above were repeated with the addition of
peripheral Dblowing. It was aimed to have a pressure ratio of 2.5
throughout the test series. During testing the peripheral blowing
varied between 2.5 and 2.53 which represented a change of around one
percent only. Again it was aimed to test the air jets at a pressure
ratio of 3.0 but it actually varied between 2.72 and 3.12. This range
was rather large because it proved quite difficult to control the two
control valves, regulating the supply pressure to the two primaries.
Since these control mechanisms were simple mechanical ball valves, the
degree of control was quite limited. Care was taken to regulate the

peripheral air supply close to the requirement and then try to match
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the air jet supply pressure. Opening or closing one valve immediately
influenced the mass flow rate of the other supply because both were fed
from the same reservoir. With more experience on the system one
probably could have achieved a narrower pressure band, but this would
have caused a much extended testing programme.

Looking at the contour plots, Figs. 5.17 to 5.22, revealed very similar
behaviours to the cases without peripheral blowing. The lowest dynamic
pressures were measured in the centre for all angles of skew and then
increasing pressures towards the perimeter were recorded, extending to
approximately reit =0.85 Re. For larger exit radii the dynamic pressures
started reducing. It was concluded that the transfer of momentum
towards the centre was not promoted strongly by the vortices. The cause
for this behaviour must lie with the formation of co-rotating vortices,
which, as discussed earlier, remain close to their spatial origin as
they travel downstream.

Particularly when the jets were skewed to 15° did the pressure contour
lines form near perfect concentric circles and this despite of the
imperfections of the supply system. This led to the conclusion that the
vortices formed were very stable and therefore established the well
ordered pattern. For angles up to 60 degrees was it especially
noteworthy to observe the pattern of fairly clear concentric circles.
From Freestone's 1d measurements on vortex strength it was known that
the strength parameter maximizes at around 60 degrees. Despite the
strong vortices it was not possible to identify the eight individual
vortices on the plot. It can be assumed fairly safely that the vortices
have interacted with each other by the time they reached the reference
plane.

In Table X below there is a 1list of the average dynamic pressures,
which are important to indicate the areas below and above the average.
In order to obtain high augmentations it proved essential to get equal

dynamic pressures throughout the exit plane, 1i.e. ideal mixing.
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average pitot load
Angle PRaj Bee dynamic rake cell percent
) pressure total total diff.
(N/m2) T ) T (N)
0° 2.72 2.53 7774.2 396.8 400.0 -0.8
15° 2.88 2.50 7848.7 400.2 416.6 -3.9
30° 2.77 2.50 6965.1 365.2 378.4 -3.5
45° 3.08 2.52 6912.4 358.3 359.2 -0.2
s=° 3.12 2.53 6226.0 320.9 316.8 1.3
75° 3.10 2.51 4666.9 241.7 253.1 -4.5

Table X: Co-rot. AJVGs; Comparison of pitot and load cell thrust, combined peripheral and air jet blowing

varying air jet skew angle

The load cell thrusts were again determined from Table III above,
interpolating for the required air jet PRs assuming a pressure ratio
of 2.5 for the peripheral nozzle. The discrepancy of one per cent for
the peripheral jet was thought small enough to make this interpolation
process valid.

A comparison of the pitot and load cell thrusts again showed very good
agreement, a measure of which is illustrated in the seventh column. It
clearly seems that the swirling motion of the air Jjets are damped by
the peripheral Jjet, therefore giving good agreement even for the 75°
case. Due to the addition of the peripheral Jjet the average dynamic
pressures are considerably higher than for those cases where the air
jets were blowing on their own. At a skew angle of 15 degrees the
average dynamic pressure nearly reached 8 kPa. As the air jets were
skewed to large angles the loss in axial momentum rose markedly with
the average pressure at 75° reducing to the region of % of the no-skew
arrangement. One particular feature developed looking at the wvarious
skew angle settings, namely that for reit < 0.6 Re the dynamic pressure
is less than average and for most of the area roct > 0.6 Rc it is larger

than average.

5.3.3.) CONTRA-ROTATING VORTICES:

As for the co-rotating vortex data immediately above the same basic
combinations of pressure ratio and skew angle were selected, 1i.e. the
same testing arrangements as explained in items 5.3.2a) and b) were
used. The cases with constant air jet driving pressure ratio of 3.0

were performed at four skew angle settings: 0° 15°, 30° and 60°. From
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the measurements taken above it was known that for the 75 degree case
the interaction of the individual jets was rather adverse and therefore
not worthwhile investigating. The 45 degree case on the other hand was
not thought to represent a special unknown feature. One more remark
about the 0° skew angle setting; again this strictly speaking should
not be included for this specific set of results, although it was known
that a jet with the given cross-sectional area would form two discrete
vortices from each end of the slot. These two vortices were turning in
opposite directions. In Figure 5.36 the likely flow leaving the air jet
vortex generator slot 1is sketched. From measurements Dby other
researchers in this field using a Conrad yaw-meter a flow behaviour as
illustrated was observed. It was also established that the two vortices
produced were rather weak. The net effect was, if the individual vortex
strength was sufficiently strong, a teaming up of one vortex from one
side of the air jet plug with the vortex of the other edge of the AJ
plug to form a pair. Hence when the air jets were blowing without any
skew they fell into the category of forming twice the number of contra-
rotating vortex pairs compared to the tests where the Jjets were skewed.
The =zero degree setting was repeated to give a comparison to a
previously investigated case. Consequently, some insight and
understanding of the instability of the vortices and hence the pressure
distribution in the exit plane was obtained.

The contour plots corresponding to the four skew angles are presented
in Figures 5.23 to 5.26. Looking at these Figures one feature
immediately became obvious; as the Jjets were skewed the dynamic
pressure around the centre became high. This implied that there was
suddenly a powerful mechanism to transfer momentum from the peripheral
layout of the jets towards the axial centre. It was known that contra-
rotating vortices have a tendency to move closer in pairs and then move
away from the surface but it was not anticipated to occur to such a
strong degree. These results were greeted with extreme satisfaction,
but at the same time required thorough investigation. For the 15° case
(Fig. 5.24) the uniform dynamic pressure distribution was particularly
noteworthy, as % of the exit area was covered by the average pressure
contour line, represented by the 5 kPa curve. Four closed areas in near
proximity to the perimeter, where the pressure is less than average,
seemed to have developed at 90 degree intervals. The forth area which
is probably located at around 45 degrees in the reference system was
not explicitly picked up by the pitot measurements but is anticipated
to be there.

As the jets were skewed to 30 degrees the individual vortex strengths
increased enormously hence producing the clear picture shown in
Figure 5.25. The four low dynamic pressure areas are now easily

detected again at 90° intervals.
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In Table XI additional information on the average dynamic pressures

recorded in the reference plane and the thrusts measured are listed.

average pitot rake load cell percentage
Angle PR dynamic total thrust total thrust difference
P pressure (N) (N) (%)
(N/m2)
0° 3.07 5046.0 259.0 269.3 -3.6
15° 3.18 4902.4 252.0 269.3 -6.4
S 2.96 4014.9 206.3 220.8 -6.6
60° 3.09 2268.6 116.7 119.6 -2.4

Table XI: Contra-rot. AJVG pairs; Comparison of pitot and load cell thrust, airjets blowing only;

varying air jet skew angle

Further experimental tests were performed looking at non-dimensional
pressure contour lines for the case of varying air jet driving pressure
ratios but constant angles of skew p. The skew angle was set to 30
degrees at the beginning of the test series and then remained unaltered
throughout. This particular angle was selected rather arbitrarily, the
idea was to show and give an understanding on how the AJ pressure ratio
affected the vortex formation and hence the pressure distribution in
the exit plane. Five tests were performed to see what the effect of
driving pressure was. The pressure ratios considered included 2.37,
2.96, 3.61, 4.14 and 4.66. The corresponding contour plots are
presented in Figures 5.27 to 5.31. Beginning from the low pressure end
the contour pattern was extremely clear, namely a fairly large high
pressure spot 1in the middle and four discrete 1low pressure areas
interspaced at 90 degree intervals. The centres of the low pressure
areas were at large exit radii, roughly regl = 0.9 Re, i.e. very close
to the perimeter. As the pressure ratio was increased these features
still persisted but the strength of the vortices was so great that the
vortex pairs started to interact in the centre degenerating some of the
axial momentum. For the largest pressure ratio plot (4.66) it seemed
that high momentum 'bubbles' separated from the core and moved towards

the perimeter in between the low pressure spots.

Similar to the test series performed for the co-rotating setup was the
change in skew angle at constant air jet PR and including peripheral
blowing repeated. The contour plots for these tests are shown in
Figures 5.32 to 5.35. Some additional information is given in

Table XII. Again the peripheral pressure ratio was kept fairly constant

78



Ejector

at 2.5 varying by just over one per cent only. The air jet pressure
ratio ranged from 2.83 to 3.15 which represented a variation of % five

per cent around the target pressure ratio of 3.0.

average pitot load
Angle PR&j . dynamic rake cell percent
) pressure total total diff.
(N/rrr) T o) T N (%)
) 3.00  2.54 8154.2 419.4 423.0 ~0.9
15° 3.15 2.54 7914.2 410.3 432.1 -5.0
E 2.83 2.53 7295.6 374.9 383.1 -2.1
60° 2.99 2.51 5563.7 286.7 279.5 2.6

Table XII: Contra-rot. AJVG pairs; Comparison of pitot and load cell thrusts, combined peripheral and airJjet blowing
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6.) COMPARISON OF VARIOUS
CONFIGURATIONS

6.1.) Comments on vane vortex generators:

The formation of vortices was a central feature of this piece of
research. A partial inclusion of the likely vortex pattern as found by
other research teams 1is therefore included. Kuchemann 18 suggested
that there are planforms which produce acceptable and stable
arrangements of non-planar vortex sheets. Without specifying the
Reynolds No. explicitly he mentioned the applicability of vortex
formation on wings in sub- and supersonic streams. The vortices are
established by forcing a leading edge separation, using an
aerodynamically sharp leading edge, near the root of a wing. The
effective vortex pattern are as illustrated in Figs. 6.la and 6.1Db
(taken from Kuchemann), where the former refers to a tapered wing with
relatively small sweep and the later to a slender delta wing. The vanes
used during the testing of the rig performance were a combination of
a tapered and a slender delta type wing.

The classical ESDU 19 references gave a more detailed approach to the
investigation of vortex formation in the transonic speed regime. This
reference also dealt to some extent with the calculation of the normal
force and of the drag related to lift. The data in the transonic regime
was particularly useful because the vanes were operated at this speed.
In Figure 6.2, taken from Hall and Rogers [, a crude illustration of
the development of the vortex formation for Mach numbers of 0.6, 0.85
and 0.95 can be observed as the angle of attack was raised. The aspect
ratio for the wing considered was higher than for the wvanes but the
principal mechanism was similar. Hall and Rogers also developed a
carpet plot representing the 1lift curves for highly-swept low aspect
ratio wing as function of M, and CL, shown in Fig. 6.3.

Another ESDU Wl reference was consulted in order to determine the
1lift curve slope of the vanes. Several parameters were determined by
the choice of the vane planform. One vital assumption also had to be
made to evaluate an estimate for the slope, namely that the wvanes
operated in a flow regime of a Mach number of 0.8. This figure for the
Mach no. was estimated, using Jjet theory as described by Abramovich
[2, by considering the distance between the peripheral injection and
the position of the wvanes. If the suggested core region of 12

peripheral slot widths was assumed and knowing that the wvanes were
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located about 45 slot widths downstream of the injection point, at
which point the local Mach number has fallen to approximately 50 per
cent of the fully expanded Mach number. This effectively meant that the
peripheral jet was driven with a pressure ratio of just over four in
order to obtain a Mach no. of 0.8 near the vanes. Without Schlieren
pictures taken near the injection point it was impossible,
qualitatively at least, to make a prediction of how the flow Dbehaved
as 1t 1left the slot. For pressure ratios higher than the critical,
shock cells were 1likely to form, modifying the flow to an unknown
extent. However, the following relationships emerged making some
unconsolidated assumptions, with:

taper ratio X = 0.594, aspect ratio AR = 0.588

assume M, = 0.8» P AR = 0.353 , where P = SQRT(1 - M, )

from the carpet plot for the normal force curve slope it was

interpolated using the geometric and flow parameters:

\denw 1

1.99 a-1
AR 1da J (rad-1)

0.02063 (d 1 — [6.1)
or da (degree 1)

From equation (6.1) it became clear that the normal force curve slope
was rather small for a cropped delta type wing operating in a high
speed environment.

