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. SUMMARY

Spark ignition engines are a significant source of éir pollution. Emissions are
mostv severe in the period after the engine has been started from cold. This is because
fuel enrichment is needed to ensure reliable combustion in the cold cylinder. The
problem is compounded by the exhaust treatment catalyst not reaching operating
temperature until some minutes after starting. As the majority of car usage is for short
journeys, engines spend much of their time in this high emission operating regime.

One route to reducing emissions is to improve mixture preparation. This is
particularly effective after a cold start as less enrichment is required to ensure
combustion. The aim of this project has been to evaluate a Vortex' Amplifier as a route
to improving mixture preparation.

The vortex amplifier is a no moving parts fluidic control device. It regulates a
large volume supply flow by imparting swirl to it with a small volume control flow.
The control flow vortex creates a region of highly turbulent flow at the device outlet
which possesses the potential to atomise a fuel spray.

The VA has been tested experimentally. The sprays produced by the vortex
amplifier were measured by a laser diffraction technique. Numerical analysis has also
been undertaken to determine the motion of droplets within the vortex chamber and the
potential of the flow to disrupt a fuel spray.

The vortex amplifier has been found to be a highly effective atomiser. It
Produces sprays with a Sauter mean diameter approximately half the size of the best
- Current technology. However the spray impacts on the walls of any pipework
downstream of the VA due to the high tangential velocities in the flow exiting the VA.
This problem currently precludes engine use, but suggestions for improving the

Situation are contained in the recommendations for future work.



. NOMENCLATURE
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Chapter | Introduction

CHAPTER 1

Introduction

A summary of the emission problems of the Spark Ignition
Engine, and the potential for enhanced mixture preparation to

improve performance.



Chapter 1 Introduction
l. Introduction

The environmental impact of the motor vehicle has been of increasing concern
since the arrival of mass motor manufacture in the 1950s and 1960s. It has been
estimated that cars account for 10000 billion cubic metres of exhaust fumes world-wide
annually (Nieuwenhuis et al.'T p. 20). Although more than 97% of vehicle exhaust
emissions consists of non toxic substances (e.g. water, carbon dioxide, oxygen and
nitrogen), the large volume of exhaust emitted means that the remaining 2-3% can have
significant environmental impact. In view of this most governments have introduced
legislation to control vehicular emissions.

Californian legislation, passed in 1990, requires progressively higher proportions
of new cars to be Low Emission Vehicles (LEV) and Ultra Low Emission Vehicles
(ULEV) in the period 1994-2003. Additionally, from 1998, a steadily increasing
Proportion of vehicles must produce no emissions at the point of use, whieh will require,
the introduction of electric vehicles. As an indication of the stringency of these limits,
laboratories have encountered problems measuring emissions from prototype ULEVs as
they are often lower than the background pollution.

The climate of California, which promotes the occurrence of atmospheric smog,
has meant that the Californian legislation has tended to lead the world. However the
Tequirements of European legislation are now approaching those of California. The EC
introduced limits that required all new cars registered in the region after December 1992
to be equipped with three way catalytic converters. These limits were updated in 1996
“and will be again in 2000. As European legislation includes methane emissions in the
Hydrocarbon (HC) content, the European 2000 limits may be as challenging to
Manufacturers as meeting the Californian ULEV targets (Hadded et al? ). Emission

limits in the EC and California are summarised in Figure 1.

————

OCuments are referenced in this thesis in numerical order of appearance and listed in the references at the rear.
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Note:- Californian legislation has separate limits for hydrocarbons and
NOx. These are combined in this graph.
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Figure 1 Emissions Legislation in Europe and California

Emission limits are now one of the major factors influencing engine design.
Three way catalysts will only operate effectively if the engine burns a stoichiometric
mixture so their introduction meant that all cars had to be fitted with engine
management systems and electronic fuel injection. Meeting future emission limits is
likely to require the introduction of further new technology.

One of the largest challenges facing manufacturers is the expected inclusion of
the initial warm up phase, currently unmeasured, in the measurement cycle in the new
European standards for the year 2000. Results from the American test cycle FTP75
show that approximately 80% of unburned hydrocarbon emissions occur during the first
125 seconds of warm up, and only 20% occur in the remaining 2375 seconds (quoted in
Ashley3). Clearly reducing emissions during warm up is essential if engines are to meet
future limits.

Several methods for achieving this are under consideration. During warm up,
exhaust gas allcr-treatment could be improved with an electrically heated or close
coupled catalyst. More sophisticated engine management systems could reduce air-fuel
ratio excursions during engine transients. Extremely retarded ignition could produce
hot exhaust gascs to bring the catalyst to working temperature rapidly. It is likely that
some combination of measures will be required, and the performance of any such
strategy would be enhanced by improving the preparation of the air-fuel mixture.

Good mixture preparation is essential for low emission combustion. Current
fuel injectors arc low pressure (typically 2 bar) pintle designs. These produce droplets

with a Sauter mcan diameter (SMD) of 100-150um, which can be improved to around
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S0pm at part load by manifold driven air shrouding. Further improvement would seem
to require a ncw method of atomisation. However the current pintle injectors are
feasonably cheap to manufacture and are easily incorporated within an electronic engine
management system. The current project aims to evaluate the potential to improve the
atomisation of a fuel jet from this" design of injector by directing it into an extremely
turbulent air flow. This airflow will be produced by a fluidic control device known as a
Vortex Amplificr (VA). This device is being used as previous work has’ shown that it
can improve fucl consumption by reducing pumping work (Abdul-Wahab® ). If it can
also improve mixture preparation it could be used to enhance the performance of SI

engines in terms of both efficiency and emissions.

Il. Mixture Preparation.

In a spark ignition (SI) engine, fuel enters the cylinder in three forms: as a
vapour, as finc liquid droplets carried in the air-stream, and as a film of liquid from the
manifold wall. The relative amount of fuel in each form varies depending on engine
temperature, spced, and manifold vacuum, but under cold starting conditions the fuel
entrained from the manifold wall is highly significant. It is this poor mixture
distribution that necessitates the use of low air-fuel ratios to ensure combustion when
starting from cold, with the attendant problems of low economy and high emissions. In
carburetted and Single Point Injection (SPI) systems the problem is exacerbated by fuel
maldistribution to the cylinders. At cold start this cylinder to cylinder variability is
increased due to:

i) The manifold handling large quantities of liquid fuel.

ii) Low cngine speed leading to low gas velocities for mixing.

The maldistribution makes necessary a further decrease in air to fuel ratio to
prevent misfiring in the weaker cylinders. Thus after cold start, low fuel economy and
high emissions, particularly of unburned hydrocarbons, are unavoidable_ in a carburetted
engine.

The situation is better with multi-point fuel injection (MPI). The effects of fuel
maldistribution are almost eliminated, as the fuel is metered into the intake port. This
means that the degree of enrichment required to give reliable starting is lower. In

addition fuel injection gives the advantage of higher maximum power, as the pressure
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drop across the carburettor is eliminated. It also allows closed loop control of air to fuel
ratios (necessary for the use of catalytic converters), as the injector can be incorporated
into an engine management system, with feedback from an oxygen sensor in the exhaust.
However numerical simulation shows that significant amounts of fuel are still impacted
onto the inlet port walls during injection (Bland and Saunders®). Thus some degree of
mixture enrichment is still required whenever the engine is started. The emission
problems associated with this are compounded by the fact that the exhaust system takes
some time to reach the operating temperature of the catalyst.

As car usage is frequently for short journeys, the increased emissions caused by
mixture enrichment and cold catalysts contribute significantly to the total pollution
caused by automobiles. Clearly there is potential for significant emissions and economy
benefits to be obtained from improved mixture preparation, even considering only the
enhancement this would provide at start up. If fuel-air mixing is improved, there is also
the potential to utilise the resulting ability of the engine to burn leaner mixtures, to

further improve economy.

lll. Improving Mixture Preparation

llli Target droplet sizes.

Improving atomisation has the potential to reduce droplet sizes to such an extent
that no fuel is deposited on the intake port walls and all the fuel is carried along in the
air-stream. The equation of motion for an individual droplet in a flowing gas stream is

(from Heywood® ):

. 2
(%”mpfjﬁ =m,g _%(Vd ~Ve e vl Co %

where D is the droplet diameter, pf and pg are the liquid and gas densities, vg
and vg are the droplet and gas velocities, @ is the droplet acceleration, g the
acceleration due to gravity, and Cp the drag coefficient. For 6<Re<500 the drag

coefficient is a strong function of Reynolds number, Re:

C, =27Re™**

where Re = (png'vd —vg‘/ ug) .
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For 90° bends, drops of 10 pm diameter are basically carried by the air stream
(<10 % impacting); practically all droplets larger than 25 pm impact on the walls. The
target is clearly to have an injector capable of producing a spray in which all the
droplets are 10pum or less in size. Current low pressure manifold fuel injectors do not
achieve this. The range of droplet éizes produced by current fuel injectors is ill-defined
as it varies with manifold vacuum, air flow rate, and injection timing. The finest sprays
are produced by air-shrouded injéctors producing a conical spray. The atomisation
achieved is strongly dependent on the pressure difference between the intake manifold
and the atmosphere. SMDs of 50 pm are achievable under idle conditions but increase
to above 100 pum at wide open throttle. ‘This is the same as an unshrouded injector,
which is the technology currently used on most production vehicles (Lenz7 ). Injectors
without air shrouding have less variation in SMD with manifold vacuum, a slight
increase being noticeable as vacuum increases, due to the decreasing air density.

Whilst a target droplet size of 10um is desirable, any reduction in droplet sizes
will tend to improve the mixture preparation, and hence the engine performance. For
example, reducing the SMD of the spray produced by an injector from 176um to 85pum
gave a 3% improvement in fuel economy and an 8% reduction in HC emissions in

engine tests (Kashiwaya and Kosugeg).

lll.ii Devices to improve atomisation.

Many devices exist to improve mixture preparation. The aim of such devices is
either to supply heat to the intake manifold to increase the proportion of evaporated fuel,
or to increase the shearing forces on the droplets to reduce their size. Using the
turbulent flow in a VA to improve atomisation falls into the second category. Both
these strategies have drawbacks associated with them. Supplying extra heat to the
manifold decrcuses the density of the charge drawn into the cylinder. Thus the
volumetric efficiency of the engine is reduced, lowering the maximum _power.
Additionally the time taken for the fuel to evaporate introduces. a time lag during engine
transients, making control of air to fuel ratio difficult. The disadvantage of atomising

devices is that most impose a pressure drop on the intake flow, which also reduces

Volumetric efficiency.
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Several methods of decreasing spray SMD by shattering the droplets in a high
velocity air stream exist, though only the air shrouded injector has gained widespread
acceptance. Two examples of devices that aim to improve mixture preparation by

reducing droplet size are Hartmann whistle atomisers and sonic throat carburettors.

FUEL IN—

AR IN—

Figure 2 Hartmann whistle atomiser

These devices were tested and compared with conventional manifolds
(Nightingale and Tsatsami? ). In the Hartmann whistle a standing wave is set up in the
device by directing high-pressure air into a cap at the end of the nozzle. This can give
excellent atomisation, producing droplets with a characteristic size of less than 10 prri
for a supply pressure of 140 kN/m?, which is superior to more conventional air-blast
atomisers (15-30 um). However this atomisation was negated by the spray impacting
with the throttle plate, and it is not practicable to mount the Hartmann whistle
downstream of the throttle.

The sonic throat carburettor is a converging-diverging nozzle that maintains
sonic velocity at the throat over a wide range of operating conditions. Introducing the
fuel near the throat produces droplet sizes around the value of 10 pm for any rig
depression over 50 mm Hg. As the throat area can be varied to throttle the flow, there is
10 problem with droplets impacting on the throttle plate. However it was found that the
velocity of the droplets meant that, unless an extension tube was added after the sonic

throat carburettor to allow deceleration of the flow, then the spray impacted on the
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manifold wall opposite the carburettor. Under bonnet space restrictions mean that the
extension tube is impracticable.

It is clear that the energy used in throttling the air for part load operations could
atomise the spray effectively. Indeed characteristic droplet sizes produced in the flow
past a partially closed throttle plate are frequently of the order of 5 um. However the
butterfly type of throttle valve means that the mixture passes it in two high velocity
streams. The general turbulence of these streams together with their proximity to the
walls leads to the droplets being deposited. In addition their velocity makes subsequent
changes in direction difficult to accomplish without significant numbers of droplets
impacting.

In the VA the same turbulent flow, with rapid shearing between layers of fluid,
exists, but it is in a much more self contained form. It is hoped that the air flow through
the VA could atomise droplets in the same way as the flow past a butterfly valve or
through a sonic throat carburettor. However the loWer axial velocity of the airflow will
allow the mixture to navigate changes of direction downstream without droplets being

deposited on the walls.

liLiii Previous attempts to use a Vortex to improve mixture

preparation.

| In an undergraduate project at Sheffield University (Acton and Allenm), a
Vvortex inducing manifold was placed downstream of the carburettor. It was hoped that
the vortex flow in this manifold would atomise the fuel supply from the carburettor.
Engine tests showed improvement in Brake Specific Fuel Consumption (BSFC) at some
engine conditions, compared with the normally carburetted engine. The improved
mixture preparation also extended the engines lean mixture limit. The improvement in

BSFC at a Brake Mean Effective Pressure (BMEP) is shown in Figure 3.
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Engine test results from full throttle tests at 3000 rpm
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Figure 3 Results from engine tests with a vortex inducing manifold

Unfortunately this improvement could not be sustained across the engines whole
Operating range. Significant quantities of fuel were observed being centrifuged against
the wall of the manifold. Also any mixture distribution problems at the carburettor
persisted into the chamber. Even allowing for these obvious shortcomings the results
are reasonably encouraging.