Since the major component of 1lift for highly swept cropped delta wings
was contributed by the formation of vortices on the upper side of the
wing, the lifting surface became insensitive to the conventional stall
characteristics of an aerofoil. Researchers have found that the normal
force curve slope for delta wings extended fairly linearly up to
incidences of 40 degrees and more. In Kiichemann's book a Figure, which
was taken from Earnshaw and Lawford, shows the 1lift coefficient versus
incidence a4 for a slender delta wing. This Figure (6.4) also
illustrates the 1lift coefficient for a swept wing. It is noteworthy
that the conventional swept wing reaches a maximum 1lift at an incidence
of 20 degrees less than that for the slender wing. The explanation for
this behaviour must lie in the three-dimensionality of the vortices
forming along the leading edge of the slender wing. The interaction of
the vortices with the free stream causes extensive mixing which allows
the wing to sustain greater adverse pressure gradients.

Having established this general behaviour for slender wings the
question that arose was why the augmentation peaked at a low incidence
of around 16 degrees (Figs. 4.3 and 4.4) for the co- and contra-

rotating vanes. The answer must be related to the phenomenon
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accompanying the generation of 1lift, namely the corresponding drag
penalty of the vanes. There were two main components of drag, the
profile and the induced drag.

Another ESDU [ data item was consulted in order to establish the
drag associated with the wvane vortex generators. From that reference
the following lift-dependent drag factor was extracted:

Dvoitex = :rl; +A§ CL2
where 1 + 5 is known as the lift-dependent drag factor and turned out
to be equal to 1.002 for the given vane wing shape. The total drag of
the vanes was the given lift-dependent drag (induced drag) plus the
1lift independent drag, i.e. (D
It was believed that the ratio of 1lift to drag must maximize at an
incidence of 16 degrees. This also translated as the best ratio of
vortex strength to drag penalty. For greater vane angles the mixing
might still be increased but the drag rises more rapidly. The
combination of the profile and induced drag overshadow the beneficial
mixing effect. The minima (Figs. 4.3 and 4.4) at 14° possibly were

caused by local separation bubbles which re-attached.

6.2.) Co-rotating versus Contra-rotating:

6.2.1.) Vane vortex generators:

There was a very important addition to the previous co- and contra-
rotating data acquired (Section 4.2.1. and 4.2.2.), namely the adoption
of larger span vanes, as described in Section 3.1.5. of this thesis.
The data is not explicitly plotted anywhere but is assembled in one
combined plot. Particular features of the different size vanes are
commented upon below.

The summary of the augmentation performance data at a pressure ratio
of 5.0 is shown in Figure 6.5. It should be noted that the data points
were interpolated from the load cell plots, using a best fit linear
curve, 1.e. a least squares fit. The augmentation ratio for the bare
nozzle thrust is unity because it forms the reference against which all
ratios are evaluated. Next, the augmentation for the basic ejector
diffuser arrangement without any flow modification is shown. Its value
comes to approximately 15 percent above the bare nozzle thrust. Then
the plot shows the cluster of data obtained for the co-rotating and
contra-rotating WG configurations. To make the plot easier to

interpret both the 7.5mm and 12mm vane data 1s represented. For
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clarification only four readings near the maxima are shown for any one
configuration. A general trend can be observed, namely as the vane span
was increased the augmentation remained similar in magnitude but the
position of the peak shifted to a lower angle of attack. This 1is
somewhat surprising because it can be deduced from vortex theory that
to the first approximation the vortex strength is proportional to the
vane chord and independent of the wvane span. However, the increased
span does extend further into the flow field and thereby changes the
position of the trailing vortex. It can be argued that for larger span
vanes the mixing is improved because the vortices are nearer to the
central axis of the nozzle but this is offset by the increased drag
because of the greater area. This demonstrates the conflicting effects
of Dbeneficial vortex induced mixing and adverse drag. Both increase
with increasing angle of incidence but at different rates. The vortex
induced mixing is a linear function with incidence and the drag rises
as a function of incidence squared. The net effect has a maximum at
some incidence a. Now, as the span is increased the curves for the
vortex induced mixing and the drag will have steeper slopes and
therefore the maximum will occur at a lower «. As the incidence 1is
raised the drag penalty becomes dominant, i.e. the performance of the
augmentor reduces after having reached a peak. To determine this peak
position proved to be difficult to evaluate with the test means
available. It may be argued that the peaks are not even that important,
but the mean thrust augmentation levels within a certain angle of
incidence range are the really determining factor. It is believed that
due to the inaccuracy, produced by experimental errors, of the test
method the data points have fair sized error bands of approximately
+ 1 per cent. It would require many more tests to check repeatability
and therefore allow higher accuracy.

Figure 6.5 shows clearly that an augmentation of thirty percent is
possible with the full length diffuser and WG's installed. A lot of
doubt was associated with the feasibility of such a layout. As far as
was known there had not yet been any approach towards augmentors using
WG's. Having this fact in mind the enhancement so far obtained was
extremely encouraging. A further novelty was the inclusion of air jet
vortex generators instead of vane vortex generators. It was known that
these devices also produce vortices of different strength by arranging
them in certain ways. At the same time it was anticipated that they
increase the augmentation by more efficient mixing, and considerably
reducing the adverse drag penalty. The air jets also produce drag but
it was believed that their magnitude was smaller than that produced by
the solid vanes. Certainly the loss due to form drag was eliminated by
using AJVGs. A thorough investigation and comparison of the wvane and

air jet VGs 1is given later on.
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The augmentations obtained could probably be increased using WG's, but
it was doubted that more than 35% was realistic with the present rig.

However, there were still several parameters which could be optimized:

a) nozzle over inlet area ratio m

b) diffuser area ratio n

c) 1injection angle of the primary air

d) distance from nozzle to vortex generators

e) axial length of various components

f) improve uniformity of injection through primary nozzle

g) vane vortex generator shape and size

Some of the parameters stated here would have required extensive
modifications to the rig, but what certainly could have been exploited
was a change of the vortex generator shape and size. If the project had
been limited to using solid vanes this clearly would have been of very
high priority. The WG's were however a preliminary stage, used as a
comparative data base to the future tests with air Jet vortex
generators installed.

Looking again at the dynamic pressure plots (Figs. 5.1, 5.3 and 5.5)
a simpler comparison between the various configurations can be made by
reprocessing the data to form constant pressure contour plots. These
are given 1in Figures 5.2, 5.4 and 5.6 corresponding to the bare
augmentor, the co-rotating setup and the contra-rotating configuration
respectively. It should be remembered that the contour plots with the
vanes 1installed were obtained near their respective optimum angles.
Another important fact that should be noted is that the curves joining
the rather scarce data points were by no means unique. Nevertheless it
was thought that the representation up to 70 per cent of the exit
radius was very good, only towards the perimeter did the confidence
reduce. The contour plots were representations looking upstream on to
the diffuser exit plane.

The contour plot for the basic augmentor can probably most easily be
explained. If the injection of the primary air would be perfect the
constant pressure lines would be concentric circles. The real image,
however, was entirely different; the four 'lobes' were a consequence
of the non-uniform pressure within the primary nozzle reservoir. This
must have been caused by the fact that the cross-sectional area was too
small to expand and hence to slow down the flow sufficiently, i.e. near
the air supply tubes the driving pressure was greater than elsewhere.
This condition could have been remedied by increasing the reservoir
size but that would have meant a considerable modification to the rig
nozzle causing serious delay. Doubling the supply tubes would have been

another possibility to minimize the problem but was rejected for the
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same reason as before.
Considering the bare augmentor contour plot (Fig. 5.2) in more detail
a very limited amount of mixing between the primary and secondary air
was observed, implying that the mixing section was too short. The
insufficient mixing was deduced from the large differences in pressure
between the outer and the central area. The high dynamic pressures
within the outer area band implied poor momentum transfer from the
peripheral wall jet towards the central axis. If it would not have been
so labour intensive to manufacture a longer section, 1t could have
proven very interesting to find the maximum performance of the simple
peripheral ejector nozzle arrangement. This could then be Jjudged
against the data obtained by, for example, MillerM at Bath University
or those results established at the National Aeronautics and Space
Administration B or +the USAF Institute of Technology B research
institutes.
When comparing the constant pressure plot for the co-rotating with the
bare augmentor it became immediately apparent that the low dynamic
pressure area (e.g. 4 kPa curve) had reduced considerably. This fact
was a clear indication that the mixing between the primary and
secondary flow had been enhanced. It probably can be deduced that, with
co-rotating vortices present, the smaller the central low pressure area
the greater the net thrust of the device. Furthermore, the basic
structure with the four high pressure areas was still present. What had
changed was a shift of those areas towards the centre of the diffuser
exit. The explanation for this lay in the formation of the co-rotating
vortices. From past investigations on vortices it was established that
the leading edge roll-up and the tip vortex combine as the air stream
flowed across the vane. As the combined vortex travels along in the
streamwise direction it remains at the same distance from the boundary
as where it originates because there is no net force causing any shift
away from the surface. This occurrence can be proven by vortex theory
as for example was done by Milne-ThomsonIZl.
The vortices cause high axial momentum primary air to move away from
the surface and then scoop lesser axial momentum secondary air back
into the primary flow. This continuous process forced a momentum
transfer in a radial direction. The vortices were displaced
circumferentially by the velocities induced by the images which were
located on the other side of the boundary at a slightly larger distance
than the vortex cores. For the present arrangement where the vortices
were located inside a circular boundary the product of the distance
from the centre to the vortex core (X,) times the distance from the
centre to the core of the image (X2) is equal to R squared, 1i.e.

X, * X2 = R2,

where R 1s the distance from the centre to the boundary. This

85



Ejector

effectively meant that if the distance between the vortex core and the
boundary was small compared to R then the distances of the vortex core
and the image core to the boundary were nearly equal. As a vortex core
would potentially move towards the middle the image would shoot off to
infinity. When resolving the induced velocities into components showed
a net lateral movement in the direction of the vortex core roll-up at
the surface, 1i.e. for the present case in Figure 5.4 in a clockwise
sense. This means that vortices travel in the opposite direction when
compared to mechanical wheels. With the understanding of this concept
the position of the high pressure spots became rather clearer.
Considering the contra-rotating configuration in the same 1light as
discussed Jjust above, i.e. looking again at the wvortices and their
images, the position of the high pressure areas again can be justified.
Two vortices whose cores turn away from the solid surface form one
pair. The circumferential position of the high pressure areas coincided
with the mid-position between two WG pairs. This was as expected
because the net effect of the induced velocities was the introduction
of a substantial component directed towards the centre of the diffuser.
The pressure plot suggested that any two of the trailing vortices
closest to the high pressure points have moved closer together and
towards the centre under their own mutually induced velocities as they
travelled along in the streamwise direction. For an extensive
investigation into the flow pattern in the exit plane a yaw meter like
a Conrad tube could be used. The contra-rotating constant pressure
lines have the most uniform distribution of pressure of the three
contour plots. This suggested that this configuration gave the most
thorough mixing between the primary and the secondary flow. The two kPa
contour has disappeared completely and the 4 kPa curve has receded to
a fairly small central area. Since the vortex cores of any one pair
moved towards the axial centre the redistribution of high momentum was
more thorough than for the single co-rotating wvortices, hence the
better overall performance of the contra-rotating set-up.