The current project works on the same principle of using a \;ortex flow to
atomise a spray. It is hoped that injecting the spray directly into. the centre of the vortex
Wwill extend this improvement in mixture preparation to all engine operating conditions.

By introducing the fuel into the most turbulent part of the flow opportunity for
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atomisation is maximised, and the risk of centrifugal effects depositing the droplets on
chamber walls is minimised.

The VA has the potential to improve mixture preparation, and thus improve
BSFC and reduce emissions, particularly in the cold start regime. Also as the pressure
drop across the VA can be varied it should achieve this improvement with a minimal

loss in power output.
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Review of Vortex Amplifiers

Chapter 2 reviews the literature on characteristics and
behaviour of Vortex Amplifiers. It also summarises the factors that
indicate the Vortex Amplifier could be used to improve mixture

preparation.
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L Introduction

The Vortex Amplifier (VA) is a no-moving-part fluidic device, which controls
flow. It is designed to modulate a large volume supply flow with a smaller control flow.
This is achieved by using the conirol flow, which is at a higher pressure, to impart
tangential momentum to the supply flow as it passes through a cylindrical chamber.
The tangential momentum sets up a vortex flow within the chamber, which increases
the flow resistance, and thus reduces the flow. By varying the amount of control flow
the intensity of the vortex can be regulated. This controls the amount of flow through
the chamber.

The most common design of VA is the radial vortex amplifier. It consists of a
short cylindrical chamber with three ports: an axial outlet, a radial entrance for supply
flow and a tangential entrance for the control flow. This design is shown in Figure 4.
The axial vortex amplifier works on the same principle but has an axial supply flow
inlet. Although only one supply and control port are illustrated in Figure 4, in practice
multiple supply and control ports are used to ensure good radial distribution of the flow.

When the control flow is zero then the supply flow passes through the vortex
chamber to the outlet with a negligible pressure drop. This is termed the normal state.
When the control flow is increased a vortex flow field forms inside the chamber. This
reduces the supply flow rate. When the control flow is increased sufficiently the vortex
resistance will completely stop the supply flow. This is termed the vortex state. This is
the minimum flow through the chamber for a given supply-to ouﬂet pressure drop. Any
further increase in control flow will cause the outflow to rise again. The minimum

control flow required to reduce the supply flow to zero is called the cut-off flow.

23



Chapter 2 Review of Vortex Amplifiers

Control
Flow

Chamber
Radius
. 2
Y
Outlet
Flow
ZIrCC . Chamber Heigh

Exit diameter

Figure 4 Schematic of a Vortex Amplifier

Two ratios that are used to evaluate VA performance are:

1) The turndown ratio (TDR):

Quax _  Maximum flow rate
Qi Cutoff control flow rate

TDR =

ii) The cut-off control pressure ratio (CPR):

Peeo _ Control to outlet pressure at cut off

CPR =
Py Supply to outlet pressure

The TDR measures how much the VA can reduce the flow through the VA, and
the CPR measures the pressure required to achieve this reduction. The CPR of a vortex
amplifier will always be greater than one, as control pressure must be greater than

Supply pressure to achieve cut off.
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A typical characteristic for a vortex amplifier, normalised with respect to

maximum flow, is shown in Figure 5. This is a proportional type characteristic. The

contribution made by the supply and control flows to the total flow is shown.
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Figure 5 Proportional VA Characteristics

A different type of VA characteristic is shown in Figure 6, which is usually

referred to as bistable. It can be seen that a region of the characteristic exists where

there are three values of total outflow for each value of the control to supply pressure

ratio. Under most conditions the VA will display hysteretic behaviour, jumping from

A-B as the control flow is increased, and D-C as it is reduced. This bistability is due to

hegative resistance surge and transport delay surge, which will be explained later.
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Figure 6 Bistable Vortex Amplifier Characteristics

Although proportional amplifiers have the advantage of being able to control the
flow smoothly over a range of flow values it is possible to achieve significantly better
TDR and CPR values with bistable amplifiers.

Increasing knowledge of the factors affecting VA behaviour has allowed
designers to improve VA performance. Obviously a well designed VA aims at a high
TDR in conjunction with a low CPR. Values of TDR = 22 for CPR = 4.0'!, TDR = 20
for CPR =3.0'? and TDR = 8 for CPR = 2.0", have been achieved by Chow, Syred, and
Gebben respectively. A few years later Brombach'* generated an envelope of optimum
design. He produced this by gathering results from a wide rénge of authors, with
Various authors presenting results lying on the envelope curve for a small length of the
- envelope. After an extensive study, King15 produced a design algorithm, and used it to
Construct a VA that gave a significant improvement on this envelope. These results are

Summarised in Figure 7.
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Il. Steady State Flow Visualisation

Flow visualisation work on the VA has shown a complex three-dimensional
flow structure in the vortex state. Asqliith16 performed a series of tests on a VA, using
Water as the working fluid, by injecting ink into various parts of the flow. His
Tepresentation of the flow at the vortex state is shown in Figure 8. It contains a number
of distinct regions. At the outer edge of the VA is a mixing region of the control and
Supply flows, which depending on the geometry and pressures used in the tests
Sometimes contained precessing vortices. Along the chamber .end walls there is flow
towards the centre of the chamber in the boundary layer. Outside the boundary layer
there is a region of zero radial flow, which is often termed the 'spinning doughnut'. At
the VA exit the flow is highly complex with a core of reversed flow surrounded by a
Number of precessing vortices. ,

The reversed flow at the outlet of the VA is extremely important to
Understanding VA behaviour. The conservation of angular momentum in the vortex
flow leads to very high velocities, and thus high dynamic heads, near the centre of the

chamber. This leads to the low static pressure that sets up the reversed core.
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The reversed core causes a blockage to flow through the chamber, which leads to
the high resistance of the VA in the vortex state. In the vortex state shown in Figure 8,
the reversed core is attached to the vortex chamber roof. However at lower levels of
swirl the reverse flow will form a free stream stagnation point in the VA outlet. As the
swirl is increased this stagnation point moves towards the VA chamber roof, reducing
the outlet flow area. Thus the resistance of the VA is increased as the swirl level
increases. If the rate of this increase in resistance with increased control flow is large
enough a negative resistance region is formed. Such a region can be seen in the
bistable characteristic shown in Figure 6. The step change in VA resistance observed
when measuring bistable characteristics can be understood as the free stream stagnation
point jumping to attach to the VA chamber roof.

King'” studied air flow through a VA by taking velocity measurements with a
hot wire probe.  His velocity measurements for a VA in the vortex state are shown in
Figure 9. They are presented as contour plots of radial, tangential and axial components
of velocity.

These velocity measurements largely agreed with fhe flow structure observed by
Asquith. In particular he found a core of reversed flow at the outlet which was attached
to the vortex chamber back wall at the vortex state. He also found large velocity
fluctuations in the flow in the outlet diffuser, which indicate precessing vortices.
Although he found an area of reversed radial flow it was much smaller in extent than the
‘spinning doughnut’ observed by Asquith and was at a smaller radius in the vortex
chamber. Many researchers such as Haider'® have found no evidence of the 'spinning
doughnut!, particularly in VAs of low aspect ratio. This is assumed to be due to the
boundary layer, which contains radial flow, filling the entire height of the VA. The VA
Studied by King was a low aspect ratio device. He attributed the reversed radial flow to

the presence of the recirculating flow from the reversed flow core at the centre of the
VA,
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Figure 8 Representation of Flow Pattern within a VA (from Asquith'®)
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Chapter 2

lll. Steady Flow Characteristics

Review of Vortex Amplifiers

The VA can be viewed as a 3 terminal device (supply inlet, control inlet and

outlet). Flow is controlled by three pressure differences (supply to outlet {Pg5}, control

to outlet {P.,} and control to supply {P.s}) and three volumetric flow rates (supply

flow {Qs}, control flow {Q.} and outlet flow {Q;}). Due to the requirements of

continuity and pressure summation only two of the pressures and two of the flow rates

are independent if incompressible flow is assumed.

The steady flow characteristics of the VA are traditionally evaluated by holding

one pressure difference constant, usually Pgo, and varying the others. This produces a

family of characteristics. Sucha family, with constant P, is shown in Figure 10.
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Figure 10 Steady Flow Characteristics for a VA under a range of control to outlet pressure drops".

To perform a dimensional analysis of the VA the required variables are fluid

denSitY P, viscosity p and a characteristic length /, along with the two independenf flow

Tates and two independent pressures. Such an analysis was undertaken by Boucher and

Kitsios!? giving the four following dimensionless groups:-

F

(op.)%1  Q,

Q,

pcs = 0
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Data similar to that presented in Figure 10 was replotted, using the following
normalised variables, derived from the dimensionless groups by eliminating /, and
normalising to standard density:-

{(Ppco)%l 4 4 Psl|_g
YAV

The data plotted using the normalised groups all collapses accurately onto one
curve, as shown in Figure 11. This demonstrates independence from the first
dimensionless group, which is a form of Reynolds number. Thus only one set of
characteristics is required to characterise a VA. This agrees with the experimental data
of Wormley and Richardson® which shows that VA characteristics are relatively

insensitive to Reynolds number (Re):-

Re Q max
2 Tr

for Re>750 for tests up to Re = 3300. This independence of Reynolds number is
Perhaps slightly surprising given that the flow in the chamber is dominated by boundary
layer effects, and that losses in such flow are Reynolds number dependent. This
Supports the view that chamber losses are minor in comparison with the energy

dissipation in the swirling exit flow. Such flows are relatively insensitive to Reynolds

numberﬂ effects.
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IV. Effect of Geometry on Vortex Amplifier

Characteristics

The geometry of a VA is usually defined in terms four dimensionless ratios.

These are:-
Height Ratio (H) = Ch'f‘mber helght
exit hole radius
Radius Ratio (R) = Chflmber rad%us |
exit hole radius
Control Area Ratio = cont.rol port area
exit hole area
Supply Area Ratio = S“PI_)ly port area
exit hole area
k

Wormley and Richardson™ evaluated the effect of these ratios upon the VA
behaviour. Their conclusions are summarised in the following paragraphs

The supply area ratio has a negligible effect on amphﬁer characteristics
Providing it is greater than three in value. As the supply port acts as a resistance
between the supply pressure and the chamber it has no effect at cut-off flow. If the

SUpply area ratio is reduced below three, the effect of the supply port resistance becomes
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significant and reduces the supply flow rate, thus limiting the maximum flow rate
through the VA. This clearly reduces TDR.

Control area ratio has a strong influence on the VA characteristic. To
understand this consider flow through a VA at a constant supply-to-outlet pressure drop.
A decrease in control area ratio causes a given control flow to reduce the total flow by a
larger amount. This is because for a given control flow a smaller control port area gives
a control jet of higher velocity, creating a stronger vortex. The cost is an increase in the
control pressure required” for a given control flow. Thus, as control area ratio is
decreased, both TDR and CPR increase. However, for values of contrbl area ratio less
than 0.1, values of TDR become relatively insensitive to the control port area, and may
even decrease slightly due to mixing losses.

The radius ratio also exerts a strong influence on the VA characteristic and
determines whether its behaviour is proportional or bistable. A VA with a large radius
ratio exhibits proportional behaviour. Usually the minimum radius ratio for this to be
the case is 14. With decreasing radius ratio, the TDR of the VA increases but at the cost
of a larger bistable region in the flow characteristic. This is because in a VA of large
radius ratio the chamber end walls have a larger area. The frictional losses in the VA
chamber increase, thus damping out the instability effects that lead to bistable
behaviour.

As the height ratio is reduced below 2 the chamber turn down ratio increases.
This is because the resistance of the chamber to pure control flow increases, reducing
the cut off control/ flow. However decreasing the height ratio tends to increase levels of

_ iIlternally generated noise. Thus the héight ratio chosen for a VA will be a trade off
between the demands of high TDR and low noise operation. It should be noted that the
height should not be reduced to the point where the curtain area around the exit is

Smaller than the exit hole area. This would mean the exit would not be the prirnary
Testriction on outflow. The exit hole curtain area is 2nreh, the exit hole area is nre2, and

S0 the height ratio must be greater than 0.5.

King15 describes four other factors that also influence the VA behaviour. These
are:

. the length of the parallel section in the outlet throat
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. the blending radius between the VA chamber and exit throat

o the area ratio of the outlet diffuser .

. the geometry of the VA backwall opposite the VA exit.

A parallel section ih the outlet throat increases both the supply and control flow
resistance and hence decreases both TDR and CPR. A blending radius reduces the
supply flow resistance which increases TDR. However if too large a radius is used the
control flow resistance will be affected which reduces this benefit. Manufacturing the
VA to include a pip on the backwall of the vortex chamber opposite the outlet has been
found to improve performance if the control area ratio is small. All these factors and the
four main VA geometric ratios can be optimised for either high TDR, low CPR or low

noise by following the design algorithm set out by King.