Finally, different diffuser area ratios were tested. In Figure 6.6 the
results for an area ratio of 1.0, 1.3, 1.4 and 1.5 for the co- and
contra-rotating case are shown. Unfortunately, the contra-rotating
configuration was not tested at the optimum angle hence the lower
values of augmentations for that case. The plot conveyed that the
diffuser did work gquite well. The shape of the curves suggested an
asymptotic approach to a maximum value, which would probably occur for
a somewhat higher area ratio than 1.5. After this maximum the
augmentation would start decreasing because the diffuser drag would
increase faster than the beneficial enhanced mixing.

A last word about the calculation of the augmentation ratios. The

peripheral bare nozzle thrust was evaluated using the theoretical
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formula for a convergent nozzle flow, taking account of the momentum
and pressure thrust. An experimental testing, by blanking of the
secondary inlet and installing static pressure tappings to monitor the
base ©pressure, was thought of but was rejected Dbecause of the
modifications involved. Furthermore, the uncertainty of its wvalidity
was the stronger reason for its rejection. The closest to a bare nozzle
thrust test was achieved by removing the mixing section, the diffuser
sections and the bell-mouth. At a primary pressure ratio of five the
thrust for the peripheral nozzle (there was of course still some
secondary entrainment) came to 98.4 percent of the theoretical value.
Since this value was within the error band it can be assumed that the

theory over-estimated the thrust but that the margin was not too large.

6.2.2.) Air jet vortex generators:

The overall picture with the air jets installed became more complicated
than that for the vane vortex generators. This was mainly due to the
extra momentum introduced via the air Jjets. There were two major
arrangements which can conveniently be separated, namely the air Jjets
blowing only and the combination of peripheral and air jet blowing. The
former set-up can be regarded as a replacement peripheral Jet
immediately combined with a vortex generating facility. The latter was
a repetition of an augmentor having a peripheral primary jet with the
addition of vortex forming devices. The fact that the vortex forming
devices were jets carrying some momentum in their own right clearly

made matters more complex.

Starting from the direct comparison of co- and contra-rotating AJVGs
without peripheral blowing using load cell measurements, Figures 4.9
and 4.15 illustrating augmentations for the two arrangements have to
be looked at (In order to avoid any confusion at a later stage it
should be noted that the term 'augmentation' as used here will be
called 'scientific augmentation' in Section 6.4. The reason for
changing the terminology will also be explained in that Section) . Using
the measured bare nozzle thrust, N.B. this was the thrust developed
with the air jets Dblowing only, 1i.e. removing all the inlet and
downstream sections, the augmentation ratios were established. A rather
surprising discovery was made as the co-rotating jets were skewed to
approximately 65 degrees. The augmentations reached higher levels,
throughout the AJ driving pressure regime considered, than for the no
skew case. This feature must have been caused by extensive mixing of
the primary jet and the secondary air drawn in. From Freestonelld it was
known that an air jet leaving a rectangular shaped nozzle produces the

maximum vortex strength if skewed to around 60 degrees. It therefore
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was deduced that these vortex cores generated the largest free shear
layers 1in a three-dimensional field forcing a rapid convergence of
axial momentum between the primary and the secondary air flow and hence
enhanced mixing.

As the testing with the air Jjets went on it became more and more
obvious that the jets could be used as aerodynamic devices to stir up
the primary flow and thereby increase the mixing in a confined space
as was present inside this augmentor. This in effect meant that the
original proposal to use them as boundary layer control devices was
revised and introduced another dimension. Air jets have been applied
in other areas before, e.g. control of supersonic shock wave buffeting,
but to the authors knowledge not as a means to produce exclusive
primary momentum with the provision to augment the primary thrust. It
can be and was argued that to use the jets as primary thrust generating
devices 1s not that sensible because the jets need to be skewed to
produce their maximum vortex strengths and the penalty for developing
vortices is a definite reduction in available primary axial momentum.
This led to an alternative path of thinking and will be discussed in
Section 6.3.

Returning to Figs. 4.9 and 4.15 the augmentation plot for the contra-
rotating arrangement showed a considerably different behaviour compared
to the co-rotating one. The augmentations peak at around 10 degrees and
fall off fairly steadily up to 50 degrees. Thereafter the curves
started to drop away very quickly. They certainly suggested an
augmentation of less than unity for the 90° skew case, which was
somewhat surprising because the net thrust and the bare nozzle thrust
both should be converging to zero. One possible explanation was the way
in which the bare nozzle thrust had been measured. It was realised that
the cosine relationship between the zero skew bare nozzle thrust and
the skewed BNT was determined experimentally using the co-rotating
arrangement. It was not repeated for the contra-rotating set-up, which
might have produced different results due to the primary Jet
interactions. Since the testing of this condition was not possible at
this stage of the project it needs to be realised that the results for
the contra-rotating cases with large degrees of skew need to be
interpreted with some caution. For skew angles less than 45° the
interactions of the jets were of small magnitude Dbecause the
opportunity for the jets to interact strongly occurred downstream of
the parallel-walled working section, within which the air jets were

mounted.
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6.3.) Vane versus air jet vortex generators:

6.3.1.) General features using model and load cells:

One all important question that demanded an answer was how the air jets
would compare with the solid wvanes.

The determination of the augmentation ratios for the augmentor with the
vanes included was fairly straight forward, N.B. the augmentations were
obtained by dividing the measured total thrust by the measured or
theoretical bare nozzle thrust (for the peripheral blowing only it was
established that the experimentally measured BNT could be taken as
equal to the theoretical ideal convergent BNT). The bare nozzle thrust
was the thrust produced by the peripheral jet only for the vane tests
but for the air jet vortex generator tests there were two possible
combinations of BNT. First, the AJVGs could be blown on their own
giving air jet bare nozzle thrust only or, secondly, primary air could
be injected simultaneously through the air Jjets and through the
peripheral slot.

From Section 4.1. and again from 5.1. we know that the bare augmentor
generated an augmentation of around 19 per cent at a pressure ratio of
3.0. As the pressure ratio was increased the augmentation fell to
approximately 15 per cent at a PR of 5.0. This reduction was not so
surprising because from the theoretical simulation it was known that
a universal feature appeared, namely as the pressure ratio rose the
augmentation fell. This fact was easily proven theoretically using a
physically modelled representation of the assembly. Assuming that the
secondary 1inlet was choked, i.e. the uppermost <ceiling for the
augmentation, and a diffuser efficiency of 100 per cent the following

expression resulted:

0.81 ffe (1 +0.2
> = - (6-2)

(1.2679 PR - 1) m

where: i
5 PRm+ (1 -my - 1j

m = primary inlet over duct area ratio
In equation (6.2) the diffuser area ratio (n) is a function of the exit
Mach number. Plotting maximum augmentation ratio versus pressure ratio
showed the behaviour of falling $ with PR well (see Fig. 6.7). The
ratio of m = 0.04 closely represented one of the parameters of the
rig. The graph shows that an augmentation ratio of about 3.3 at a

pressure ratio of 2.0 reduced to about 1.5 at a pressure ratio of 10.0.
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For a real 1life application it was clearly impossible to choke the
secondary for the condition when m was equal to 0.04 (n = 2.5) and the
pressure ratio was as low as 2.0. The plot also reveals that with
increasing inlet to duct area ratio (m) the respective maximum
augmentations decreased.

The above results assumed a clearly unrealistic 100 per cent thorough
mixing of the primary and the secondary air streams, i.e. uniform
conditions across the diffuser exit plane were assumed. The primary
flow is allowed to spread at its natural rate and mixes at the free
shear layer due to turbulent eddies with the secondary air flow. All
the axial momentum is conserved, i.e. the friction forces on the wall
are neglected. During the process of mixing some of the mechanical
energy is dissipated by the turbulence and appeared as heat. Physically
it was clear that large free shear layer areas and turbulence were
necessary to have any chance of rapid mixing. The differentials in
static pressure between the primary and the secondary air flows were
of course very beneficial. For this particular rig it meant a large
proportion of total thrust was obtained from the bell-mouth.

The mixing of two streams is largely controlled by viscous interaction.
In this case the fast speed primary air (the fully expanded Mach
numbers for the Jjets are greater than unity for a pressure ratio
greater than the critical PR) must mix with the low speed secondary air
drawn in through the bell-mouth. From physical constraint
considerations (a short augmentor was desired) it was necessary to
obtain quick mixing between the two flows. The static pressure at the
point of primary injection was largely controlled by the driving
pressure ratio of the jets and the resulting degree of mixing, i.e. as
the mixing increased the greater amount of secondary air was drawn in
and the smaller the static pressure Dbecame. Two static pressure
tappings in between the air jet injection slots recorded the pressure
and showed static pressures of less than atmospheric but not near half
the atmospheric pressure which would be reached as an upper limit when
the secondary air stream was choked. The question that arose was how
could it be possible to enhance mixing between the two flows. It was
known that the peripheral jet behaved like a wall jet, i.e. the natural
spreading semi-angle was not greater than approximately four degrees.
This implied a fairly long cylindrically shaped mixing section, much
longer than the one used for testing. The small spreading angle is a
measure of the scale of turbulence acting at the shear layers. A rise
in the mean level of turbulence was clearly the way forward to achieve
better mixing. Associated with a higher 1level of turbulence as
generated by the vanes for example was a loss in axial momentum due to
drag forces. It was therefore extremely important to balance the

beneficial enhancement due to mixing and the loss in axial momentum.
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A convenient basis for simple comparison was the bare augmentor. This
arrangement which consisted of the bell-mouth, the peripheral blowing,
the parallel-walled mixing section and the diffuser produced a net
thrust 19 per cent higher than the measured axial bare nozzle thrust
at a pressure ratio of 3.0. The particular features of this layout were
the large dynamic pressure differentials across the diffuser exit plane
as monitored by the pitot rake measurements (illustrated in Figure
5.1). Close to the perimeter and especially near the four primary air
feeder injection points the dynamic pressures were very high and then
dropped off rapidly towards the central axis reaching nearly zero, i.e.
nearly no axial flow was present at this central area.

The improvement due to co- and contra-rotating vortices caused by the
solid vanes was considerable. At the respective optimum angles the net
thrust measured came to 32% more than the measured bare nozzle thrust
at the same pressure ratio of 3.0. The improvement of 32% was close to
twice the benefit of the bare augmentor. This discovery led to the
conclusion that the vortices ‘'stir up' the primary injected air,
thereby increase the flow interaction and hence enhance the mixing
between the two streams. The formation of the vortices was clearly
caused by the vanes acting as aerofoil sections having fairly large
angles of attack, therefore producing leading edge and tip vortices of
considerable strength. The penalty for this formation were losses in
axial momentum due to the associated drag of the cropped delta aerofoil
sections. As the incidence of the wing sections was increased the drag
rose accordingly. The induced drag was the major component of drag as
the incidence was set to that angle where the optimum enhancement was
reached, i.e. 16° for the co-rotating and 14° for the contra-rotating
setup with the 7.5mm span wvanes. The 1lift dependant drag rose as a
function of the 1lift coefficient squared; the same as for conventional
aerofoil sections.

The augmentation ratio of 1.32 was unfortunately still well below the
desired target of a net thrust of 50 per cent on top of the bare nozzle
thrust. From the pitot rake measurements it became quickly obvious that
the mixing was still far from being good, represented by the large
central area of low dynamic pressures. If a way could be found to fill
that area it would mean more thorough mixing and hence a higher
augmented Dbare nozzle thrust. For the contra-rotating WG layout
(Figure 5.6) a clear movement of the vortex pairs towards the centre
can be observed. If stronger individual vortices could be produced they
would move even more quickly towards the middle due to the increased
induced velocities of them and their images. Against this grouping of
high pressure areas was the establishment of lower pressure areas in
between, i.e. the high momentum from the peripheral jet was

concentrated into four individual areas without spreading evenly.
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Directly comparable with the vane results were those tests where the
air Jjets were Dblown on their own without the peripheral jet. The
comparison was valid because the combined cross-sectional area of the
eight air jets was similar to that of the peripheral slot, 1i.e. the
mass flow rate through the two primaries was of similar size for equal
driving pressures. The net cross-sectional area of the air jets was
approximately 10% less than the peripheral slot. Another important
parameter was the determination of the axial thrust which consisted of
pressure and momentum thrust. For the peripheral jet this was simple
because both components were directed axially. But for the air Jjets
this was different, since the air jets were not injected in the axial
direction a modified determination of thrust had to be established.
This was done by measuring the bare nozzle thrust of the air jets in
the way described in Section 4.0.1. Closest to axial air jet flow was
the situation when the jets were not skewed. At a pressure ratio of 3.0
a net thrust of 1.64 times the measured bare nozzle thrust was
recorded. If the net thrust would be based on the possible theoretical
axial momentum that could be obtained with the given mass flow rate a
thrust of 1.44 times the theoretical bare nozzle thrust was attained.
This was clearly a major improvement on the vane vortex generated

augmented flow.
6.3.2.) Concentrating on pitot rake results:

In Figures 5.7 and 5.23 basically the same flow conditions are shown,
the exclusive difference being the slightly varying driving pressure
ratio of 2.74 and 3.07. Between the two tests the angles were reset and
therefore may differ according to the margin of accuracy possible with
the setting tool. These two Figures are quite similar to the contra-
rotating vane pressure contour plot. The main difference is the more
evenly distributed dynamic pressure in the region between 50 per cent
of the exit radius and the boundary. Furthermore the clear structure
of four high pressure spots as for the vane plot was not repeated.
Instead eight such high dynamic pressure areas should have developed
because of the formation of eight individual vortex pairs from each of
the air Jjet slots. It is probable that the weaker eight vortex pairs
were not altogether stable, i.e. moved around to some extent and
interacted with each other. The instability can also be observed when
comparing the two contour plots (Figs. 5.7 and 5.23). As stated before
these two representations of the dynamic pressure in the exit plane
should be very similar but at a first look they do seem very different,
N.B. these two representations were instantaneous snap-shots as indeed
all the other dynamic ©pressure contour ©plots were. The major

similarities are the low pressure central area and the high pressure
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spots at a radial distance of approximately 0.8 Re. The distribution of
these high pressure spots was, however, not well defined. This
behaviour led to the conclusion that the vortex pairs were influenced
by internal and external flow fluctuations. Internal fluctuations were
caused by changes in the supply pressure and the external flow
fluctuations were those produced by dynamic changes away and outside
of the rig, e.g. the secondary air stream was modified by strong air
movements in the laboratory. Since large quantities of secondary air
were drawn in through the bell-mouth, which were clearly drawn in from
the laboratory and therefore produced a sub-atmospheric pressure level,
these large masses of air had to be recirculated. In a confined space
as the laboratory posed this process of recirculation modified the flow
into the secondary inlet and therefore the overall flow pattern in the
exit plane. However, due to the contraction ratio of the bell-mouth

inlet were the effects of the outside disturbances largely damped out.

The contra-rotating vortex pairs produced by the air jets were not that
strong. This can be deduced from the contour lines especially since the
dynamic pressures in the middle were still fairly low, 1i.e. the net
induced velocities pointing towards the centre were relatively small
in magnitude. An implication of this situation was a reduced transfer
of high axial momentum air from the perimeter towards the middle. The
peripheral arrangement of high dynamic pressure in the region of 60 to
90 per cent of the exit radius Re seemed to suggest that the air jets
attached to the wall despite the fact that the jets were elevated by
30 degrees. If the flow remained attached after leaving the slot or if
it re-attached downstream can only be verified if a detailed local
investigation could be initiated. Due to time constraints this was not
possible nor really feasible with the present rig. As stated before
would an investigation at the point of injection of the air jets be

very revealing.

When skewing the air Jjets very serious differences between the
distribution of dynamic pressure due to the co- and contra-rotating
vortex formation emerged. The highest dynamic pressure areas for the
co-rotating cases remained grouped around 25 per cent of the radial
exit distance inside of the perimeter towards the centre as for the no
skew cases. This behaviour proved valid for skew angles up to 45
degrees. For greater angles it seemed that the highest pressure spots
moved to very close proximity of the perimeter. As stated above the 75°
skew case should be considered with some caution because of the flow
reversals 1in the central area. The formation of clear concentric
dynamic pressure contour lines suggested that the induced velocities

of the vortices and their images were the determining forces causing
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the primary flow to swirl around the circumference of the boundary,
namely the mixing and diffuser wall.

A question arising from all these measurements was where did the vortex
core form for the co-rotating setup. From Milne-Thomson's [
theoretical considerations it was known that the induced velocities of
the relevant adjoining vortices and images acted such as to produce a
movement in the circumferential direction but no movement at all in the
radial direction, i.e. the vortices remain on a path equi-distant to
the boundary. For the parallel-walled mixing section this effectively
meant that the vortices were travelling along the wall in the
downstream direction without altering their distance from the wall. As
the vortices continued into the diffuser it is reasonable to assume
that they followed the streamlines, i.e. they move away from the wall
at the same rate, as the ratio of their distance from the wall to the
total radial distance, as the wall semi-angle opens up. Using this
result by Milne-Thomson led to the following ideas. The vortices were
formed by the high momentum primary air from the jets which then
engulfed and rolled-up the secondary air stream. If one considers this
process as continuous it can lead to two possible solutions for the
mechanism of transporting high momentum air towards the centre. First
it can be said that the jets themselves are the carrier of the momentum
or the second solution is that the vortices are located in between the
wall and the high pressure areas feeding high momentum air continuously
to those locations. This again is a subject which only really can be
solved by doing pitot-static flow measurements close to the point of
injection of the primary air and downstream. It clearly would be
interesting to initiate a new project looking at this particular area
paying special attention to simulate the flow speeds of the primary air
stream and the secondary air stream. With the present application the
primary Jjets were injected at speeds of three to five times the
secondary free stream velocity. For perfect mixing the differential in
velocities quickly would converge to unity.

Above, it was stated that the co- and the contra-rotating cases
produced totally different pressure contour lines. Picking up that
point was rather important because it emphasised and illustrated the
different vortex mechanisms. Skewing the jets to 15 degrees and more
as contra-rotating pairs (Figs. 5.24 to 5.26) seemed to generate
induced velocities large enough to carry the high momentum primary air
towards the centre. The contour lines suggested such a considerable
transfer of momentum from the boundary to the middle, especially for
the 30° case, that a lower dynamic pressure area was left behind. This
phenomenon led to the thought that the induced velocities of the vortex
pairs can be too strong for the purpose they intend to fulfil, namely

to transfer momentum in the radial direction. For the 30° skew case the
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interaction of the high momentum air in the middle <caused a
deterioration in augmentation. Another factor contributing towards a
reduction in net thrust was the loss in axial primary momentum due to
skew. Based on theoretical axial bare nozzle thrust the augmentation
ratio fell to 1.23. With skew angles larger than 30 degrees the losses
in axial momentum became the determining factor establishing
augmentation ratios again based on theoretical axial BNT of less than
1.0. This condition was, obviously from the point of view of optimizing
the augmentation ratios, highly undesirable. From scientific
considerations the formation of vortex pairs with strong radially
induced velocities can be very beneficial particularly when combined
with peripheral blowing. In Figure 5.34 showing the contour lines for
the combined peripheral and air Jjet blowing with the jets skewed to 30
degrees the strength of the induced velocities is established because
the highest dynamic pressures are again recorded in the centre. The
vortex forming mechanism seemed to produce such strong induced
velocities that high momentum 'bubbles' separated from the central core
and moved towards the boundary which was suggested by the plot in the
form of the four oval shaped spots. The unusual feature was the clear
separation of the bubbles. A very strong phenomenon must have caused
this clear-cut distribution of dynamic pressure. Comparing this plot
with that one where no peripheral blowing was present (Fig. 5.31)
showed astonishing similarities. The distribution of the high and low
pressure areas is nearly equal. The major difference was in the higher
dynamic pressures for the case with peripheral blowing, the reason
being the enlarged injected amount of primary momentum. This led to the
conclusion that despite the fact that the peripheral jet and the air
jets were blown at very similar pressure ratios did the formation of

the vortex pairs determine the distribution of the dynamic pressure.

For the 15° skew case with both the peripheral and air jets blowing
(Fig. 5.33) it can be seen that the strength of the induced velocities
was not sufficiently large to transfer the momentum further to the
middle. Having said this, the plot gave indications that the spread of
the high dynamic pressure areas had started when comparing with the no
skew case. The lowest contour line of 2 kPa certainly had receded to
a minimal size. First appearances of low pressure areas near the
boundary were occurring, filling in the areas which the centrally
moving vortices left behind.

From the point of uniformness the dynamic pressure contours with the
jets skewed to 60 degrees gave a particularly good distribution. Again
the higher dynamic pressures were recorded in the centre but very
limited differentials in dynamic pressure existed across the exit

plane. The average dynamic pressure was 5.56 kPa which could be
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expected because it lay in between the 5 and 6 kPa contours since these
two dynamic pressure contours were covering most of the reference area.
Slightly higher pressures were monitored in the middle and slightly
lower ones close to the boundary.

Blowing the contra-rotating air Jjet vortex generator pairs and the
peripheral jet together produced not so encouraging results as far as
augmentation was concerned. If one assumed that the air Jjets were
driven at a constant pressure ratio of 3.0 and the peripheral jet was
driven at a PR of 2.5 then the augmentations came to 1.26, 1.26, 1.18
and 0.83 for the 0, 15, 30 and 60 degree setting respectively. The
basis for the calculation of the augmentations were the addition of the
two theoretical axial bare nozzle thrusts of the air Jjets and the
peripheral jet. If the augmentations were to be based on the measured
bare nozzle thrusts this would have led to the following results:
augmentations of 1.35, 1.38, 1.35 and 1.20 for the same angle settings
as above. These fairly large differences in augmentation as caused by
the various definitions of bare nozzle thrust will be discussed more

thoroughly in Section 6.4.
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6.4.) Thrust augmentation; scientific versus engineering:

The definition and the evaluation of scientific and engineering thrust
augmentation generated some extensive discussion within the aerodynamic
community of our university. There were two major streams on how to
define augmentation.

The term scientific augmentation was used to describe the ratio of
measured thrust over measured bare nozzle thrust (BNT), where the BNT
was determined by removing the bell-mouth, the parallel walled mixing
section and the diffuser as mentioned in Chapter 4.3. It was found that
the measured bare nozzle thrust reduced as the cosine function of the
angle of skew as stated in eguation (4.1). The fact that the primary
air through the air Jjets was blown in with some elevation angle
relative to the axial direction and hence losing some axial momentum
was also automatically taken into account. The air jet bare nozzle
thrusts were established using the load cells exclusively and are
illustrated in the second column of Table XV for varying AJ pressure
ratios.

The term engineering on the other hand was an augmentation based on the
theoretical determination of convergent bare nozzle thrust without the
inclusion of any discharge or velocity coefficients nor any effects of
skew and elevation angle. This probably needs to be explained further.
For the peripheral slot the calculation of the bare nozzle thrust was
the simple theoretical solution for a convergent nozzle, adding the
pressure and the momentum thrust acting on and through the injection
cross-sectional area. Some of the aerodynamic specialists argued that
this same procedure should also be adopted to calculate the air jet
BNT. The justification for this procedure lay in the fact that a 'real'
application has a fixed guantity of compressed air available which
could be used to generate an amount of axial bare nozzle thrust. If the
jet is modified in any way, e.g. skewed or elevated, then, they argue,
this should generate more BNT than the original amount to make it
worthwhile. There was clearly some considerable virtue in this approach
and therefore in Table XIII (co-rotating AJVGs) and Table XIV (contra-
rotating AJVGs) the true engineering thrust augmentations are shown.
It should be noted that for combined peripheral and air jet blowing the
BNTs of the two nozzles were calculated separately and then simply
added.