V. Vortex Amplifier Instability.

Steady flow in the vortex amplifier has often been observed to be very unstable,
which has led to difficulties in obtaining complete steady flow characteristics. Tippets®
identified three causes of instability in VAs. These are:- | |

i) Flow field instability.

i) Negative resistance surge.

iii) Transport delay surge.
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Figure 12 Negative Resistance Surge

Flow field instability in a vortex chamber is due to the oscillating flow structures
in the VA such as precessing vortices and vortex breakdown in the exit pipe. The
amount of flow instability caused by these effects is small except in the unlikely event
that the oscillation occurs at a resonant frequency of the system. _

Negative resistance surge is similar to the surge commonly encountered in fans
Or pumping systems. It is not a property of the VA but of the interaction of the VA and
the system in which it is contained. Most VA characteristics have a negative resistance
Tegion where the flow increases as the supply pressure decreases. Consider the flow at
3 point X in Figure 12. This figure shows a family of supply flow characteristics

Intersecting the load line of a regulating valve. Each characteristic is at constant P,
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As the control pressure drop increases it throttles the supply flow, increasing the
pressure in the supply manifold. Point X lies in the negative resistance region of one of
the constant P, characteristics.

In a positive resistance region, such as at point B, a fluctuation causing an
increase in supply manifold pressure decreases the flow through the regulating valve
and increases the supply flow through the VA. This tends to restore the pressure to its
original value. In the negative resistance region at point X, flow is obviously unstable
as a slight increase in the supply pressure causes flow through the valve to be greater
than that through the supply port. This causes further increase in thev supply pressure
until point A on the graph is reached, where the control flow characteristic has positive
resistance. Flow will then oscillate between points A and B on the regulating' valve load
line. It can be seen that this instability is strongly dependent upon the interaction with
other components in the system as a different valve characteristic would change the
conditions where the instability occurred.

Transport delay surge is caused by a mismatch between the rate at which supply
and control flows change. For instance, in the series of events depicted in Figure 13,
control flow is increased, thus increasing the strength of the vortex in the VA chamber.
The inertia of the supply flow means that it does not instantly adjust to the new value
and so a surge of supply flow arrives in the chamber, in this case causing negative
Control flow. This in turn causes the control flow to surge as the supply flow drops,

I'epeating the process.
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= I 2
O ) O

Outlet Plugged by
Vortex Forms Vortex. Negative Control
Flow

Supply Flow

Supply Flow Lags due to
inertia

Figure 13 Transport Delay Surge

Both transport delay surge and negative resistance surge are caused by
interaction between the VA and the circuit in which it is being used. Both can be
prevented around an operating point by making appropriate modifications to the circuit.
To prevent transport delay surge, which is the most serious instability there aré two
Strategies:- ;

i) inertial balancing. Extra control pipe is added to reduce the flow mismatch.
The amount of pipe is usually found by cut-and-try methods. Too much pipe
reintroduces the surge at a higher frequency.

ii) capacitive decoupling. A large air volume is attached to the supply port.

Although these strategies can give stable VA behaviour around an operating

point, it is usually not possible to render a normally bistable VA stable across its entire

Operating range.

VI. VA Modelling.

Wormley® describes a steady state model for a VA. He considered the charr;ber
flow field as three separate regions:- an inlet mixing region, a main chamber region and
an exit region. He developed both an inviscid and a viscous model. Viscous behaviour
is simulated by a boundary layer coefficient. The geometrical effects predicted by his

model are much the same as those observed experimentally.
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Much work (Kitsios“, Mozs) has been done at Sheffield University in

developing a lumped parameter dynamic model for predicting the small signal response
of a VA. This work models the VA circuit using transition line modelling in which all
the losses in pipes are modelled as lumped resistance and the dynamic response is
modelled as lumped capacitance and inertia.

Kitsios followed Anderson's®® approach. He modelled the VAs response as a

combination of two time delays. The first was a pure time delay, Tq, representing the

transport of the new conditions to the chamber exit. The second was a first order lag,
Ty, arising from driving the spinning doughnut inertia to a new state. Therefore the

transfer function of the chamber was:-

e—sTl

G(s) = K, 1—_{_—;;1;-2—
Mo used a vortex chamber of very low aspect ratio and found no evidence of a
spinning doughnut. He used only a pure time delay to model the chamber.
A complete solution to the flow field within a VA using a CFD technique is very
difficult to achieve. This is because the flow in the exit region contains highly curved
Streamlines and very rapid shear. These conditions violate the assumptions that are

hormally made to achieve closure of the equations for turbulent flow.
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VIl. Practical Applications of Vortex Amplifiers

The VA has been used as a flow controller in applications where the inherent
reliability of its no moving parts construction is perceived as an advantage. This is
particularly the case in the nuclear industry. As a result VAs have been incorporated in
the ventilation systems of nuclear plants. One example of its application has been the
pressure regulation of glove boxes (Grant”’, Balakrishnan®®). Other applications for the
VA include pipeline protection”, maintaining constant outflow from a reservoir as the
level of water varies', and applying a coating to a round bar®. There has also been an

effort to improve engine volumetric efficiency by using a VA for intake manifold

tuning®!,
A
P
B ENVC
e
- >V

Figure 14 Cycle for combined early inlet valve closing and VA throttling.

A previous study (Abdul-Wahab*) evaluated the potential of the VA for
“Ontrolling the rate of air intake of a spark ignition engine. The primary benefits that
Were expected were:- |

1) A more linear response than with a conventional throttle valve

ii) Reduction of pumping losses in the engine

1ii) Improved mixture preparation due to the turbulent exit flow from the VA
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The study focused on the reduction of pumping losses. By using individual
VAs as intake port throttles it is possible to allow the intake flow to each cylinder to be
controlled separately. This means that at part load conditions the intake manifold can
remain at almost atmospheric pressure and the required vacuum in the cylinder could be
achieved by pressure drop across the ‘VA. The pressure upstream of the intake port can
therefore recover between periods of induction. At inlet valve opening’ (IVO) the
cylinder will confront a very small vacuum. Thus the cylinder pressure can decrease
progressively during induction. This would reduce pumping losses and minimise
exhaust back flow during valve overlap.

This concept was difficult to implement in practice. It was found that it was
difficult to achieve the required inlet valve closing (IVC) vacuum for idling conditions.
At a typical idling speed of 800 rpm the required cylinder pressure at IVC is around 0.7
bar of vacuum. The VA could not achieve this since suction decreased when the
cylinder piston slowed as it approached bottom dead centre. This reduced the intensity
of the vortex and thus allowed pressure recovery in the cylinder.

One way to overcome this is to combine the VA with an early inlet valve closing
(EIVC) system which could close the cylinder before the piston slowed. Operating in
tandem the two systems could provide mutual benefits. The throttling provided by the
VA would allow the valve closing to take place later in the cycle than would otherwise
be necessary. As considerable charge cooling takes place during éxpansion if the inlet
valve is closed early this would increase the charge temperature at ignition. The use of
. EIVC would allow less ri gid design constraints to be placed on the VA meaning that it
Could be designed for a good dynamic range. A proposed part load indicator diagram is
shown in Figure 14, with the potential pumping savings illustrated.

In the current project it is intended to test the potential of the VA to improve
Mixture preparation. It is hoped that if a significant improvement in mixture prepération
¢an be demonstrated it will combine with the potential pumping work 'savings to
Provide the possibility of significant improvements in engine economy and emissions.
It has already been shown in Chapter 1 that a highly turbulent flow can produce very
fine sprays. The VAs ability to dissipate flow energy is due to the high turbulence of
the vortex flow field. It also appears that the turbulence is highly concentrated in the
VA throat. King'” estimated that nearly 90% of the pressure drop in the VA at the

4 UNVERSITY OF
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vortex state occurs in the throat and diffuser. Fuel injected into this highly turbulent

region can reasonably be expected to be atomised into a very fine spray.
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CHAPTER 3

Measuring droplet sizes

An overview of spray measurement techniques is presented,
and the operation of the Malvern patrticle sizer to be used in this

project is explained.



Chapter 3 Measuring Droplet Sizes
l. Spray Characteristics and methods of measurement.

The usually accepted definition of a spray is a mechanically produced dispersion
of droplets with sufficient momentum to penetrate the surrounding gaseous medium.
This implies a large enough mass median diameter to give the spray reasonable
momentum. Generally this diameter is greater than 5-10um; droplet dispersions with
diameters smaller than these are referred to as aerosols.

Atomisation of sprays is important in many industries, and so experimental
studies of sprays have been carried out by many researchers. These usﬁally concentrate
on characterising a particular atomiser, and the most important atomiser characteristic is
the droplet size distribution. There are several ways of presenting size distributions, for
€xample, Number or Volume distribution, Spatially or Temporally averaged
distributions, Overall distributions (for all the droplets in a spray) or Point distributions
(for a given position in the spray). |

In studies where the evaporation or combustion of a spray is of interest the
results are most useful as a volume distribution. This is because a very large number of
Small droplets can contain a very small proportion of the liquid in the spray. This

‘causes number distributions to be skewed to the smaller droplet sizes, even though the
bulk of the spray may be contained in relatively few large droplets. As large droplets
Will burn or evaporate slowly they are most significant in determining the performance
of the atomiser. The volume distribution of a spray can be expressed as a Probability

4 Density Function v(D) of droplet diameters at the measurement position.

Limit

AD —s 0 | Vol of Droplets between D - % and D+ —%Il
v(D) =

Voo AD.V

AA—>0

Where V is the volume of all the droplets, D the droplet diameter, and AA is the

elementa_l area through which the spray passes.

Another useful parameter for the comparison of sprays is the Sauter Mean

Diameter of the spray. This is defined as:

Do

SMD =D,, = { fD’n(D)dD / fD’n(D)dD}
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Where n(D) is the number distribution of the spray and D,, and D, are the

maximum and minimum diameters. The SMD is the diameter of the droplets in a
hypothetical mono sized spray having the same volume and surface area as the real
spray.

The number distribution, volume distribution and SMD can all be accurately
estimated from experimental data if sufficient numbers of droplets are counted. The
accuracy of the SMD is the most sensitive of these characteristics to the number of
droplets counted, as it is of the highest order. ,

Figure 15 shows the accuracy with which the SMD can be calculated with 95%

. . 2
confidence limits>2.

100

95% Confidence Level Accuracy
%
=

100 1000 10000 100000
No of Drops Counted

Figure 15 Accuracy of D32 Measurement32

Many different methods for measuring the droplets in a spray have been
) developed. They can be divided into intrusive and non-intrusive techniques. Intrusive

techniques generally involve sampling the spray. As they require the insertion of a solid
Probe into the spray they interfere with the spray prior to measurement. This means
they tend to be used only when non-intrusive techniques are impractical. This can be
due to either difficulty in gaining access, or high spray density.

Non-intrusive techniques require optical access to the spray. They are
Subdivided into imaging and optical techniques. A brief summary ofthe range of

Options available with some key references are presented in Figure 16.
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Imaging Techniques

Photography Spark Light Source Dombrowski>, Yule™
Laser Light Source Jones™, Tishkoff™

Telocity and Diameter Double Exposure McCreath®’

Photography Streak Araki™

| Video Camera Image Semi Automated Markham™

Recording Analysis
Automated Analysis Simmons™"

Holography Manual Analysis Thompson™
Automated Analysis Bexon™*

mcal Techniques

Single Particle Counting Single Beam Durst™

Methods LDA (Diameter and | Yule', Farmer "
Velocity)

| Light Scattering Laser Diffraction Swithenbank™

Figure 16 Summary of non-intrusive particle sizing techniques

Instruments to implement several particle sizing techniques are commercially
available. |
The measurement technique chosen for this project is Laser Diffraction. This
_ Can be implemented by a Malvern 2600 particle sizer. As it is an optical technique it
does not disturb the spray, it allows measurements within a wide size range and
utomatically produces spray distribution and SMD data. Of all the available
techniques it allows the most rapid measurement of sprays, and has shown close
Agreement with more time consuming imaging techniques'’. These factors make it
Suitable for the characterisation of fuel injection sprays and the i.nstrumen;c has been

Successfully used by other researchers studying low pressure pintle inj ectors™*.

1. The Malvern Particle sizer.

When parallel, monochromatic light passes around a small object it creates a

Pattern of interference fringes. If the shape of the object is known, as in the case of a
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spherical droplet, the fringes will produce a characteristic light intensity distribution,

dependent on the particle size. When this pattern is focused, the light energy

distribution (E) at the focal plane from monodisperse spherical particles varies as™:
Y2
E= 2,°(x) , where x = 2nas
X

Where a is the particle radius, A the radiation wavelength, f the focal length of
the lens, s the radius of the light pattern at the focal plane and J, is the first order Bessel
function. This equation describes an infinite number of maxima and zero minima. The
patterns produced by two different sizes of droplets, with A=632.8nm and £=3 00mm, are

shown in Figure 17.

0.45

04 I
0.35 |

03]

02/}

Light Energy (J)

015 |}

01

Radius (mm)

Figure 17 Light energy distributions produced by monodisperse sprays

The Malvern particle sizer uses this effect to measure the sizes of droplets in a

Spray. A schematic diagram of a Malvern particle sizer is shown in Figure 18.
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Detector

Beam Expander Lenses \
\ /

=

N
He- Ne Laser / Detector Electronics
Laser Beam
E l.
= =
— Computer

Printer

Figure 18 Malvern Particle Sizer

The laser beam is expanded into a collimated, monochromatic beam 9mm in
diameter. Any droplets in this beam will scatter light. The peak in the light intensity
distribution of the interference fringes depends upon the size of the barticle scattering
the light, Large droplets scatter most light at low angles and smaller droplets at higher
angles. The lens in front of the detector focuses the beam. The detector element is

Composed of 31 semi-circular photo diodes, the general arrangement of which is shown
in Figure 19.