Since the BNT used for the peripheral nozzle was the same as the
theoretically determined thrust, the air jets were responsible for the
modification between the scientific and the engineering thrust
augmentations. In Table XV the results for the scientific and the

engineering BNTs and the differences between them are shown. Six
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1.0

1.5

2.0

2.5

3.0

AUGMENTATION

ANGLE

30

45

60

75

30

45

60

75

30

45

60

75

30

60

75

30

45

60

75

(co-rotating AJVGs)

1.0 2.0

1.72

l.e4

1.50

1.38

1.06

0.45

1.23 1.48

1.45

1.38

1.18

1.04

0.83

1.22 1.36

1.40

1.33

1.19

1.06

0.88

1.20 1.4

1.32

1.3

1.08

0.94

1.19 1.30

1.30

1.26

1.12

1.02

AJVG pressure matio

2.5

1.57

1.49

1.34

1.22

0.96

0.40

0.95

0.73

1.32

1.34

1.30

1.30

1.23

1.10

1.27

1.27

1.20

0.95

0.89

3.0

1.4

1.2

1.09

0.87

0.37

1.32

1.30

1.17

1.01

0.87

0.65

1.27

1.28

1.02

0.89

1.26

1.26

1.15

1.04

0.91

0.75

1.23

1.15

1.00

0.88

0.80

(based on theoretical BNT)

3.5

1.34

1.27

1.10

0.99

0.34

1.26

1.23

1.09

0.93

0.80

0.58

121

1.2

1.10

0.96

0.82

0.63

121

1.22

1.09

1.20

1.10

0.95

0.82

Table XITI: Engineering augmentations, co-rotating airjets
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4.0

1.25

1.19

1.03

0.92

0.73

0.33

1.19

1.17

1.02

0.86

0.75

0.52

1.15

1.17

1.04

0.90

0.76

0.57

1.17

1.17

1.03

0.62

1.15

1.16

1.05

Ejector

4.5

1.19
1.13

1.00

0.69
0.33
1.13
1.12
0.98
0.80

0.70

1.10
1.12

1.00

0.71
0.52

1.12

0.57
1.10
1.10
1.01
0.85
0.72

0.62



1.0

15

2.0

2.5

3.0

AUGMENTATION

ANGLE

30

45

60

75

30

45

60

75

30

45

60

75

30

45

60

75

30

45

60

75

Table XIV: Engineering augmentations, contra-rotating air jet pairs

1.0

1.23

1.22

1.20

(based on theoretical BNT)

(contra-rotating AJ pairs)

2.0

1.72

1.68

1.45

1.15

0.74

0.28

1.48

0.63

1.36

1.39

1.29

1.17

0.75

1.4

1.34

1.30

1.17

1.01

0.83

1.30

1.30

1.28

1.17

99

AJVG pressure ratio

2.5

1.57

1.54

1.33

1.04

1.25

1.06

0.82

0.52

1.32

1.34

1.22

0.87

0.64

1.30

1.30

1.24

1.09

0.91

1.27

1.29

1.23

3.0

1.4

14

1.23

0.63

0.25

1.32

1.32

1.17

0.97

1.27

1.29

1.15

1.00

0.55

1.26

1.26

1.18

1.01

0.83

0.63

1.23

1.26

1.17

1.03

0.89

3.5

1.34

1.30

1.14

0.59

0.24

1.26

1.25

1.10

0.90

0.66

0.39

121

1.24

1.09

0.93

0.72

0.48

121

1.2

1.12

0.95

0.55

1.19

1.2

1.12

0.97

0.62

4.0

1.25

1.22

1.04

0.85

0.62

0.35

1.15

1.18

1.04

0.87

0.44

1.17

1.07

0.90

0.71

0.50

1.15

1.17

Ejector

4.5

1.15
1.00
0.79
0.53
0.22
1.13

1.12

0.81
0.59
0.34
1.10
1.12
0.99
0.83
0.63
0.41
1.12
i1

1.02

0.48
1.10
i1
1.02

0.87

0.53
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different pressure ratios driving the air jets were looked at; from
just beyond choked condition up to PR = 4.5 in increments of 0.5. The
measured bare nozzle thrusts were interpolated from least squares fits.
As established above was there again a linear relationship between the

thrust and the pressure ratio.

The third column illustrates the theoretical 'engineering' BNT, i.e.
the ideal convergent bare nozzle thrust. The fifth column represents
the 'theoretical scientific' BNT, which includes the degradation
according to the cosine function of the elevation angle. It was argued
that this factor should be included for the determination of the
theoretical scientific bare nozzle thrust caused by a reduction in

axial momentum.

measured theor. measured mod theor. measured

PRa&j BNT BNT over BNT over mod
(N) (N) theor. including theor.

BNT (%) cos (elev.) BNT (%)
2.0 95.4 100.7 94.7 87.2 N 109.4
2.5 130.7 142.3 91.8 123.2 N 106.1
3.0 161.6 183.9 87.9 159.3 N 101.4
3.5 190.9 225.5 84.7 195.3 N 97.7
4.0 221.2 267.1 82.8 231.3 N 95.6
4.5 255.5 308.7 82.8 267.3 N 95.6

Table XV: Measured and thearetical bare nozzle thrust for different air jet driving pressures

The fourth column shows that the measured bare nozzle thrust under-
estimated the theoretical convergent nozzle thrust by 5 per cent near
the critical PR and by 17% at the higher PR of 4.5. This deficit can
be attributed to the deterioration in axial momentum caused by the
elevation of the jet leaving the vortex generator plug and therefore
was 1incorporated in calculating the modified theoretical BNTs. Again
taking ratios of measured to theoretical bare nozzle thrust showed a
greater measured than theoretical BNT for the low PR cases. It is
believed that the Coanda effect helped the flow around the sharp exit
and therefore reduced the redirection 1in axial momentum. As the
pressure ratio was increased the measured thrust again fell to below
the theoretical value. This was attributed to the development of a
separation bubble and the associated change in pressure thrust on the
inclined surface of the vortex plug. It needs to be emphasized that an

investigation of this particular area would be very beneficial but
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would require some in depth research in its own right. Unfortunately,

the time limitation did not allow for this kind of thorough diversion.

In addition to the definition of the engineering and scientific thrust
augmentation above, there was another possibility to 1look at
augmentation. Augmentation as it was used until now described the ratio
of two thrusts. For the engineering and scientific definitions a bare
nozzle thrust formed the frame of reference. The other possibility was
to use the mathematical model, as developed in Chapter 2, assume a
diffuser efficiency of 100% and then compare the experimentally
measured thrust with that ideal thrust. This clearly lead straight away
to efficiencies of less than 100% and was therefore not comparable with
the other definitions of augmentation. However, this definition would
show positively how inefficient the diffuser worked during testing.
The efficiency of the diffuser in the mathematical model was originally
based on the loss in total pressure between the inlet and the exit of
the diffuser. A comparison of the theoretical results, using this
definition of efficiency, with the experimental results showed rather
poor agreement. It seemed that the experimental curve crossed over
various theoretical curves as illustrated in Figure 6.8. This
occurrence lead to the idea that the diffuser efficiency should
therefore be based on the static pressure rise between the inlet and
the exit. In Figure 6.9 it can be seen that this particular definition
of efficiency produced the required 'fan', i.e. the curves were closely
spaced at the lower pressure end and then spread as the pressure ratio
increased. The fan was generated by the mathematical relationship that
even a low diffuser efficiency (e.g. 50 per cent) Dbased on static
pressure rise produced fairly high diffuser efficiencies based on total
pressure loss for low pressure ratios, i.e. near choking. However, as
the pressure ratio was increased more and more, up to the limit where
the secondary became choked, low static efficiencies also resulted in
fairly low total pressure efficiencies.

For the 100% efficient diffuser the secondary inlet became choked for
an approximate PR of 4.4. As the efficiency was reduced the choking of
the secondary inlet occurred at much higher pressure ratios. The
diffuser efficiency effectively was the parameter that controlled the
Mach number in the exit plane and therefore the total thrust of the
augmentor. For subsonic flow leaving the diffuser it was known that the
static pressure 1in the exit plane was essentially very close to
atmospheric because no real pressure gradient could exist across the
free surface. From Bernoulli we know that the total pressure is the
combination of the static and the dynamic pressure. Since the static
pressure was equal to the atmospheric pressure in the diffuser exit

plane the net thrust was purely momentum thrust. If a diffuser
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efficiency based on total pressure was assumed and assuming a certain
static pressure and Mach No. at the inlet to the diffuser, determined
by the upstream conditions, it easily followed that the exit Mach
number was forced to go down as the diffuser became less efficient.
Including the modified efficiency (based on static pressure rise) the
same feature applied but the relationship between Mach No. and pressure
was slightly more extensive, which was given in equation (2.7), where
the increased complexity between the two diffuser efficiencies was

shown.
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7.) CONCLUSIONS

The development of the theoretical model for ejector flow using the
three conservation equations was an important step in understanding the
fundamental flow behaviour. It provided a first insight on how
parameters like pressure ratio, temperature ratio, inlet area ratio,
diffuser area ratio and diffuser efficiency influenced the net thrust
levels. The initial choice of defining the diffuser efficiency as the
loss in total pressure between inlet and exit of the diffuser, as
suggested by the ESDU data items, was shown to be inadequate and was
therefore modified. Basing the diffuser efficiency on the static
pressure rise instead resulted in a very satisfying agreement between
the theory and the experimental data. It was found that the theoretical
peripheral bare nozzle thrust, i.e. thrust augmentation ratio is equal
to 1.0, <corresponded to a highly inefficient diffuser wusing this

modified definition of efficiency based on static pressure rise.

Measurements of the peripheral bare nozzle thrust showed that the
theoretical results were 1in good agreement with the experimentally
obtained results. These measurements were performed by testing the jet
on its own, i.e. removing all the up- and downstream sections. A
similar test was repeated for the eight air jet vortex generator slots.
The combined bare nozzle thrust from the eight slots was fairly close
to the theoretical bare nozzle thrust for a nozzle of equivalent cross-
sectional area near the critical pressure ratio but worsened as the
pressure ratio was increased. This divergence was thought to be caused
by the elevation of the air jets relative to the axial direction,
altering the pressure thrust on the inclined surface of the vortex
generator plug. Furthermore, skewing the co-rotating air jets to some
angle reduced the bare nozzle thrust by a factor equal to the cosine
of that angle. The theoretical bare nozzle thrust was calculated using
the momentum and pressure thrust of a convergent nozzle.

Measurements of the bare augmentor, which consisted of the bell-mouth,
peripheral Jjet, the parallel-walled mixing section and the diffuser
having an area ratio of 1.5, produced an augmentation ratio of 1.19 at
a pressure ratio of 3.0. This result effectively means a 19 per cent
increase in the pure peripheral bare nozzle thrust and corresponds to
a static diffuser efficiency of approximately 33 per cent assuming the
mathematical model. The efficiency of 33 per cent was still very low
for a good diffuser. The cause was thought to be due to the inadequate
mixing length provided for the primary and secondary flows to mix

naturally, N.B. the spreading angle of a wall jet on a flat plate
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amounts to three to five degrees only. It was therefore believed that
a longer mixing section would have given the opportunity for more
thorough mixing and hence enhanced augmentation ratios. As one of the
requirements of the assembly was to reduce the overall length another
mechanism had to be found to increase mixing.

As the results from the measurements using the vane vortex generators
of cropped delta wing shape were processed it was found that for
certain angles of incidence greater augmentation ratios than for the
bare augmentor were possible. Both the co- and contra-rotating vortex
arrangements generated augmentations of similar maximum magnitude, in
the region of 30 per cent, although it must be noted that these maxima
were reached at slightly different angles. The co-rotating vortices had
their maximum effect at an angle of incidence of 16 degrees and the
contra-rotating vanes required two degrees less to perform best. These
augmentation ratios of 1.3 corresponded to a static diffuser efficiency
of approximately 60 per cent which now compared with a fairly well
performing diffuser. Any improvement on this value would become rather
difficult to achieve, but further enhanced mixing of the two streams
might 1lead to an increased augmentation ratio. The dynamic pressure
plots suggested that there were still rather large regions near the
central axis which had fairly low values of velocity. This led to the
conclusion that 1if somehow these areas could be made more uniform
before the flow entered the diffuser the desired effect of increasing
the augmentation might well be obtained.