(A

Figure 19 Detector Element Geometry

The undeflected light is focused onto the centre of the detector element, where a

Small aperture takes it out of the optical system. The volume concentration of the
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sample is estimated by measuring the laser energy passing out through the aperture.
The lens is a fourier transform lens so that all the light scattered at a particular angle is
focused at the same radius. This means the pattern of light detected is not affected by
the position within the laser beam of the droplet which scatters it. As the transformation
is optical and thus extremely fast, no practically encountered droplet velocities will be
high enough to affect the Malvern particle sizer reading.

The light distribution measured by the detector is analysed by the computer to
find the volume distribution of the spray. As many droplets are present in the beam the
scattered light measured at the detector is the sum of all the indiyidual scattering
patterns. The detector provides an electronic output signal proportional to the light
energy measured at each of the 31 rings. The computer performs a sweep of the
detector rings to find the value of the output signals. This sampling process is
extremely rapid, taking approximately 10us. The software can then calculate the spray
volume distribution that would give rise to the observed scattering pattern. The analysis
can be constrained to produce a particular form of result, for instance a Rosin-Rammler
distribution, but it is usual to perform model independent analysis. This allows
resolution of complex distributions, which is important if the measured spray has more
than one maxima in its volume distribution. The analysis software contains a table that
characterises how a unit volume of material of a given size scatters light. Using this
theoretical data the computer estimates the volume distribution that gave rise to the
Measured light scattering using a process of constrained least squares fitting.

The range of droplet sizes that can be measured by the Malvern particle sizer
depends upon the focal length of the lens that focuses light on the detecfor. Three
different choices of range lens are available: 63mm, 100mm and 300mm, and they can

Mmeasure the size ranges shown in Figure 20.

300mm 53 564 ]
100mm | [to 1887
63mm “| T2 T18]
1 1:0 1 (:)0 1000
Size (Microns)

Figure 20 Size ranges measured by different lenses
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The spray produced by the pintle injector lies in or below the range measured by
the 300mm range lens. The analysis of the scattered light data contains a compensation
for undersize particles. As long as there are not many particles below 5.8um in size, this

will mean the 300mm lens is the most appropriate.

lll. Experimental Technique.

lll.i Choice of fuel

The fuel used in the tests was n-heptane. This has been used successfully by
previous researchers with a Malvern particle sizer %, A gasoline spray is unsuitable for
Spray measurements. This is because it is difficult to conduct repeatable tests with a
mixture such as gasoline, as the proportions of the components change during storage.
In addition to this the accuracy of the Malvern particle sizer is adversely affected by the
presence of volatile components in the gasoline. The evaporation of the spray creates
density gradients along the path of the laser beam. These cause refraction and produce
low angle scattering of the light similar to that observed from large droplets. This
problem is referred to as ‘beam steering’. Use of n-heptane largely eliminates this
Problem as it has a low saturation pressﬁre at room temperature.

The properties of n-heptane are compared with a typical four star gasoline in
Figure 21. Atomisation is mainly controlled by the density, viscosity and surface
tension of the liquid. They are sufficiently similar to suppose that results from tests
With n-heptane will be similar to those from gasoline sprays. It should be noted
gasoline and n-heptane sprays have been observed to behave very differently®®. This
Was during injection into a high manifold vacuum with low air-flow, and the difference
between the two fuels was attributed to flash boiling of the gasoline when it encountered
the manifold vacuum. As the current rig discharges to atmospheric pressure it is

Cxpected that this will not be a problem.
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PROPERTY n-HEPTANE GASOLINE
Density (kg/m?3) 684 740-760
Boiling Point (°C) 98.1 -

Tnitial B.P. (°C) - 2838
Viscosity (mPa.s) @
15.6°C N 0.45
20°C 0409 .
25°C 0.386 -
30°C 0364 -
37.8°C . 0.38
Surface Tensions (Nm) | 0.02 ~0.02

Figure 21 Properties of Gasoline and n-Heptané

The spray is introduced into the body of the VA by a pintle injector, and the
‘Malvern particle sizer measures the droplets produced downstream of the VA exit. The
spray is contained downstream of the VA as n-heptane is an irritant, and additionally it
is desirable to avoid droplet deposition on the lenses of the Malvern particle sizer. To
allow optical access to the spray, viewing windows can be fitted to all the various

outlets that can be attached downstream of the VA.

lllii  Preventing lens cut off

Clearly there is a maximum angle of scattered light that the detector lens will
focus onto the detector rings. The lens must be close enough to the sample so that all
the light scattered at this angle falls within the lens aperture. If the'sa.mple is too far
away some of the light scattered at the maximum angle will not be collected. This is
illustrated in Figure 22 where the maximum scattering angle to be collected is ‘a’. The
distance within which the sample must lie is referred to as the lens cut off distance, and

for the £=300mm lens this is 400mm.

51



Chapter 3 Measuring Droplet Sizes
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Figure 22 Lens Cut Off

As well as ensuring that the sample lies within 400mm of the lens it is also
necessary to take care when designing the windows giving optical access. These must
be large enough to allow the light scattered at the maximum angle to pass through
them. The lens has an aperture of 50mm, which implies that the highest scattering angle
measured is 3.005°. As the maximum distance of the viewing window from the sample

is 140mm, the window must be at least 23.8mm in height.

“lLili Measuring the spray

The Malvern detector will obviously be affected by ambient lighting and any ‘dirt
Or spray within the beam or deposited on the lenses and vieWing windows. It is
therefore necessary to measure this background signal before performing any spray
measurement. The Malvern particle sizer software then automatically subtracts the
background signal from the measured values. When the background signal becomes

large due to droplet deposition on the viewing windows they can be removed for

Cleaning,

52



Chapter 3 Measuring Droplet Sizes

As the spray from the injector is a short pulse it is necessary for the computer
sweep of the detector rings to be timed relative to the injection pulse. This is possible as
the sweep can be triggered externally. Using a single sweep could lead to a lack of
statistical significance in the results. This is avoided by repeating the measurement and
averaging the results from a number of sweeps. A number of tests were conducted to
determine an acceptable number of sweeps to give repeatable results. The data from one

such experiment is presented in Figure 23.

170

160 | ¢ & ¢ ¢ Y .
IS oS %, .
o
5 140 le . ¢ ¢ ¢ Measured SMD
E 130 Q‘M‘\‘ Iv" Average
s |l & % 0
Z 120 o% - * &7 o

¢ ¢ 4
110 . 'S
100 4

0 10 20 30 40 50

No of sweeps

Figure 23 Results from Malvern particle sizer spray measurement (Control Flow through the VA = 200
li/min, time after injection = 14ms)

The data from these tests seem to indicate that the SMD reaches' an acceptably
stable value after about twenty sweeps. Williams*® recommends 50 to 100 sweeps,
though notes that less can be acceptable. Even when the droplet sizes in the spray are
large the laser beam will contain several hundred droplets during any one sweep. Many
thousand droplets will be measured with twenty sweeps. With reference to Figure 15 it
can be seen that the SMD value should be reasonably free from counting error with this
sample size. To allow more experiments to be performed it was decided to use twenty
Sweeps for all measurements, whilst bearing in mind that this .could not ‘guarantee
complete confidence in the characterisation of the spray. Further data was gathered for

any results that seemed anomalous.

lll.iv Possible sources of error

Although the Malvern particle sizer allows data to be gathered quickly and

€asily, it is a non imaging technique and so the results produced must be treated with a
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certain amount of caution. Two factors that might conceivably lead to inaccuracy in the
results are beam steering and window wetting.

The procedure of measuring the background light scattering prior to every
measurement should to a large extent prevent errors due to droplet deposition on the
windows. However it would be possible for droplets in advance of the main body of the
spray to be deposited on the windows between the fuel injection and the time of
measurement. These would then scatter light from the windows and thus affect the
results. To minimise this possibility the optical windows were placed some distance
from the measurement zone. This strategy appears to have been successful. The
increase in the background scatter between two consecutive measurements due to
droplets accumulating on the viewing windows was very small.

The mechanism of beam steering by refractive index gradients in the path of the
laser beam has already been mentioned in section I. The use of n-heptane as the test
fuel should almost completely eliminate this problem. However if good atomisation
were achieved the large surface area of very fine sprays will mean that significant
evaporation could occur. This would cause refraction of the laser beam. Undeflected
parallel light could be refracted through a range of small angles, meaning that it is
focused on the innermost rings of the detector. Scattered light data that was collected
during this research program for measurements with and without beam steering is
shown in Figure 24. The additional light focused on the innermost rings can clearly be

seen in the left hand chart.

216 216

Light Energy
Light Energy

Ring Number
Figure 24 Scattered light data with and without beam steering

This is interpreted by the analysis software as scattered light from large droplets,

and distorts the calculated drop size distribution.
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Light that has been deflected by droplets can also be steered. However as
evaporation is only expected to occur with very fine sprays this will not significantly
affect the measurement. There is a logarithmic relationship between drop size and the
diffraction angle. This means that for small droplets the beam steering effect is small
compared to the diffraction angle.

Another possible problem is that the area of the spray through which the laser
beam passes may be unrepresentative of the bulk of the spray. To avoid this the laser
beam passes through the axis of the flow out of the VA. As the airflow is axially
symmetrical, it is hoped that this means that the laser beam will sample a representative
cross section of the spray.

The possibility of these errors occurring make it necessary to validate results
obtained with the Malvern particle sizer. The simplest way to do this is by
photographing the spray. This allows the size of the largest droplets in the spray to be
estimated, and the distribution of the spray to be observed. This data can be used to
ascertain whether the Malvern particle sizer is measuring a representative spray sample,
and whether beam steering is occurring. The photographs were taken using a
conventional 35mm camera with an extension tube. The lighting was provided by a
normal camera flash.

As the flash time was approximately 200pus, the definition of many of the
Photographs was not particularly sharp due to the high speed of the droplets. However
to determine the presence of beam steering it is only necessary to see if the scales of the
largest droplets in the spray are of the same order as those in the largest size class. If
these large droplets are indicated by the Malvern particle sizer measurements, but are
hot present in the photographs, then evaporation of the droplets is causing refraction of
the beam. This problem can be alleviated to some extent by ignoring the data from the
innermost rings in the analysis. Clearly this can only be justified if the largest droplets
in the spray are sufficiently small for this not to affect the mez'isurement.

As long as these precautions are observed then the Malvern particle sizer will |
allow rapid measurement of the spray under a wide range of flow conditions. This

Mmakes it the ideal instrument for evaluating the VA atomising potential.
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Designing and Evaluating a Vortex Amplifier

To test the effect of Vortex Amplifier geometry on fuel spray
atomisation, a Vortex Amplifier with variable geometry was
designed and tested. The fuel spray was measured with a Malvern

particle sizer and observed photographically.
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. Introduction

FIn determining the effect of a Vortex Amplifier on fuel spray atomisation, it was
clearly desirable to investigate how variations in VA geometry can influence spray
behaviour. Rather than construct a range of VAs it was decided to design a single VA,
for which the main geometrical parameters influencing performance could be varied.
This chapter describes the design of this ‘Variable Geometry Vortex Amplifier’
(VGVA) and presents the results of the tests conducted on it. The first tests determined
the steady state characteristics for the range of different VA geometries. It was thought
to be important to conduct these tests for a number of reasons. Firstly, several changes
had been made to the conventional VA layout to facilitate varying the height and radius
(for example two control ports as opposed to the more usual four). The steady state
results would check that this did not cause the VGVA to exhibit uncharacteristic
behaviour. Secondly, it was hoped that the steady state data would provide insight into
the various flow phenomena inside the VA. To test the VA atémising potential a fuel
jet was injected into a range of airflow conditions within the body of the VA. The VA
geometry was varied throughout the range available with the VGVA. Photographs were

taken of the spray and quantitative results were obtained with a Malvern particle sizer.

Il. Design of a variable geometry VA

Although there is a considerable body of literature on designing VAs to achieve
a desired steady state performance or stability, this is believed to be the first attempt to
utilise the VA as an atomiser. As it is uncertain what effect the geometry of the VA will
have upon atomisation, the most thorough approach is to test several different VAs as
atomisers. To enable this, a variable geometry VA was designed.

As discussed in the review of literature on Vortex Amplifiers (Cliapter 2,
Section IV), there are four principal geometric ratios that control the flow through a VA.
The geometry of a VA is illustrated in Figure 4, page 24. Achieving a wide range of
VA configurations requires the design of a VA where these ratios can be altered.

The outlet radius is the denominator in all four ratios so it was decided to
Construct the VGV A with a constant outlet radius. This means that all four ratios can be

Varied independently by varying the radius, height, supply area and control area of the
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VA. The valuc of the outlet radius determines the pressure drop across the VA with
pure supply flow. Abdul-Wahab* determined that an outlet radius of 10 mm gives an
acceptable pressure drop across the VA (assuming engine speed: 2500rpm, cylinder
capacity: 0.5 litre). The eventual aim is to combine throttling and mixture preparation
benefits from the VGVA so it was decided to adopt this throat size. This makes the
work on these two topics more easily comparable.