The dynamic pressure plots taken near the maximum vane vortex
'effectiveness', despite the rather large spacing of the pitot probes,
showed the difference between the co- and the contra-rotating vortex
patterns well. The co-rotating vortices remained in close proximity to
their originally generated location in the radial direction, but were
known to move along in the circumferential direction. This latter
behaviour was difficult to monitor because measurements were taken at
one station only, namely in the exit plane. If measurements at various
stations <closer to the vortex generators could be made, the
circumferential velocity caused by the vortex/image interaction could
be determined from the angle at which the vortex travelled relative to
the undisturbed streamwise direction. The contra-rotating vortices on
the other hand showed that the vortex/image interaction caused the
respective pairs to join and move towards the central axis due to the
influence of the induced velocities. Returning to the augmentation
ratios, determined above for these two different vane vortex generator
lay-outs, which were of similar magnitude probably implied that the
surface areas of the shear layers at the edge of the free jet mixing

zone, responsible for enhanced mixing, were nearly equal.
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The results from the air jet vortex generator blowing were rather more
complex than those results obtained for the wvane vortex generators.
This increased degree of complexity was caused by the fact that
additional mass and hence momentum was injected. In order to simplify

the matter somewhat the results were split into two considerations:

a) air Jjet vortex generator blowing on its own

b) combined air jet vortex generator and peripheral blowing.

It turned out that the exclusive air jet vortex generator blowing could
most easily be compared with the wvane results, the reason being that
the jet nozzle areas of the peripheral and the eight individual air
jets were of similar size, i.e. 700 and 640 mm2 respectively. This
clearly translated to the injection of similar amounts of mass for
equal pressure ratios. The major difference between the air Jjets and
the peripheral blowing was that the air jets were elevated by 30
degrees and also could be skewed but the peripheral Jjet on the other
hand always exhausted in the axial direction. This problem was resolved
by defining two independent augmentation ratios, namely the
'scientific' and the 'engineering' ratio. The 'scientific' augmentation
ratio took into account the reduction in axial momentum due to
elevation and skew angle in evaluating the bare nozzle thrust and the
'engineering' augmentation ratio was calculated as the measured thrust
divided by the theoretical bare nozzle thrust assuming the momentum to
be directed axially, wusing the definition for an ideal convergent
nozzle. The former ‘'scientific' definition clearly produced larger
augmentation ratios for the given angles of the air Jet vortex
generators.

One important feature which developed very quickly was that the
augmentation ratios strongly depended on the driving pressure within
the air jets. For low pressure ratios (= 2) the augmentation ratios
were rather large but reduced rapidly with increasing pressure ratio.
The augmentation ratios for the ‘'engineering' bare nozzle thrust
definition resulted in 1.72 and 1.19 for a pressure ratio of 2.0 and
4.5 respectively with the air jets set to a skew angle of 0 degrees.
As the skew angle of the air Jjets was 1increased the co-rotating
vortices performed much better than the contra-rotating ones. The
augmentation ratios fell below one, 1i.e. the measured thrust became
less than the axial bare nozzle thrust, when the air jets were skewed
to 60 degrees and more. For practical applications that clearly would
be an area to be avoided.

The augmentation ratio of 1.19 at a pressure ratio of 4.5 was smaller
than that for the vane vortex generators which led to the conclusion

that the air jets perform well for small pressure ratios but as the
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pressure ratio was increased the loss in pressure and momentum thrust
due to the air jets being elevated was becoming too great. It should
be noted that the maximum augmentation for the 'scientific' definition
was reached at around 60 degrees of skew for the co-rotating setting
(1.64 for a driving pressure of 4.5), which coincided with the expected
angle necessary for the maximum vortex strength to develop.

Combining the peripheral and air jet blowing generated 'engineering'
augmentation ratios similar to those for the vane vortex generators for
certain conditions of driving pressure and skew angle. In general it
was noted that the air jets needed to be set to fairly small angles of
skew and blown lightly to get maximum augmentations. With increased air
jet blowing and increased skew angle the net thrust reduced faster than
the enhanced mixing capability of the vortices. For skew angles up to
about 45 degrees the co- and contra-rotating vortices produced very
similar augmentations, although the dynamic pressure plots showed that
the net pressure pattern was rather different. The main similarity
seemed to be the fact that the vortices could be used to advantageous
effect to increase the surface areas of the shear layers at the edge
of the jet mixing zone and thereby increase the mixing between the fast
primary air and the slow entrained secondary air. The dynamic contour
plots with the contra-rotating pairs demonstrated really well how the
induced velocities between the vortex and its image forced the high
momentum air, injected peripherally, to move towards the central axis.
It 1is Dbelieved that this condition would be perfectly suited to
increase the diffuser semi angle (the ultimate aim of this project!)
and still obtain a good distribution of dynamic pressure within the

exit plane.

Summarizing all the above stated results the author came to the
following conclusions; the improvement in thrust augmentation employing
vane vortex generators should be judged as very encouraging because
these devices are rather easily incorporated and seem to work well
throughout the driving pressure regime considered for practical work,
i.e. the wvanes are thought to be highly promising in a real
application, as a Reaction Control System would be. It must be stated,
however, that the aim of a 50 per cent enhancement in thrust was a long
way off.

High hopes were then pinned on the employment of air Jjet vortex
generators 1in order to achieve further major improvements in thrust
augmentation. These hopes were very quickly shattered because there was
a fundamental problem associated with the air jet vortex generators and
that was the opposing effect of vortex strength and thrust. The maximum
vortex strength is obtained at around 60 degrees of skew, but at this

angle the net axial thrust has reduced to cosine 60° times the no skew
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axial thrust. This meant that a good vortex strength, i.e. large jet
mixing area, was obtained in return for a considerable loss in axial
thrust.

For a real application the 'engineering' thrust augmentation definition
was clearly the correct choice for reference purposes. The results
showed a large dependence on primary Jjet driving pressure. As the
pressure ratios rose to useful levels (e.g. 4.5) the 'engineering'
augmentations fell to well below those obtained with the wvane vortex
generators installed. This occurrence was a major setback and somewhat
disappointing, as it was believed that the air jets would overcome the
adverse drag penalty associated with the wvanes and would therefore
always generate better thrust levels. The biggest improvement in
augmentation with the air jets were noticed through the fact that these
air Jjets effectively acted as slotted jets, whereby a considerable
increase in the net jet mixing area and hence enhanced augmentation was
achieved. This observation was deduced by comparing the 'bare

augmentor' and the exclusive air Jjet blowing.

It is suggested that some future work should include an investigation
into the jet flow near the air jet injection nozzle. The way in which
the flow expands and possibly contracts at supersonic speeds after
passing the throat could to some extent modify the shape of the air jet
'plug'. In particular to monitor the pressure on the inclined surface
downstream of the throat for different nozzle reservoir pressures would
be very revealing. At present only some fairly rough estimates can be
made about the pressure in this area. Further experimental studies of
the air jet elevation angle would potentially optimize the augmentation

ratios for varying driving pressures.
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Fig. 1.1a) Mattock's original proposed rig design.
Fig. 1.1b) Final design and notation of rig as manufactured.
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—~——
=

Fig. 1.1lc) Photographs of experimental rig.
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Ejector

a) Co-rotating vane vortex b) Contra-rotating vane vortex
generator arrangement: generator arrangement:

c) Bi-plane vane vortex
generator arrangement:

Fig. 1.2a) - ¢©) Vane vortex arrangements and notation: co-rotating
contra-rotating and bi-plane.
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Fig. 1.3a) c) Contours of pitot pressure for co-rotating vortices

for different spacing ratios (at a fixed distance
downstream of generators on a flat plate).
- taken from Pearcey -
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Contours of pitot pressure for contra-rotating
vortices that are initially equally spaced.
(Variation of vortex pattern with distance
downstream.) - taken from Pearcey -
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Ejector

(<0

Co - rotat ing

<)

Counter-rotating
D/d = 4

Vortex paths projected in plane parallel to stream;

M, = 0.7 (velocity now falling over rear of surface).

- taken from Pearcey -

Effect of co-rotating vortices on boundary layer.

Effect of contra-rotating vortex pairs on boundary layer.
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THRUST VS PRESSURE RATIO

16 Oct 1931

Fig. 2.1 Theoretical prediction of thrust vs pressure ratio with
the temperature ratio ranging between 1.0 and 4.0 and a
100 per cent efficient diffuser.

Fig. 2.2 Theoretical prediction of thrust vs pressure ratio with
the diffuser efficiency based on total pressure loss and
a temperature ratio of 1.0.
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Fig. 2.3 Theoretical prediction of thrust vs pressure ratio with
the diffuser efficiency based on static pressure rise
and a temperature ratio of 1.0.
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Fig. 3.la Planform of flat plate cropped delta wing; span = 7.5min.

Fig. 3.1b Planform of flat plate cropped delta wing; span = 12mm.

Fig. 3.2 Definition of positive and negative skew angle.

S Nov 1990

Fig. 3.3 Stati.c load cell calibration curve.
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CALIBRATION OF W.S,
PRESSURE TRANSDUCER

10 OCT \»0

CALIBRATION OF WS
PRESSURE TRANSDUCER

10 OCT 1»»

Fig. 3.4a and 3.4b Pressure transducer calibration curves.
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CALIBRATION OF RAKE
PRESSURE TRANSDUCER

-100 -60 0 60 100 160 200
Equiv. Pressuro Transducer Output (mV)

10 OCT 1B90

Fig. 3.4c Relationship between pressure and transducer output
voltage.

TARE THRUST CALIBRATION

—lJ}-%+| 1 |1 11, 11 : 1111111 111T1TITI]1
0.00 0.01 0.02 0.00 0.0-i 0.05 0.0S 0.07 0.0S 0.09 0.10 0.11 0.12 0.13 0.14 0.15
Force (Volts)

5 Nov 1930

Fig. 3.5 Tare thrust calibration curve.
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THRUST VS PRESSURE RATIO

11 Oct 1990

Fig. 4.1 Plot of thrust vs pressure x'atio for bare augmentor with
and without the pitot rake installed.
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THRUST VS PRESSURE RATIO

5 June 1990

Fig. 4.2a Thrust vs pressure ratio with co-rotating vane vortex
generators and vane angle of incidence = 13°

THRUST VS PRESSURE RATIO

5 June 1990

Fig. 4.2b Thrust vs pressure ratio with co-rotating vane vortex
generators and vane angle of incidence = 14°
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THRUST VS PRESSURE RATIO

5 Juno 1990

Fig. 4.2c Thrust vs pressure ratio wrth co-rotating vane vortex
generators and vane angle of incidence = 15°

THRUST VS PRESSURE RATIO

5 Juno 1990

Fig. 4.2d Thrust vs pressure ratio with co-rotating vane vortex
generators and vane angle of incidence = 16°
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4

Augmentation

.3

Ejector

Plot of augmentation wvs vane angle of incidence for

modified augmentor including co-rotating vane

vortex generators.
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2 NOV 1SBO
Fig. 4.4 Plot of augmentation vs vane angle of incidence for

modified augmentor including contra-rotating vane
vortex generator pairs.
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THRUST VS SKEW ANGLE

6 Jun 1991

Fig. 4.5 Co-rot. AJVGs: Thrust versus skew angle, varying PRI
constant PR/jvo = 2.0

THRUST VS SKEW ANGLE

G Jun 1991

Fig. 4.6 Co-rot. AJVGs: Thrust versus skew angle, varying PR"
constant PRajvo - 4.5
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THRUST VS SKEW ANGLE

S Jun 1991

Fig. 4.7 Co-rot. AJVGs: Thrust versus skew angle, varying PR,Uvg
no peripheral blowing

THRUST VS SKEW ANGLE

8 Jun 1991

Fig. 4.8 Cc-rot. AJVGs: Thrust versus skew angle, varying PRajvg
constant BR*,; = 3.0
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AUGMENTATION VS SKEW ANGLE

26 Jun 1991

Fig. 4.9 Co-rot. AJVGs: Augmentation versus skew angle,
varying PRajvc' no peripheral blowing