The height area ratio has little effect on the performance of the VA, but can be
expected to be significant in atomisation. As the fuel is to be sprajed in from a point on
the chamber roof, the chamber height determines the length of fuel jet resident in the
chamber. Varying the height of the VA can be achieved through interchangeable
control blocks of diffcrent heights. However as the control port area is the product of
the chamber height and control port width, the different blocks must have different
control port widths. This allows the chamber height to be varied independently of the
control port arca. '

The radius ratio will also be significant as if affects flow features such as the
'spinning doughnut' and the precessing vortices in the outlet. The radius of the VA
chamber is defined by the radius at which the tangential flow is introduced by the
control blocks and can be varied in the VGVA by moving the control blocks. This
enables the radius of the VGVA to be varied between 30mm and 70mm.

The VGVA has not been designed to vary the supply or control area ratios. The
Supply area ratio will vary depending on the position of the control blocks. However
this should have negligible effect on the VA performance as the value of the supply area
Iatio is above 3 for all the VA geometries. The control area ratio is extremely important
in determining the stcady state performance, but has less effect on the actual flow
Structure at the VA outlet than the radius ratio. Considering this, it was deéided to keep
the contro] area ratio constant. |

- The variable geometry VA that was designed can b‘e seen in Figure 25. The

Values of the variable parameters are shown below.

Height Ratio 1,20r4
Radius Ratio 3,45,6or7
Control Area ratio 0.25
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Figure 25 Geometry of variable vortex amplifier
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The control area ratio of 0.25 was chosen based on the results obtained by
Abdul-Wahab4. It is close to the optimum value he found when using his vortex
amplifier manifold system, for throttling the air flow into an engine.

In order to allow optical access for photographs within the VGVA it was mainly
constructed from perspex. The exception to this is the control blocks, which due to their

intricacy were made by spark erosion from blocks of aluminium.

lll. Measuring the steady state characteristics of the
VGVA

The VGVA was installed in a test rig. A compressor was used to blow air
through the VGVA, and the flow to the supply and control flow inlets could be
controlled indcpendently using throttles. The rig was instrumented to allow the steady
state characteristics of the various VA configurations to be measured. Due to continuity
Considerations only two of the three flow rates (i.e. Qr, Qc, and Qs) have to be
determined. Similarly only two of the three pressures (Pco, Pso and Pcg) need to be
measured.

The test rig was instrumented to measure Qq and Qg.. Downstream of the
throttles, rotameters measured the supply and control flow rates. The rotameter for
Supply flow has a rangc of 190-2000 li/min; that for control ﬂc;w, 50-450 li/min.

The pressure drops that were recorded were Pog and Pog. Downstream of the
Control flow rotameter, a pressure transducer measured the gauge pressure. If the
VGVA outlet was to atmosphere, then this transducer reading was Pqo. If an outlet
Plenum was attached then a digital manometer could be used to measure the pressure
drop from the plenum to atmosphere, the difference between the transducer reading and
this pressure drop being Poo. It should be noted that, due to the largel size of the
transdﬁcer relative to the control block entrance, the transduger is posi"tioned upstream
of the control block. This means that some of the measured pressure drop occurs in the
Piping, The control to supply pressure drop (Pcg) was measured by a water manometer.
The tapping point for the manometer was upstream of the supply inlet and so includes
the pressure drop in the supply plenum.

The remaining flowrate (outlet or total flow) and pressure drop (supply to outlet)

Tequired to define the VA state can be calculated from these readings.
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Figure 26 Test rig for flow measurement

61



Chapter 4 Designing and Evaluating A Vortex Amplifier

The test rig is illustrated in Figure 26.

Steady flow readings were taken for each of the fifteen possible geometries that -
can be obtained from the VGVA. Readings were taken under supply flow only, control
flow only and mixed flow conditions. These readings were then used to plot the steady

flow characteristics of the different geometries of the VGVA.

IV. Results of steady flow tests

Results measured from the test rig were entered directly onto a Microsoft Excel
worksheet as this allowed easy manipulation of the data. The results for the largest and
smallest VA diameter are presented in Figure 27 and Figure 28 respectively. Each data
set represents the measurements taken at one particular height of the vortex chamber.
The results for the other VA radii lie within the range bounded by the points plotted on
these two graphs.
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Figure 27 Steady flow data for VGVA with radius set at 70mm.
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The graphs are plotted with the dimensionless ratios introduced in Chapter 2.
In the plots of pressure ratio against non dimensional supply flow, the y-axis is the pure
control flow state. The proportidn of supply flow increases with movement to the right.

The second graphs show the non dimensional supply and control flow rates.

V. Discussion

Typical VA characteristics are depicted in Chapter 2, Figure 5 and Figure 6.
There is very little turndown in maximum pressure until the control pressure is equal to
supply pressure (Pcs/Pco =0). There is then a rapid reduction in outflow as the vortex
forms, then a region of less rapid change as the losses due to the high tangential
velocities decrcase the effect of increasing tangential flow. The characteristics can be of
a proportional or bistable form. Measured characteristics often contain discontinuities
and jumps.

It can be seen that the results from the VGVA follow this general form well.
The characteristic when the height is 40mm is always proportional. All the
characteristics from the 30mm radius VA are proportional. The 70mm radius VA
Produces a bistable characteristic for the two lower VA heights.

Bistable characteristics are produced due to the behaviour of the stagnation point
that is located at the outlet of the VA. This stagnation point exists due to the region of
nhegative axial velocity which forms at the centre of the vortex. The step change in the
bistable characteristic occurs when this moves suddenly to the backwall of the vortex
Chamber. This reversed flow zone blocks the VA exit and causes a rapid increase in VA
Tesistance. A proportional characteristic is produced when viscous losses in the body of
the VA chamber are significant in the VA resistance. _

Many rcsearchers have found that VA characteristics are independent of
Cchamber height. The height dependence shown by the VGVA is probably due to the
8eometry of the control port in the 40 mm high control block. In order to maintain a
Constant control to outlet area ratio in the VA at all heights, the control port in the 40
Mm high control block was very narrow. The narrow control port width leads to much
higher peak vclocities in the control jet, and increases the mixing losses as the jet enters
the Vonex chamber. This imposes a large pressure drop on the control flow, resulting in

the much larger Pco/Pgq values observed in the H = 40mm plot. Further evidence of the
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effect of the control port geometry can be seen from careful study of the H = 20mm and
H = 10mm characteristics. Turndown starts earlier with the 20 mm chamber height as
the narrower control port introduces the control flow at a slightly higher average radius,
and thus with more angular momentum. However losses, which are caused by the
higher velocities in the narrower control port, mean that the 10 mm high chamber
achieves cut-off at a slightly lower control pressure.

The proportional characteristic obtained for flow through the 30 mm radius VA
implies high viscous losses in the chamber. This is surprising as the 30 mm radius VA
clearly has the smallest area of chamber end wall. This means the viscous losses are
probably due to high losscs in the inlet mixing region between the supply and control
flows. Due to the small radius of the VA there is very little room for this mixing region.
This means flow from the control jets is likely to spill into the suppiy plenum, causing
high viscous losscs. This hypothesis was tested by performing a simple flow
Visualisation exercise by placing cotton tufts in the supply plenum. These showed there
Wwas indeed a high level of turbulence in the supply plenum in the control flow state with
the 30 mm radius VA. Although some level of turbulence was present in the supply
Plenum with all the VA configurations, it was only with the 30 mm radius that it
became pronounced.

The pure supply flow condition is praétically the same for both radii of VA.
This is to be expcected due to the fact that in the supply flow condition the VA outlet is
the major restriction to flow, and this is the same for both VAs.

Both supply and control flow conditions show considerable scatter on both
graphs. As therc is no back flow through the VA, all the measurements taken with
Control flow only correspond to the cut off point. As the Pco/Pgo ratio is fheoretically
Constant at cut off all the control flow only measurements should collapse to a single
Point, The samc should be the case for supply flow.

The scatter in the measured value of Po/Pgq has no relation to flow velocity.
Howevyer the deviation of each value from the mean is highest for low flow rates with
the higher flow rates usually being reasonably grouped. This means that the primary
“ause of the scatter is probably due to experimental error. All the pressure gauges used
have ap accuracy of about x1mmH,0. At low flow rates, and hence low pressures, this

N lead to jnaccuracies in calculating pressure ratios. Bearing this in mind, the VA
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performance indices have been found from the mean of the closely grouped, high
control flow rate data. The best performance is obtained with the VA height set to
10mm. The performance indices for this height at each VA radius are tabulated in

Figure 29.

All heights set at 10mm.
VA Radius | 30mm 40mm 50mm 60mm 70mm
CPR 2.28 1.98 1.85 1.89 2.0
[ TDR 2.92 422 433 4.44 4.14
L _

Figure 29 Table of VA performance indices from VGVA

These results indicate very poor VA performance. This is because the primary
aim of the design was to allow variation of the geometry. A VA designed for optimum
performance could be expected to achieve a TDR of over 20 at these values of CPR.

It should be born in mind that it is very probable that these results are affected
by some VA instability, as no effort has been made to stabilise the test rig. As it is
unlikely that the VGVA will be used outside the current test rig it was thought that the
considerable clfort required to stabilise the VA throughout the operating regime was
Unnecessary. Thc results obtained, although not truly static are repeatable as long as the

VA remains in the same circuit.

VI. Design of a fuel injection system

The flow structure in the VA, observed by Asquithw, seemed to suggest that the
best position for fucl atomisation would be in the highly turbulent exit flow. It was
therefore decided to introduce the fuel at the centre of the chamber. This was in the
hope that it would be rapidly atomised in the vortex prior to any centrifugal effects
ﬂinging the fucl against the chamber walls. The most appropriate form for the fuel
SPray to take appearcd to be a straight jet as this could be acc'urately directed into the
eXit flow. Most pulscd fuel injectors for automobile engines are designed to give a wide
Cone angle. This would increase the likelihood of the fuel being deposited on the walls.
To avoid this a Bosch fuel injector, which gave a straight jet, was obtained. ‘The

SPecification of this injector is summarised below.
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Type Solenoid Actuated
Car BMW or Rover
Serfal Number " 0280150702
Solenoid Resistance 15.8 ohms
| Solenoid Voltage 12 volts
Opening time Ims
Operating Pressure 3 bar
| Flow rate 189 to 219 cc/min
or 3.95 cc in 10 2ms shots

Figure 30 Fuel injector specifications

The timing of the injector was controlled by an electronic clock fitted on a Data
Acquisition Board. The 5V pulse from the board was converted to 12V pulse required
to power the solenoid by the control circuit shown in Figure 31. The Data Acquisition
board could also produce a second 5V pulse which could be used to trigger the Malvern
Particle sizer measurements, or a camera flash for photographing the spray. This

€nabled measurements to be synchronised with the fuel injection.
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Figure 31 Circuit controlling injection timing
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VIl. Photographing the spray

VILi Photographs in the VA body.

As it was felt that the complex flow structure in the VA outlet would be
significant, it was important to observe the state of the spray entering the exit nozzle.
For this purpose a number of photographs of the spray inside the VA body were taken.

Unfortunately it was not possible to photograph the spray within the exit nozzle.
To gain an impression of the spray distribution within it the spray was photographed
with the chamber set to its maximum height. The cone angle observed within the VA
chamber should give some indication of how much spray might be expected to hit the
walls in the nozzle. Figure 32 shows a time sequence of injection into a control flow of
100 li/min. The photographs are taken} 1ms, 2ms, 3ms and 5ms after the start of a Sms
injection pulse. Clearly when the spray becomes established the cone angle is over 60°.
In this case most of the droplets stripped from the jet would hit the walls. However
€ven a modest control flow of 100 li/min is very effective in disrupting the jet. If
modifications to the outlct geometry can prevent the spray contacting the chamber

Wwalls, then there is potential for excellent fuel and air mixing.

VILii Photographs in the exit pipe.

The photographs taken in the exit pipe were used to corroborate the results from
the Malvern purticle sizer. '

Figure 33 shows the spray in the exit pipe with no air flow 12ms after injection.
It is clear, when the spray has just arrived in the measurement zone, that although the
SPray has broken up considerably after injection the core of the spray still contains many
large spray ligaments. This means that the Malvern particle sizer results will be fairly
Inaccurate, At the later stages of injection, photographs reveal that the spray is more
hOmogenous and the droplets are generally smaller. This is pr.obably due to the larger
droplets and ligaments having greater momentum that carries them through the air
faster. Thus the size of the droplets in the spray varies with the time after injection. As
the Spray break up is more complete after the initial large drops and ligaments have
Passed, the Malvern particle sizer analysis will give a truer picture of the spray.

H(’W‘?Ver the presence of the large droplets and ligaments indicate that high readings
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upon the inner rings of the Malvern detector are representative of the spray and not due

to beam steering. .
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Figure 32 Time Sequence of spray injected into Control Flow=100li/min. T=1,2,3 and 5ms.
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ligure 33 Spray in the measuvement zone 1 2ms after injection into still air

Photographs of the exit pipe for higher control flow rates indicate that no spray
reaches the measurement zone for flowrates above 150li/min. This is due to the spray

having been flung against the walls of the VA and exit nozzle.

VIIl. Results of particle sizing

VIil.i Experimental method

Quantitative results describing the spray were obtained with the Malvern particle
Sizer. A variety of VA geometries were tested over a range of flows. The laser beam
Was passed through the spray 110mm downstream from the injection position.

The photographs indicated that the range of control flow rates over which valid
results could be obtained was limited by droplets hitting the walls of the vortex chamber,
eXit nozzle and exit pipe. This meant that the maximum control flow rate for which
fesults could be obtained was 150 li/min, as above this value all the spray was impacting
On the walls before reaching the measurement zone. The average air flow rate into a 0.5
litre cylinder at idle is around 240 li/min. Clearly the conditions that could be tested had
limited relevance to engine applications.