AUGMENTATION VS SKEW ANGLE

26 Jun 1991

Fig. 4.10 Co-rot. AJVGs: Augmentation versus skew angle,
varying PRajvg' constant PRIt = 2.5
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THRUST VS SKEW ANGLE

14 Jun 1991

Fig. 4.11 Contra-rot. AJVG pairs: Thrust versus skew angle, varying
KR *,;, constant PR™wc. = 2.0

THRUST VS SKEW ANGLE

14 Jun 1991

Fig. 4.12 Contra-rot. AJVG pairs: Thrust versus skew angle, varying
PRjci, constant PRajvo = 4.5



Ejector

THRUST VS SKEW ANGLE

25 Jun 1991

Fig. 4.13 Contra-rot. AJVG pairs: Thrust versus skew angle, varying
PRajvor no peripheral blowing

THRUST VS SKEW ANGLE

25 Jun 1991

Fig. 4.14 Contra-rot. AJVG pairs: Thrust versus skew angle, varying
PRAjwor constant PR™# = 3.0
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AUGMENTATION VS SKEW ANGLE

26 Jun 1S91

Fig. 4.15 Contra-rot. AJVG pairs: Augmentation versus skew angle,
varying PRajvg/ no periph. blowing

AUGMENTATION VS SKEW ANGLE

26 Jun 1991

Fig. 4.16 Contra-rot. AJVG pairs: Augmentation versus skew angle,
varying PRWVo/ constant PR” = 2.5
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PITOT RAKE DYNANIC PRESSURES I

p» = 1014- mbar No Vanes PR = 4.58

+ >0 >o0
(B | illk

20 OCT 1iSO

Fig. 5.1 Plot of dynamic pressures obtained through pitot rake in
exit plane vs rake grid distance for bare augmentor.
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Fig. 5.2 Dynamic pressure contours in exit plane for bare
augmentor; driving pressure ratio cf peripheral
jet = 4.58.
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PITOT RAKE DYNANIC PRESSURES SRR EL:

p, = 1026 mbar co-rot.WG's PR = 4.30
cL = 15-

s

distance nan

20 OCT 1WO

Fig. 5.3 Plot of dynamic pressures obtained through pitot rake in

exit plane vs rake grid distance with co-rotating vane
vortex generators.
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Fig. 5.4 Dynamic pressure contours in exit plane with co-rotating
vane vortex generators; driving pressure ratio of
peripheral Jjet = 4.30.
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Fig. 5.6 Dynamic pressure contours in exit plane with contra-
rotating vane vortex generator pairs; driving pressure
ratio of peripheral jet = 4.34.
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P

CONSTANT
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-100-80

No skew AJ blowing:
PRMjvg = 2

CONSTANT
1029 mbar

PRESSURE CONTOUR PLOT

-60 -40 -20 0O 20 40 60 80 100

distance (mm)

24 Sep. 1991

.74, no peripheral blowing

PRESSURE CONTOUR PLOT

24 Sep. 1991

Co-rotating AJVGs: Constant pressure contour plot,

P

1511,

PRajvg ~

2.98, no peripheral blowing
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CONSTANT PRESSURE CONTOUR PLOT
p, = 1027 rnbcir

distance (mm)

24 Sop. 1991

Fig. 5.9 Co-rotating AJVGs: Constant pressure contour plot,
P = 30", IRRviw = 2.89, no peripheral blowing

CONSTANT PRESSURE CONTOUR PLOT
pa = 1028 mbar

-100-80 -60 -40 -20 0 20 40 60 80 100
distance  (mm)

24 Sop. 1991

Fig. 5.10 Co-rotating AJVGs: Constant pressure contour plot,
P = 45°, PR/jvg = 2.84, no peripheral blowing
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CONSTANT NON-DIM. PRESSURE CONTOUR PLOT
pa = 1027 mbor

distance x (mm)

1 Nov. 1991

Fig. 5.13 Co-rotating AJVGs: Constant pressure contour plot,
B = 30°, PRAIVz = 2.22, no peripheral blowing

CONSTANT NON-DIM. PRESSURE CONTOUR PLOT
pa = 1027 mbar

1 Nov. 1991

Fig. 5.14 Co-rotating AJVGs: Constant pressure contour plot,
P = 30°, PR/jvg = 2.89, no peripheral blowing
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CONSTANT NON-DIM. PRESSURE CONTOUR PLOT
p0 = 1027 mbar

distance x (mm)

1 Nov. 1991

Fig. 5.15 Co-rotating AJVGs: Constant pressure contour plot,
P = 30°, PRyuvo = 3.64, no peripheral blowing

CONSTANT NON-DIM. PRESSURE CONTOUR PLOT
pQ = 1027 mbar

distance x (mm)
1 Nov. 1991

Fig. 5.16 Co-rotating AJVGs: Constant pressure contour plot,
P = 30°, PR/jve = 4.33, no peripheral blowing
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CONSTANT PRESSURE CONTOUR PLOT
pa = 1029 mbar

distance (mm)
12 Sep. 1991

Fig. 5.17 ©No skew AJ blowing: Constant pressure contour plot,
> = 0", Px.,,d= 2.72, Bpefi = 2.'53

CONSTANT PRESSURE CONTOUR PLOT
pa = 1030 mbar

distance  (mrr,)

16 Sep. 1991

Fig. 5.18 Co-rotating AJVGs: Constant pressure contour plot,
! = 15°, PKajw = 2.88, PREKi = 2.50
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Fig. 5.19 Co-rotating AJVGs: Constant pressure contour plot,
b = 30°, PR"vo = 2.77, PR, *1i =*2.50

CONSTANT PRESSURE CONTOUR PLOT
pa = 1013 mbar

17 Son. 1991

Fig. 5.20 Co-rotating AJVGs: Constant pressure contour plot,
P = 45°, PRajwu = 3.08, IR*; = 2.52
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CONSTANT PRESSURE CONTOUR PLOT
pa = 1019 mbar

distcnce  (mm)

10 Sep. 1991

Fig. 5.21 Co-rotating AJVGs: Constant pressure contour plot,
! = 60°, PR/jvg = 3.12, PRkd = 2.53

CONSTANT PRESSURE CONTOUR PLOT
pQ = 1014 mbar

distance (mm)

18 Sep. 1991

Fig. 5.22 Co-rotating AJVGs: Constant pressure contour plot,
! = 75°, RRamvg = 3.10, PRoei = 2.51
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CONSTANT PRESSURE CONTOUR PLOT
= 1023 mbar

2000 N/m'
.3000 N/m’
4000 N/m’
5000 N/m’
6000 N/m’

distance  (mm)
30 Sep. 1991

Fig. 5.23 No skew AJ blowing: Constant pressure contour plot,
P = 0°, PRajvyg = 3.07, no peripheral blowing

CONSTANT PRESSURE CONTOUR PLOT
Po = 1021 mbar

N/m’
N/m*
N/m

N/m

30 Sep. 1991

Fig. 5.24 Contra-rotating AJ pairs: Constant pressure contour plot,
P = 15°, PRajvyg = 3.18, no peripheral blowing

148



Ejeitar

CONSTAMT PRESSURE COMTOLR PLOT
= 1023 mbar

100 —
80 S
60 5
40 =
20 =
0.3
-20 3
—40 =
—60 =
= 000UD = AGOC M
= 00ase ~ aE'.‘:lE]
= ADABA »= G0N
-80 = WENRE - 00
= 00000 = 5000
= AdasA = G000
-100 T T T [ I I T I A I AT |

-100-80 -60 —40 =20 O 20 40 60 80 100
diclarze  {mm®

Conbra-rotating BJ pairsd
= 30° PBRygywg = 2.%b, no periphesal bBlowing

Jd Sep. 19091

CONISTANT PRESSURE COMTOUR =LOT

= 1220 mbas

100 =
60 —Ei
0
-20 ':3
2 s T 04
—-60 = S K . ,
—-80 —% \\/x\\__,/\/ ‘:"}EE :E-E;E n i
=100 == )

100 B3 —60 40 =20 T ED 40 &8 B0 100

- .y
dizlonce ()

34 Zap. 154

Conkra—-rotatking AJ pairs: Socnatankt preasswrae contoulr plot,

G07, PRynyp = 3.09, no peripheral blowlng

Conptant prassure contour Pl!:'tr

- 149 -




Ejector

CONSTANT NON-DIM. PRESSURE CONTOUR PLOT
pa = 1022 mbar

11 Oct. 1991

Fig. 5.27 Contra-rotating AJ pairs: Constant pressure contour plot,
P = 30°, PRajvg = 2.21, no peripheral blowing

CONSTANT NON-DIM. PRESSURE CONTOUR PLOT
p, = 1022 mbar

0.50
0.75
1.00
1.25
1.50
1.75
-100-80 -60 -40 -20 O 20 40 60 80 100
distance x (mm)
11 Oct. 1991

Fig. 5.28 Contra-rotating AJ pairs: Constant pressure contour plot,
P = 30°, PRajvg = 2.96, no peripheral blowing
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CONSTANT NON-DIM. PRESSURE CONTOUR PLOT
pa = 1022 mbar

.

distance x (mm)

14 Oct. 1991

Fig. 5.29 Contra-rotating AJ pairs: Constant pressure contour plot,
P = 30°, PRajvg = 3.51, no peripheral blowing

CONSTANT NON-DIM. PRESSURE CONTOUR PLOT
pL. = 1022 mbar

-100-80 -60 -40 -20 0 20 40 60 &0 100

distance x (mm)
11 Oct. 1991

Fig. 5.30 Contra-rotating AJ pairs: Constant pressure contour plot,
P = 30°, PRajvg = 4.14, no peripheral blowing
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CONSTANT NON-DIM. PRESSURE CONTOUR PLOT
p, = 1022 mbar

distance x (mm)

H Oct. 1991

Fig. 5.31 Contra-rotating AJ pairs: Constant pressure contour plot,
P = 30°, PR/jvg = 4.66, no peripheral blowing
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CONSTANT PRESSURE CONTOUR PLOT

Pa = 1021 mbar

N/m .
N/m -
N/m*
N/.-n1

distance (mm)

4 Oct. 1991

Fig. ©5.32 No skew AJ blowing: Constant pressure contour plot,

Po= 0, PRfuve = 300, Pperi oz 1.5

CONSTANT PRESSURE CONTOUR PLOT

-100-SO -60 -40 -20 © 20 40 60 80 100
distance (mm)

4 Oct. 1991

Fig. 5.33 Contra-rotating AJ pairs: Constant pressure contour plot,
! = 15% PR/WO = 3.15, W, = 2.54
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CONSTANT PRESSURE CONTOUR PLOT
p, — 1022 mbar

distcnce  (mm)

4 Oct. 1991

Fig. 5.34 Contra-rotating AJ pairs: Constant pressure contour plot,
P =30° P w = 2.83, IR*%; = 2.53

CONSTANT PRESSURE CONTOUR PLOT
pa = 1019 mbar

7 Oct. 1991

Fig. 5.35 Contra-rotating AJ pairs: Constant pressure contour plot,
P = 60°, PRajvo = 2.99, PR~ = 2.51
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5.36) Sketch of vortices shedding from the edges of an air jet
vortex generator set at an angle of 0° skew (i.e. the Jjet is
injected in the axial direction).
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a TAPERED WING WITH TIP
VORTEX SHEETS

Fig. 6.la Vortex pattern on tapered wing with relatively small
sweep (from Kuchemann) .

b SLENDER DELTA WING WITH SPIRAL
LEADING-EDGE VORTEX SHEETS

Fig. 6.l1lb Vortex pattern on slender delta wing.