However, it was decided to gather enough data to confirm that the centrifuging
Action of the vortex was eclipsing any droplet shattering effect. The data could be used

1O draw: 5 ) . : . . :
Provide some insight into improving the situation.
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VIIlii Spray Measurements

The first set of tests was undertaken to show any variations in the spray with
time from the start of injection. The speed of the spray at injection was determined
from the photographs to be around 9 m/s, so spray arrived in the laser beam after
approximately 12 ms. Figure 34 shows how the Sauter mean diameter of the spray

varies with time from the start of injection over a range of control flow rates.
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a” g CF=50li/min
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Figure 34 Variation of spray SMD with time after injection

The readings were all taken with the VA height set to 10mm and the radius
40mm.

It can be seen that the trend in all the flow rates is for the SMD to decrease with
time after injection. The results that deviate from this trend (the ﬁi‘st two data points for
Zero flow and the first point for CF=150li/min) have very low volume concentrations.
This indicates that they arc due to a few small droplets sheared from the injector nozzle
At the start of injection, prior to the arrival of the main body of the spray.

In gencral the SMD increases for larger control flows. This indicates that the
Vortex flow is having no beneficial effect on spray break up. .Spray photographs have
indicated that the control flow does strip smaller droplets from the spray, but these must
all impact upon walls prior to reaching the measurement zone.

For a more detailed ailalysis of the spray it is possible to examine the frequency
distribu’tions of the droplets. Figure 35 and Figure 36 compare the two distributions for

he Jet passing through quicscent air. It can be seen that two monomodal distributions
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—
Figure 35 Volume Distribution 13ms after injection into still air
168 28
‘5 \

| — } i 8
n 18 188 1888
Particle size {un). 2

\ v )
are obtained, the latter peaking at a lower droplet diameter. This is very much as

Suggested from the photographs and graphs of Sauter mean diameter.

Clearly the introduction of control flow has a significant effect on the frequency
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Figure 36 Volume Distribution 17ms after injection into still air.
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Figure 37 Volume Distribution 13ms after injection into Control Flow =100li/min
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distribution. In Figure 37 there is a group of smaller droplets at around 80 pm, that have

been stripped from the spray. More significant than this however is the increased
Percentage of larger droplets in the spray. This is presumed fo be because many of the
droplets of around 200 um size that predominate in the jet without control flow are flung

against the walls by the vortex. This centrifuging effect can be observed with all the

fTequ@ncy distributions measured with control flow.
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The largest control flow rate at which droplets could be observed in the
measurement zone was 150 li/min. Figure 38 shows the volume frequency distributions
measured at this flow rate. It can be seen that the peak diameters increase with the
control flow and the distribution becomes skewed to the larger diameters. It is believed
that this is due not to inferior spray break-up but rather the centrifuging of smaller
droplets against the walls reducing their frequency. It can be seen that by the time the
control flow reaches 150 li/min this effect is so severe that the very large droplets
(>300um) predominate.

A variety of VA configurations were tested to see if the geometry of the vortex
chamber influenced the Sauter mean diameter. Figure 39 shows two gréphs summarising

the SMDs obtained in a variety of set ups. All these readings were taken at t=15ms after

the start of injection.
\ B
Figure 38 Volume Distribution 15ms after injection into Control Flow=150li/min
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VA radius 40mm VA radius 70mm
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Figure 39 Summary of SMD data

It can be seen that there is no significant difference in the results for the two
 different radii. Although it appears that there might be some variation in the SMD due to
Chamber height it is small, and probably due to statistical scatter in view of the small
Sample size. Thus it would appear that the route to improving the atomising
Performance of the VA does not lie in altering the internal geometry.

It was clear that the droplets lacked enough forward momentum to resist the

Centrifuging action of the vortex. It was therefore decided to reduce the vortex intensity

Figure 40 Volume Distribution 13ms after injection into Supply Flow=200li/min and Supply

Flow=200li/min, Control Flow=50li/min. .
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by using mixtures of supply and control flow.

Figure 41 shows SMDs obtained using supply flow only, and mixed supply and
control flows. For the supply flow only the SMDs are scattered between 100 and 150
microns. This is significantly better atomisation than that obtained with control flow
only. It is unlikely that the supply flow actually produces better atomisation than the
much more turbulent control flow, but as there is no tangential velocity component the
Smaller droplets are not flung against walls. It is also clear that when control flow is

introduced the effect is not to improve atomisation but to centrifuge out the smaller

droplets.
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Figure 41 SMD measurements with supply flow through the VA

This effect can be clearly demonstrated by comparison of the frequency

distribution of the two cases. Figure 40 shows two sets of measured frequency

diStributions.

IX. Discussion of results

The results of this first stage of experiments are disappointing, and the current
form of the VA will not improve engine performance. All the results have shown that
With any control flow most of the fuel droplets do not reach the measurement zone.
They are flung against the walls of the VA chamber, exit nozzle and exit pipe. Only
large droplets with their higher momentum reach the measurement zone, and even these

are Centrifuged at flow rates above about 2001li/min.
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However the photographs show that the spray is broken up by the vortex flow.
If the outlet geometry could be modified to prevent the impact of the droplets in the

outlet nozzle then the benefits of better mixture preparation might be obtained.
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CHAPTER 5

Designing a VA optimised for atomisation

In light of the results from testing on the Variable Geometry

Vortex Amplifier a new Vortex Amplifier was designed.
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l. Criteria for design of new VA

The tests from the VGVA revealed that the VA chamber height was the most
important geometric parameter controlling the droplet sizes reaching the measurement
Zone. This was because the vortex flow caused the spray to disperse rapidly. With a
large chamber height the spray was deposited on the walls within the VA. Therefore
Spray penetration would be best in a chamber that had the lowest possible height
Compatible with good VA throttling performance.

As the VGVA had indicated that the geometric ratios controlling VA
Performance had little effect on the droplet sizes produced, it is possible to opﬁmise all
these ratios for throttling performance. The outlet diameter of the VGVA was 20mm.
This was maintained in the new VA. The chamber height was set as low as possible
Whilst still retaining the VA outlet as the smallest flow area in the VA. All the other
aspects of VA geometry were optimised to give the best VA performance.

The VGVA had also shown that the outlet geometry was significant and had to
be designed to prevent droplet impaction. With this in mind three outlet diffusers were
designed for the VA. These could be interchanged to establish the best configuration
fpr atomisation. In addition the flow from the VA could be dischérged into either of

two interchangeable pipes, which were both designed to allow optical access.

Il. Steady flow performance of VA

A paper by King'" contains a design process with which to optimise the
perf(’mlance of a VA. The VA performance is controlled by eight geometric parameters
Which are normalised with respect to either the VA throat diameter or the VA throat
%2, The VA performance can be optimised with respect to either the flow (max TDR)
Or the Pressure (max CPR), or a compromise design that maximises the ratio TDR/CPR.

If used as an intake port throttle a VA would have to regula.te the flow rate in an
engine’ 80 a high TDR is desirable. However it is hoped a VA can reduce pumping
Vork by reducing the manifold vacuum confronted by the cylinder during intake valve

Open; ) .
8. This means a low CPR is also desirable. In view of this it was decided to

€s] . .
S anew VA to the compromise geometry. Figure 42 shows the ratios suggested by

81



Chapter 5 Designing a VA Optimised for Atomisation
the design process for each of the optimum geometries, together with the expected

Performance of the VA.:-

— .
Ratio Description High High Low

TDR TDR/CP | CPR

AJA, Supply arcaratio >3 >3 >3
W Chamber height ratio 0.19 0.19 0.i9
D Length of exit throat | <1 £1 3

(N" of exit diameters)
T Blending radius on exit | 30 25 30.25 £0.25
(N of exit diameters)
AR\ Diffuser arca ratio 4<AR<9 | 4<AR<9 | 4<AR<9
W Control jct area ratio 14 3.5 1.2
W Chamber diameter ratio | 2 2.5 6
TR oo 20 16 10
R — | 27 13 T
\

DR/CPR Predicted 75 125 |91

Figure 42 Geometric Ratios for best performance of aVA

It can be secn that the control jet area ratio and the chamber diameter ratio are
ghly significant in determining VA performance.
The new VA was designed to give high TDR/CPR. Only two changes were
Made from the optimum ratios shown in Figure 42. The exit pipe attached to the VA
% not wige enough to allow a diffuser ratio of 4. Also the parallel section at the outlet
%3t was not included in the design. .
‘ Three diffuscrs were made to fit the VA outlet. They all had the same exit area
fetio of 1.96. They were of different lengths (10mm, 20mm and 40mm) and
Ils‘equently differcnt exit angles. The 10mm long diffuser had a sufficiently large

1
Ofg.e t be considered a sharp edged orifice. The two longer diffusers had exit angles
5o
and 11.3¢,
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The parallel outlet section was omitted from the VA throat after considering the
results from the tests on the first VA. These indicated the importance of reducing the
residence time of the spray within the VA if droplet impaction was to be minimised.
This omission should result in a élight increase in the CPR relative to that predicted by
the design algorithm.

Additionally it should be noted that King recommends the inclusion of a pip on
the back wall of the VA chamber positioned opposite the outlet. However as this was
the intended injector position this feature could not be included. The presence of a pip
enhances the tumn down ratio of VAs with high values of AJ/A, such as that
recommended for the high TDR/CPR geometry. Therefore the new VA should show a
slightly lower TDR than that predicted by the design algorithm.

The VA was built according to these design principles. A scale drawing of the
VA is included in Figure 44, with the fuel inj ector in position. Included in this drawing
are the three interchangeable outlet diffusers that could be attached to the VA, and the
two outlet tubes.

One of the outlet tubes is a large, square section viewing chamber. This was
deSignec—l to allow easy optical access to the spray from the VA without any risk of
droplet deposition. The other is a round section tube which provides a more realistic
approximation of the geometry the VA would discharge into in an engine. Figure 43

Shows a photograph of the VA and test rig, with the square section outlet tube attached.
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Figure 43 Ph
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Figure 44 Geom

etry of VA
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Chapter 5

Designing a VA Optimised for Atomisation

After the VA had been constructed it was incorporated into the existing test rig

and its steady flow operating characteristics were tested. Each of the outlet nozzles was

tested with the VA éxhausting to atmosphere. As expected the best VA performance is

obtained when the VA is fitted with the longest outlet diffuser. The normalised steady

flow characteristics for this set-up are compared with the best results from the VGVA

(VA Radius=50mm, VA height=10mm) in Figure 45.
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Comparing the characteristics of the new VA with those from the VGV A reveals
substantial differenccs. The new VA is much more bistable. The improved design of
the flow path for supply flow means that for a given Pgy the new VA achieves a higher
flow rate. This can be seen by the higher maximum value of normalised supply flow in
the first graph. As the control flow increases, the better supply flow path and smaller
control port area mean turndown starts more slowly in the new VA. This is illustrated
by the higher normalised control flow for a given normalised supply flow in the top half
of the first graph. However, as the vortex becomes established, turndown then takes
place much more rapidly. Consequently less control flow is required to achieve cut off.
This means there is a significant improvement in CPR at the vortex state.

From these results the TDR and CPR for the new VA can be calculated to be 8.7
and 1.5 respectively. This is an improvement upon the VGVA values of 4.3 and 1.85.
However they differ from the values predicted by King (TDR 16, CPR 1.3, see Figure
45) as the TDR is much lower than predicted and the CPR is higher..

The higher CPR is due to omitting the parallel outlet length in the design. This
affects the performance of the VA at high swirl.

The TDR is considerably lower than the value of 16 predicted in the design
algorithm by King. It was decided to investigate this anomaly further.

It can be seen in Figure 42 that the geometry of the new VA can be modified so
that it js very closc to that of the optimum geometry for high TDR. This can be
hieved by partially blocking the control ports. This was done to increase A /A, to 14,
And the steady flow characteristics were measured.

With the control ports partially blocked to approximate the high TDR design, the
va Was found to give a TDR of 20.9 and a CPR of 2.8. For this design the TDR and
CPR are both very close to the predicted values of 20 and 2.7. This confirms the |
ACCuracy of the design technique.

| The low TDR observed on the VA compared to that predicted for the high
TDR/CPR geometry is probably due to some instability that affects the low swirl end of
the Characteristic. The most likely cause is Transport Delay surge which is described in
ChaPtEY 2, Section V. This would have the effect of reducing the flow for a given
Yalue of Pgo. Clearly if transport delay surge was present with supply flow only in the

A, thig would drastically reduce the measured value of TDR.
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The two VA geometries tested differ only in the area of the control p'orts. When
there is no flow through the control ports the geometry of the high TDR and high
TDR/CPR VA is identical. Thus the value of normalised supply flow, QS/(PSO)O‘S,
should be the same for both VAs when only supply flow enters the VA. This is not the
case, indicating the presence of VA instability caused by transient flow through the
Ccontrol ports. The VA was also tested with pure supply flow with the control ports
completely blocked off. The same value of normalised supply flow was obtained as
with the high TDR gcometry.

The value of QS/(PSO)O'5 measured on the high TDR geometry VA can be used to
Calculate the TDR that would have been recorded with the compromise geometry VA if
the instability had not been present. This gives a value of 13, which is acceptably close
to the predicted value. This confirms that the shortfall in TDR is caused by the
interaction of the VA with the rig. The VA design technique is not compromised.

For droplet sizing expcriments the flow regime of most interest is the vortex
State. It is not expected that the instability in the low swirl region of the VA
Characteristic will significantly affect the results. Even under supply flow conditions it
Seems unlikely that the amount of swirl imparted to the flow by the instability will be
partiCﬁlarly significant. _

Data from a thesis by King'’ gives the steady flow characteristics for a VA with
8eometry optimised to give low CPR. It was decided to compare the results from the
high TDR and high TDR/CPR geometries tested in this project with the results
Measureq by King. As thesc three VAs are different geometrically it is necessary to
thoose 4 characteristic length to include in the dimensionless ratios for a comparison of

he data. If the choice of characteristic length (which is justified below) is :

%/dZAT
(Where d, is the outlet throat diameter and Ay the area of the tangential inlet)

t]
hen the data from the three VAs can be plotted as in Figure 46.
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Figure 46 Data Plotted from three different VAs using dimensionless ratios.

The data for the control flow only condition collapses to one point for all three
8cometries. Comparison with earlier results show that Qc/(Pe,d.’A1)" is higher at cut
off for all the geometries which were tested with the VGVA. The configuration from
Which the steady flow characteristic in Figure 45 is taken (VA Radius=50mm, VA
hei8ht=10mm) had a value of 0.31 for Qo/(P..d.’Ar)>’. It appéars that optimising the
VA geometry involves minimising the value of Qc/(Pe.d. A1)"” at cut off.

The choice of dimensionless length was based on consideration of the momentum
of the air flow entering the VA. The momentum of the control flow entering the VA is
Proportional to the control flow rate divided by the area of the control ports (QCZ/AT). It
“an be seen that the square root of this momentum is incorporated in the dimensionless
Contro] flow. '

| Clearly the design process sizes the control ports to optimise the hlomentum of
the Control flow required to achieve cut off. This means that for a given cut off control
flow it achieves the lowest Pco (and hence CPR) possible.

Figure 46 shows that the dimensionless control flow through the VA at cut off is
::,Same for all optimised geometry VAs. This means that the cut off flow data from the

CPR geometry VA can be scaled to represent the flow within any optimised VA.
Mensive flow field data was gathered by King for the low CPR geometry VA
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using hot wire anemometry. The equivalence of the optimised geometry VAs allows
the velocity data mcasured by King to be used to predict and explain observations on the

VA used in this project. The next two chapters describe models of droplet flow path

and droplet breakup based on this hot wire data.
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CHAPTER 6

Modelling droplet motion

To better understand the processes occurring within the
Vortex Amplifier a model was developed to describe the motion of

droplets within the throat.



Chapter 6 Modelling Droplet Motion
.. Introduction

To understand the experimentally observed droplet behaviour it is important to
discern how the droplets and the air flow interact within the VA. Unfortunately it is-
extremely difficult to show this expenmentally This is because the small size of the
chamber makes optical access difficult and the perspex walls are quite reflective, so that
obtaining good quality photographs using a camera flash is very difficult. Little can be
learned from observation with the naked eye, as the injection pulse lasts for just 10ms
and events within the VA are very rapid. In the light of these considerations it was
deemed necessary to undertake some numerical analysis.

One option would have been to model both the air flow and droplet motion
Numerically. This would have had the advantage of flexibility in defining the VA
8cometry, and also allowed comparison between many different flows and geometries.
However highly swirling flows such as those encountered in the VA are notoriously
difficult to model. The large velocity gradients mean that the *false diffusion’ arising in
the numerical solution is significant, and to reduce its magnitude a very fine mesh is
I'equired. Another problem is that the boundary condition at the exit from the VA
Cannot be specified as it is a region of recirculating flow. To overcome this the VA
Mmust be modelled with a large downstream plenum attached, with the boundary
Condition specified at the exit from the plenum, where the pressure will be uniform.
This further increascs the number of nodes required to solve the problem. The
difficulties of modelling the VA airflow with a CFD package were therefore considered
to rule this out as a practical option for providing data on the droplet behav1our Wlthm
the Y VA. '

Fortunately the PhD thesis by King49 contains detailed data on the flow field
Within a VA, obtained by measurements with a hot wire probe. It was decided to use
this data to describe the air flow in the VA. The motion of the droplets within this
Xperimentally determined flow field could then be computed. Although this restricted .
the va geometry and flow conditions that could be modelled it was felt that the

simplicity of this approach offcred significant advantages.
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Il. VAdata

The PhD thesis by King®’ contains data on the mean and fluctuating velocity in a

VA. The VA used was a low CPR design. It was a large scale VA with a throat .

diameter of 3.2”, a chamber diameter of 9.59” and chamber height of 0.7”. To allow
visibility it was constructed from perspex. The VA design included a straight section at
the throat and an outlet diffuser.

The velocity data was gathered with a six orienfation, single wire, hot wire probe
that was developed for the purpose. All three velocity components, both mean and
fluctuating, were measured at 318 stations in the flow, at five different flow conditions.

The flow and pressures through the VA were measured for a constant supply to
outlet pressure drop of 4.5 i.w.g. Five significant points on this characteristic were
chosen for collection of velocity data. The steady flow characteristic (which is the same
as that plotted in Chapter 5, Figure 46 in non dimensional form) is shown in Figure 47.
The characteristic featured a discontinuous jump. This is shown on the ygraph by
Omitting the line joining the two measurements either side of the discontinuity.

The flow conditions where hot wire data was gathered are shown as solid points.
They are supply flow only, three points of mixed supply and control flow and control
flow only. Of the mixed flow points, one wés just above the discontinuity, one just

below, and one was in a region of low frequency oscillation.
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Figure 47 Steady Flow Data from PhD thesis by King.
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The measurement of velocities in rotating flows by intrusive methods is prone to
inaccuracy, because the structure of rotational flows is liable to be affected by probes.
To indicate the amount of interference caused, the static pressure readings were
monitored as the hot wire probe was inserted into the flow and traversed across it. ‘
Variations in static pressure readings amounted to no more than 2.5%, which was
considered to indicatc minimal interference. Further evidence of this was provided by
the close agreement between readings taken in the VA outlet whether the probe was
inserted from the chamber back wall or the outlet wall. The probe stem had a diameter
of 2 mm, which was of the same order as the small scale turbulence in the flow. This
meant that the wake created by the probe would be of the same order as the dissipative
eddies. It was 'suggested that this accounted for the probe not signiﬁcaﬁtly affecting the
flow field.

The mean velocity data was presented as three contour plots for each point at
Which data was recorded. These showed radial, axial and tangential velocity
Components. The plots are reproduced in Chapter 2, Figure 9.

The data for the fluctuating velocity components was also recorded. Two types
of fluctuation are present in the flow. The first is caused by the turbulent eddies in the
flow. The second is flow field oscillations caused by fluctuations in flow and pressure
at the inlets and outlet of the VA. The averaging time for the mean velocities was large
Compared to the time for both sorts of fluctuation. This meant that the fluctuating
Velocity measurements included both turbulent eddies and oscillations in the flow
through the VA.

- The fluctuating data was also presented as contour plots. The parameters plotted
Were ‘the relative intensity of the total fluctuating velocity component’ (FV), and ‘the

Telative intensity of the fluctuating component of tangential velocity’ (RI of V). These

are defined as:-

f’”z_'_'\”,-z_*_“‘z
IV - VR 2 x100%

and
\"']2
RIONT = V_:;
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Where V. is the mean axial velocity at the exit throat, i.e.:

vV, = Qs +Qc¢
Ae

It can be seen that the FV is the square root of the relative kinetic energy of the
fluctuations. The square root was used to compress the range of the parameter so it
could be usefully plotted.

The data for mean velocity was used in the computer program designed to
Predict the droplet behaviour. The program required the air velocity data to be entered
at discrete positions. The VA that was to be modelled was much smaller than the large
Scale one used for collecting velocity data. Therefore the data had to be tabulated and
Scaled before it could be used in the computer model.

A VA of practical dimensions for use within an engine has a throat diameter of

20 mm, so the velocitics had to be scaled to a VA of this size. The dimensionless ratios

8overning flow within a VA are given by Boucher and Kitsios'” as:

1
(Ppa)l Q. Q, Pes
P, /9)E 2y, /p) Pa

For the flow in two diffcrent VAs to be equivalent all these dimensionless ratios

Must be equal. Sctting them equal for the two cases and rearranging leads to the
quality;

Qg L_
QC2 12 » .
~ In the vortex state the flowrate Qc is equal to the product of the throat area and

the average exit velocity. It was assumed that all the velocities in the flow scaled by the

s .
Ame factor as the average velocity. Thus

2
u, = uz(-lllo(.%‘lJ J
2 el

Equation 1

It was demonstrated in Chapter 5 that an appropriate choice of characteristic
lengt was

1=4[d?A,
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If this characteristic length is calculated for both the VA in this project and that
used by King, then substitution in Equation 1 gives the factor required to scale
velocities between the two. This means the velocities from the larger VA have to be
scaled up by a factor of 3.13 to simulate the smaller chamber. |

In the pure control flow condition for the large scale VA, Q¢ = 2190 li/min and
Poo = 4.8 inches of water or about 1200Pa. These values can be scaled using the
dimensionless ratios to find that for a VA outlet of 20 mm diameter the equivalent
values will be Q¢ = 417li/min and Pgg = 0.33ba. The measured pressure drop at
400li/min on the VA described in is 0.38ba. Thus the scaled hot wire probe data can be
considered to be a rcasonable approximation to the VA used in this project.

It should be noted that the scaling gave peak tangential velocities of 120m/s
(Ma~0.3). This mcans that the incompressible flow assumption made when équating
the dimensionless ratios that contain a density term is violated. However as these peak
velocities are very localised it seems unlikely that this inaccuracy will significantly
affect the results.

It has already been assumed that the velocity at any point within the VA scaled
with the average outlet throat velocity. This means that the velocity data could be
divided by the flow through the VA, to give the velocity field corresponding to a
flowrate of 1 1i/min through the VA. This could then be scaled to any flowrate of
interest to give the velocity of the air in the VA.

The velocities for a VA with a 20 mm diameter exit were calculated for the
control flow data. They werc entered in three text files that could be loaded by the
FORTRAN programme which calculated the droplet motion. These contained the
tangential, radial and axial velocities on a plane in the VA outlet, at discrete points.
The spacing between grid points was 1.55mm. The velocity was given a value of zero
at grid points outside the VA walls. The flow could be described by the velocities in
one plane as it is angularly symmetrical in the region of the outlet. The geometry of the

VA exit and the grid of points where velocity is tabulated are shown in Figure 48.
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Figure 48 VA geometry and grid of air velocity

This outlet gcometry is not exactly the same as that in the VA used in droplet
sizing experiments. This is because of the parallel section at the outlet which is not
included in the new VA. The actual diffusers used in the experimental work are

compared with the modelled geometry in Figure 49.

D

1 Orifice Plate 2 Short Diffuser 3 Long Diffuser 4 Modelled Geometry

Figure 49 Outlets for the vortex amplifier

The new VA can be expected to behave slightly differently than predicted by-
this model. The parallel outlet section increases the length of time the droplets sperid in
the high swirl outlct scction. Droplets which impact with the walls of the parallel throat
in the model should be carried through either of the first two outlets. However they

Would most probably impact in the long diffuser.
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lll. Droplet motion in the VA

The equation describing the motion of a drop in an air stream is (from
Heywood™):-

nD}?
4

(-é—n:Djpf);= md'g—";—(\Td - ir‘g)|\7‘d - \Tg|ngD

Where Cp is a strong function of Reynolds number:-
Cp, =27Re™*
Re = (pngIVd - \Tgl/ug)

As the droplets being modelled were in the sub 200pum size range it was decided
to neglect the gravitational term for the sake of simplicity. It can be seen that the gas
and liquid properties required to solve the equation are liquid density, air density and air
viscosity. The values input to the programme were:

p=684kg/m’
p=1.0kg/m’
u=1.85x10" Pa.s

With this input data the droplet motion could be described in three dimensions by
a set of six differential equations. Three of these describe the droplet co-ordinates and
three describe the velocities in the x, y and z directions. The droplet position was
described by a set of Cartesian co-ordinates. These have their origin at the centre of the
VA back wall (as shown in Figure 48), with Z being the axial direction. Thus the general

form of the equations describing droplet position is:-

dx
—_— V‘
dt
and that for the equations describing velocity is:-
dv, 3
dt = ax = _Z(de - vgx) Vd - vg|ngD/def

where

2 2 2
Ve = v =Y (Vee Vo) + (Ve = V) (Vs — V,o)
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A set of equations of this form can be solved over a specified time period by a

variety of numerical methods, notably Runge-Kutta and various predictor-corrector

methods.

Adams-Bashforth predictor-corrector method or a fourth order Runge Kutta scheme.
Either sub routine could be called from the FORTRAN program with minor changes
and when they werc compared both schemes agreed to three decimal places. As runtime
for both schemes was only a few seconds on a 486 specification PC then it was

arbitrarily decided to use the predictor-corrector method to obtain the following results.

Modelling Droplet Motion

A flowchart describing the programme is shown in Figure 50.

Read air

Input droplet diameter,
intial coordinates within
VA, and initial velocity.

Set tolerance and
method of error control
for NAG subroutine.

Output droplet velocity

and position to file
every 0.5ms

NAG subroutine.

End solution after 10 ms

velocity for the
VA flow field
into 3D array

Calculate Acceleration
of droplet.

The NAG FORTRAN library contains sub routines to perform either an

Is the
droplet within the
VA?