Separation boundaries
Vortices
Fig. 6.2 Development of vortex formation for Mach numbers of 0.6,

0.85 and 0.95 with wvarying angle of incidence on a
highly-swept wing of low aspect ratio (from ESDU 90008).
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Fig. 6.3 Carpet plot of 1lift curves for highly-swept low aspect
ratio wings as function of M, and CL.
- taken from Hall and Rogers -

Fig. 6.4 Plot of lift coefficient vs incidence a for a slender
delta and a swept wing (after Earnshaw and Lawford).
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AUGMENTATION VS VANE INCIDENCE

Vane 1Incidence Alpha (°)
11 OCT 1980
Fig. 6.5 Plot of augmentation vs vane angle of incidence a at a

peripheral driving pressure ratio of 5.0. Results for
7.5mm and 12mm vane span are given.
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AUGMENTATION VS DIFFUSER AREA RATIO
vane span =12mm

C
0]
o
£
en
D
<
2 NOV 1930
Fig. 6.6 Plot of augmentation vs diffuser area ratio for co- and

contra-rotating vane vortex generators having a vane
span of 12mm.
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AUGMENTATION VS PRESSURE RATIO

25 May 1992

Fig. 6.7 Plot of theoretical maximum augmentation with primary

pressure ratio and varying primary inlet to duct area
ratios (m); 100 per cent efficient diffuser; choked
secondary inlet and varying diffuser area ratios (n).
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THRUST VS PRESSURE RAMO

Thrust
Fig. 6.8 Comparison of theoretical prediction based on total
pressure diffuser efficiency and experimental
results.
4 Feb 1991
Fig. 6.9 Comparison of theoretical prediction for diffuser

efficiency based on static pressure rise and experimental
results (co-rotating vane vortex generators set to 15°%).
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10.) APPENDICES:

10.1.1. ) Appendix IA
10.1.2. ) Appendix IB
10.1.3. ) Appendix IC

10.2.) Appendix II; Drawings
It should be noted that the original drawings have been reduced using

a photocopier and therefore the shown scale factors do not represent

the correct scaling.
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10.1.1.) APPENDIX IA:

Ejector

Derivation of the equations describing the physics of the flow through

the thrust augmentor:

Conservation equations:

i) mass:

m* + m2 =m3 =mé

ii) momentum:

(Pi + Pt*i2) Ai + (o + p2U22) (A2 - A,) e + P ¥2) A,
iii) energy:

«1CpT0l + m2Cp T02 =m3Cp T2 = mi Cp TOi

also:
m = pUA
where:
pU=Mp
h 1+ M2
T ( )

and for isentropic flow we have:

N o= (1 + -IIT M2) Y1
P 2 -

Use mass equation (1) and (a):

pi UIAI + p2172 - 23°3"3 - p4°4"4
use (b):
1 1 1
MiPi [~r] + M2P2 [ ~¢]*(A2~A) =M3p3 1~ rVY A3
1
multiplying through by gives :
vy 4o
Pi ~ Mp2 £ “ N
1 %}1 M3Ps3 ~3 K p* A

sfr; az

163

-—- @)



Ejector

now put: — =m and = 4% =n note: Ai
A2 3 2
Mi Pi
M P'm + <lop> - M'p'n - )
4 472 /Ti 4c:
from (c) we have:
4+ 0
y/T =
1 +1—— M2
2
from (d) we have:
4Po
4p
1+ LU aph2vP
using these expressions in equation (5) yields:
since the primary flow is assumed to be choked we have VM = 1
141. Py2
m + M, (1-m)
Y-
+111 M2
Podll+
n M
Y -1
/ M * 4 A M:
it follows that:
[ %0] m +  Pp2 M (1-m)
4nd 4r A~ 4
P o4 M4 n
1+
VTT* ) - (6)
1+ 1 RPN
Use momentum equation (2) and divide through by 3,

remember - == m

164



Ejector

1L + ?21ux2) * (p2 + p2U2) (1 - 1) = (p3 + p,U2) 1
insert substitution from (b) and multiply through by m:

(P1 + UlMip 1 [I_QJLtj ) m + (P2 + CRA2p2 [JLJ ) (l-m) =

®j +

using U=Ma =M (yRT) 2 leads to:

pl A+y) m +p2 (L+yM22) (1-m) =p3 (1 +yM32)

Using energy equation (3) and dividing by Cp gives:
IATOL + ih2 T@ —ihi TOi
Applying the terms for the mass flow rate (a) and (b) yields:

1 Ttrh

1 Yj2¥ 1>
] + Po2 @ "2 - m) 9

3.
Po1T012m

pO4TM2 M, n [1 + * M 21

using static pressure p4 rather than total pressure p” at the

exit leads to:

RHS is equal to-. P4T0i 2 Mi n [1 + — - Mr

1 1 1
or pOlr0l2 g +p®RT022 M2 r =pdrM42 M4 s

-1 1 1
and pOlTOlL 2 g +p@RTR2 2 M2 r =pdr¥d 2 Mi s

where:

v+
Y+1172 W)
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solving for TWU2 in (8b) leads to:

m |\ PoiTO0l2 O + Pp21lq22 r - (8¢c)
4 p4wd s p4wd s

substituting (8c) into (6b) leads to:

Poi . P2 w p42 S2 A2
2 g ;.7 1 1
m w2
= ) Poi Toi2 g + Po2ro2 2 M2 r
or .
i 2
N2 + i + = .
Poi222 7 PoiPer®e 2 M2 Qr PoiPo2r0i2 M2 g r pO2M2r2 =p 25 2M 2
m 2 m 2
~01 *02

dividing by p@ and noting that p® = pawe get:

1 1
Pot2 g2 + Poi M

*l‘- + M2 r2 = M2 s 2 (9)
Pa Pa !

-*02 Pa

Definition of diffuser efficiency 1i):

Po4 ~ A Po3

remember that:

£o =N + yzi
p 1 2 ]
Y-
- Py il o+ «42]Y 1 =7 P3 [l + Ygl (10)

from equation (5) we know that:

_/\T ||/\3 :_AT A _ (11)

7»2

3
or

1
Py Lrd a3
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1 1
Ei - [JLI" \Isj} 1

pPi m

(11a

combining (10) and (l1la) and using (c) yields:

[N}

1+ M2 i+ 171

n n M4 m2

Finally, using the adiabatic pressure equation (d), in conjunction with

the momentum equation (7) the last required equation is found:

Poi (1+Y) ™ (1 +yM2) (1-m 1 + yM2) 1+ - M2

. Y-1 . Y-1
Pa 1 + Xél_ng_ + XZ1 M + X1i

combining this equation with equation (12) gives:
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Inserting Lie valuve of 1.4 for ¥ and rensming:

T,
Poi 2 pr, 0 = qR where T,, - T,

. Teaulta in the three
ﬂl rl

requirad equatbloms:

2
MP(l-m  PRM m{l-m) -3 1

0.335FRim® = -
(1 + 0,287 1,728 {1 + 0,3M71

(1« 0.2M%1 M° n° -== (A}

7

(L +1.4M3) (1-m)
7

El
(1 +0,2M7)

1
E

ol

1.2679 PR m =

= (1 + 1.4M,7] [%]_E n

n —_—
) (B

M, n oM
o 3 -== i€}
{1+ 0.2M7) (1 = 0.2M7)
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10.1.2.) APPENDIX IB:

DERIVATION OF PERFORMANCE TERMS:
The main performance terms which are required are as follows:

) thrust of bare nozzle thrust
b) thrust augmentation ratio

) 1inlet to nozzle thrust ratio
d) mass augmentation ratio (MAR)
e) diffuser exit temperature

f) change in entropy

Using the following standard equations, the above term will be put into

a more suitable form for use within the program:

pU2 =y P M2 (a)
Po =P —®
pa — (@

a) Thrust of bare nozzle:

the bare nozzle thrust F(l) is given by:

F(l) = (pa* + pa*t/a®2 - pa) Al _ (1)

which, from equation (a) becomes:

F(l) = (Pl*(1+y) —-pa) 4, _ 2)

b) Thrust augmentation ratio:

The thrust augmentation ratio is defined as the ratio of total thrust

over bare nozzle thrust. The total thrust F(4) is given by:



Ejector

F(4) = pAfH2Ad - (3)

which, using equation (a) becomes:

F(4) =7YP4M42n4 - (4)
hence, the thrust augmentation ratio is:
_ F(4) yPiMi24i
F(l) P1l* (1+Y) -pa)
since ~% = — and by inserting y = 1.4
m
1.42A42 n
4> =
[2.4*%1 -1TU
1 P5 J
c) Inlet to nozzle thrust ratio:
The thrust on the inlet, F(2) 1is given by:
F(2) = (p2 —pa + P2U22) (A2 - Al) (7)
from equations (a) and (2):
F(2) = (p2 (1 +Y"22) ~Pa) (;2 ~Ai _ (s)
~(1) (p/ (14Y) - Pa)dl
by using equation (b) since p® = pa, and with y = 1.4:
1 + 1.4M22
T
F(2) _  (1+0.2M2) 2 .
F(l)
2.4 -1
Pa
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d) Mass augmentation ratio (MARR), F:

Fjespar

iwhere p,* = Peo :

23]

o2

tha entrained ma== flow rfate id:
m, = piﬂhiﬂ“ Al

1

fram eguation (b] and [c)

mi._ F'.paaH.'t[
E_

iy

v
-
i)

S

"
piﬂa‘|1 *

g

2} Diffuser exit temperature:

"/,

and rearranging produces:

1
and U =a" "= (¥R, T, T.' =

i My [1-m)
1.2

3
{1+ 0.2M%

f} Change in entropy:

i.e. pogition 2, therefore 5; = . The change in entropy is giwen by :
45 = m, 8, = m 8

where, From eguation [B} in Appendix IA we get:

The datum enktrepy was selected to correspond with the entrained inlet,

The MAR is defined as the ratio af eankralned mage flow rate diwvided hy
the nozzle masse flow rate. The mass flow rate is given bys:
o= pt 07 A,

- [10}

.rt':l ]
1.2

--- (11)

(12}

Hultiplylng the mase eguaticn derlved in hppendix IR (egquation (&]) by

--— {13]

{14}
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and

m* Pi M, A4

[N)

the two entropy terms are:
sx = CV In
and
g4 Cv 1In
hence,
P4~4 n .
Ai = ﬁJ 5 m InlW %1].
i i
T4
Pi* In
m_* 2
1
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10.1.3.) APPENDIX IC:

DERIVATION OF RELATIONSHIP BETWEEN TOTAL PRESSURE AND
STATIC PRESSURE DIFFUSER EFFICIENCY:

define:
- (ft T *1 actual _ (IC.1)
(P* ~ ideal
or :
(1
actual
stat — (IC.2)
(1
ideal

for a diffuser without any losses:

Po3 = Po4 —  (IC.3)
Y-1
_ IC.4
b3 Y21 pa ( )
or
Y-1
] + izl
El 2 —  (IC.5)
Pi 1 +1z1
2

it follows that:

1 — %
P4actual
. — IC.
L ya VO (IC.6)
l -
1+—£-" M2
2 3
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rearranging this equation leads to:

1+iz 1 M/

. - (ic.7)
[§:| actual +17Z1 M’ TnsEe

actual total pressure loss between inlet and exit of diffuser is given
by:

Pot n0 Po3 — (IC.8)
i+Xz1l pp. V!
1 = fo3 Ei — (IC.9)
no Poi actual +m A M:
inserting this equation into equation — (7) above leads to:

+m Ay Y

+ 1
1 AfV
—  (IC.10)
no
147=~ ywa ¥
2 4
or clearly:
1+ M2 ¥
+1z1 pf!
—  (IC.1l1)
1+ M2 7
- nstat + 1
1+7-J1 M2
2 3
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List

001
00la
001b
002
003c
005
006
007
010
0il
0l6
017
019
020
020a
021
040
050
051
060
061

.2.) APPENDIX II:

of drawings:

General arrangement of rig

General arrangement of rig

Air jet vortex generator general arrangement
Bell-mouth

O-ring corner detail

Mixing section

Diffuser (frontal view)

Diffuser (side view)

Connector

Locking nut

Octagonal reservoir

Working section (vane and air jet mounting)
Spacer

Air jet vortex generator plug

Modified air jet vortex generator plug
Vane vortex generator plug

Main stand

Pitot rake assembly (plan view)

Pitot rake assembly (side view)

Acoustic booth

General layout of rig
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RAKE ASSEMBLY:

(1.1 M stainless tubing)
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Section A-A:

hypodermic tubing (brass)
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