Yes

L4

Calculate air velocity in
the VA at the droplet

position by interpolation.

Return a zero air
velocity

Figure 50 Flowchart (Iescribing program to solve motion of a droplet within an experimentally

determined VA flow field.
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Chapter 6 Modelling Droplet Motion
IV. Results and Discussion

In the experimental work the jet from the injector was found to have a velocity
of around 10m/s and a range of droplet sizes from around 50pum to just under 200pum.
After the programme had been thoroughly tested it was decided to simulate the
behaviour of drops in this size range when they were injected into the VA outlet. The
simulation was run for a variety of éir flow rates. The results are presented as graphs of

droplet position in the x-z and x-y planes.
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F i;gure 51 X-Z motion with droplet diameter 50um

It can be clcarly seen in Figure 51 that a droplet of 50um diameter injected into
the reverse flow core of the control flow is flung back against the rear wall of the
chamber. This occurs cven when the flowrate is as low as 100 li/min. It should be
borne in mind that the penetration of a spray is always greater than that for a single
droplet, as the airflow is affected by the momentum of the liquid. Therefore some small
droplets could pass through the VA, especially if the shorter outlets are fitted. It seems
likely that some small droplets will always be thrown against the walls with control
flow only.

The greater momentum of larger droplets means they have greater penetration
When injected into the VA. The results obtained from simulating a 150pm droplet are

shown in Figure 52.
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Figure 52 X-Z motion with droplet diameter 150um

It can be seen that a 150pum droplet passes through the VA with very limited
effect from the flow. This is consistent with the measurements from the VGVA, where
droplets of this size and above were observed to pass through the vortex without being
flung against the walls.

To see whether it was possible to make more small droplets pass through the VA
outlet without impacting, it was decided to move the point of injection away from the
centre of the VA roof. It was reasoned that injection into the reverse flow core led to
large drag and rapid deceleration of the drop. Thus the drop was injected at the

Stagnation point between the reverse flow core and the downstream flow.
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Figure 53 X-Z motion with droplet diameter 50um, off centre injection

—— VA Wall
—e—CF10
—8—CF400

Figure 54 X-Y motion with Droplet diameter 50um, off centre injection.
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Chapter 6 Modelling Droplet Motion

It can be seen that this strategy has indifferent success. Although the droplet
penetration is increased, the droplet still impacts with the wall. Also it should be noted
that in a real turbulent flow the position of the recirculating flow would not be fixed,
and so it would be impossible to inject fuel at the exact edge.

The FORTRAN model is supported by the experimental findings of the earlier
work. It confirms the problem of droplets being flung against the VA walls by the high
tangential velocity. Although the reduction in VA height will reduce the effect of this

problem, the simulation indicates that it will not eliminate it.

IV.i Limitations of modelling

Although the findings of this modelling are broadly supported by experimental
observations of extensive droplet deposition, there are a number of considerable
limitations to the technique. Consequently care should be taken in interpreting the
results.

A significant limitation of the technique is that it considers the movement of an
individual droplet through a time invariant flow field. Obviously significant deviations
from real spray behaviour, where thousands of droplets traverse a turbulent flow, are to
be expected. Due to the statistical fluctuations of a turbulent flow, some droplets that the
model will predict to impact will be observed to pass through the VA.

Another limitation of modelling a single drop is that no account is taken of the
exchange of momentum between the spray and the airflow. It is well known that the
Penetration of a spray of droplets is significantly greater than that of an individual
droplet. This is due to entrainment of the surrounding air by the spray. This means that
the results of this model will give pessimistic estimates of spray deposition. Again it
was felt that the added complexity of modelling this effect would not significantly
improve the usefulness of the model output. ,

Finally the model takes no account of droplet breakup by the air flow. Clearly
this is an important process within the VA. However ignoring this effect does not
render the results of the model worthless. Due to the statistical nature of turbulence not

all the droplets in a spray will be disrupted. Droplets of 50pm diameter have been
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Chapter 0 Modelling Droplet Motion
observed to pass through the VA at control flow rates of 400 li/min. Thus the modelling

the flow path of such a droplet at this condition remains a useful exercise.
Despite these considerable limitations the model can accomplish the intended
purpose of indicating the severity of spray deposition. It also provides information on

the effectiveness of tactics that might be used to reduce it. It was felt that the added

complexity of a more realistic model would not significantly enhance this ability.
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Modelling droplet breakup

A literature review of models for droplet breakup was
conducted and one model was adapted to describe the droplets

within the Vortex Amplifier.



Chapter 7 Modelling Droplet Breakup

l. Droplet break-up in turbulent flows

The initial model of the droplet motion within the VA is described in Chapter 6.
It computes the droplet trajectories by treating them as discrete spheres. Whilst this |
provides valuable support to the observation that droplets impacting on the walls is a
significant problem, it would also be useful to model droplet break-up. To this end a

literature survey was conducted to determine the significant factors affecting droplet
break-up.

Il. Weber number criteria

The break-up of a droplet is controlled by the balance between the surface

tension force resisting break up and the disruptive forces. The stabilising surface
tension forces are proportional to the product of surface tension and droplet size (Sd).

The disruptive forces are usually due to inertial effects arising from the relative gas and

liquid velocities. The dimensionless group comparing these forces, the Weber number,

is therefore defined as:

p,Au’d
e =
(o)
Equation 2

When the disruptive forces exceed the stabilising forces the droplet will break
up. Thus the droplet will be liable to break up when its Weber number is above a
Certain critical value. For an inviscid droplet with a steady laminar flow around it the
critical Weber number is 13. However the viscosity of the liquid in a droplet also resists
droplet deformation. This means that the critical Weber number is dependent upon the
Viscosity or Ohnesorge number, Z, defined as:

Hy
= ——a
(pde)l/z

Equation 3

This number relates the relative importance of the viscous and surface tension

forces in the liquid. The critical Weber number increases with the viscosity number.
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In real sprays application of the critical Weber number is complicated. This is
because the relative velocity term in the Weber number depends upon the turbulence
characteristics of the surrounding gas flow. Droplet size also depends upon droplet

residence time within the high velocity gas.

Ifl. Turbulent flow

Turbulent flow arises when the main flow is unstable. Disturbances are
amplified so that they produce primary eddies which are of the same scale as the main
flow. These primary eddies are also unstable and so break down into smaller eddies.
This continues until the oscillations reach the scale of the smallest eddies in the flow.
This effect is known as an eddy cascade. Nearly all the energy dissipation takes place in
the smallest eddics, as they have a Reynolds number of around 1 and so are damped by
viscous forces.

If the size of the primary eddies is much larger than the energy dissipating
eddies clearly a wide range of intermediate eddies exist. These transfer energy from the
largest to the smallest eddies. This energy transfer can occur in any direction and so the
directional information of the large eddies is gradually lost. This fact led Kolmogoroff
to conclude that all eddies that are much smaller than the primary ones are independent
of them statistically. Thus the only information passed to the smaller eddies is the
amount of kinctic encrgy they receive. According to this theory of local isotropy, the
Statistical properties of any small scale oscillation should only be determined by €, the
local energy dissipation rate per unit mass of fluid.

- Isotropic turbulence occurs when the root mean square values of the fluctuating

velocities are equal, i.e.: u’ =v? = w? . This is not the case in most real flows, but
Kolmogoroff used his conclusions to enable him to assume isotropy if the volume of
fluid considered is small compared to the primary eddies. So although primary eddies
are clearly not isotropic in most flows, isotropy can be assumed in small areas of the
flow. Isotropic turbulence is much simpler to analyse than non-isotropic. turbulence, so
the theory of ldcle isotropy allows useful predictions to be made about turbulent flow.
The two requircments for the theory of local isotropy to hold are a high Reynolds

Number and for the scale of the main flow to be very much greater than the turbulent

Microscale.
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The following discussion considers the implications of local isotropy upon
analysing turbulent flow. Similar conclusions can be found in several standard texts'.

The energy dissipating eddies have a scale of n, known as the turbulent
microscale. It is the scale of eddies with a Reynolds number of one. Dimensional
analysis allows some simple relations between E ,the kinematic viscosity v and the flow
velocities. The turbulent microscale is:

n=vie

Equation 4

The mean-square relative velocity between two points in the flow can also be
found using the theory of local isotropy. Ifr is the distance between the two points and

I is small compared to the scale of the main flow, then:

u’(r) = C,e**r*?

Equation 5

This relationship holds as long as the separation of the two points is
Considerably bigger than the turbulent microscale. If r is smaller than 1 then the energy

dissipation affects the relative velocity so that:

Equation 6

The universal constants C, and C, must be determined from measurement.

If the turbulent air flow around a droplet is to be modelled with the theory of
loca] isotropy then the droplet must be much smaller than the scale of the primary
€ddies , and the Reynolds number must imply highly turbulent flow. In a vortex
amplifier with a 20mm throat diameter, a control flow of 400 li/min implies an average
axial velocity of 22.2 m/s at the throat. This gives a Reynolds number of 22900,
Meaning the flow is highly turbulent.

The rate of energy dissipation in the VA is the product of the mass flow rate and

the energy loss per unit mass:
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2 2

e *(Piger = ul, —u

Energy dissipation rate = m(p'“‘“ Powter | Hinte 5 °“"“)
p

Equation 7

The pressure drop across the VA for a control flow of 400 li/min is 33000 Pa.
The average inlet and outlet velocities can be found from the flow areas. When these
values are substituted into Equation 7, the value of energy dissipation rate for this flow
condition is found to be 240 Watts. This can be divided by the mass of air in the VA to
find the value of energy dissipation rate per unit mass. As the volume of the VA is
roughly 1.5x10° m’ this value is 15870 kW/kg. This means Equation 4 gives the
average turbulent microscale as 4.5um. However the value of € will vary throughout

the VA, so the turbulent microscale will vary considerably.

lll.i The breakup of drops smaller than the turbulent

microscale

The theory of local isotropy shows that the velocity distribution around a droplet
will depend upon its size relative to the turbulent microscale. This can be seen by the
difference in Equation 5 and Equation 6. The correct equation to use to find the mean
Square relative velocity across a droplet depends on its size relative to the turbulent
microscale. Kolmogoroff’® used the result for relative velocity in Equation 6 to find the
disruptive inertial stress, pu®, on a droplet smaller than the turbulent microscale. He
Compared this with the stabilising surface tension stress to find the largest droplet that

Could survive without breakup. The resulting stress balance gave:

- 13
d o oV
max pcs

Equation 8

However this equation has been strongly criticised by Shinnar>, amongst others,
as below the turbulent microscale disruptive forces will be viscous not inertial. The

analysis by Taylor’® for a droplet being stretched into a cylinder by two dimensional,

Viscous flow gives:-
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- 20'(1% + Pﬂ)
max 19
ap, s Hg +41,

d

Equation 9

This equation has been adapted by several researchers but there is uncertainty
about what to use for o, the principal positive strain rate in a real, three dimensional,
turbulent flow. However most droplets in the spray injected into the VA will be
considerably larger than the turbulent microscale of the airflow. This means that

Equation 9 would be inappropriate to describe the droplet breakup in the VA.

lll.ii  The break up of drops larger than the turbulent

microscale

If the droplet size is greater than the turbulent microscale then the main
disruptive forces arc incrtial. These forces arise due to changes in eddy velocity over the
length of the droplet. The velocity changes are described in Equation 5, and can be used
to find the disruptive force on the droplet. Kolmogoroff' and Hinze> equated these
with the stabilising surface tension force and so deduced the maximum stable droplet

size described in Equation 10.

Equation 10

When Equation 10 is written in terms of critical Weber number it becomes:

d = C,We°'660'68'°‘4p'°'6

max

Equation 11

This equation has been widely utilised by chemical engineers, particularly for
Scaling experimental results for liquid-liquid emulsions in stirring tanks. It has also been
Successfully applied for bubbles in a liquid. However Kocamustafaogullari>® suggests
that the equation may not be applicable to liquid drops in gas flow. Empirical equations
fitted to experimental data show d,, to be strongly dependent on the liquid to gas
density ratio®”. He su ggests that the entrainment of liquid drops by gas eddies cannot be

Complete. This means that in relation to the small scale eddies the droplet acts as a
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motionless solid body. Therefore the droplet break-up is strongly influenced by local
relative velocity. The limiting local relative velocity at which a fluid will flow around a
particle suspended in it, w, .4, iS given by Levich®® as:-

Uprmax = C3[Sdmax(PL/Pa)]m(IAPVPL)

1/2

Equation 12

From Equation 5 and Equation 12 it can be seen that when the density of the

dispersed phase is higher than that of the continuous phase:
%
U, max ~ (p L }
v
(112 %P

Equation 13

This shows that the velocity of the flow over the surface of the droplet is
Considerably larger than the velocity difference acrosé the droplet due to turbulent
fluctuations. As the liquid density is much greater than that of the gas, when u, ,,, is
used to define the disruptive inertial force on the droplet, the maximum droplét diameter

simplifies to:
a'lmx = (GWecr /C3 P, )3/5 (pg /pf )2/5 e

Equation 14

where C, is a proportionality coefficient from Equation 12, and should be of the
orderof 1. Kocamust;clfaogullari56 correlated this equation with experimental data® for
a simple flow field where € can be determined. He found We,/C; = 12.2. This gave

acceptable correlation with the results of other experiments60’61

, although further
€Xperiments would be desirable to fully validate the value of We,,.

The idea of droplet break-up at a critical Weber number has been questibned by
Clark®, He points out that although the static deformation of a droplet is a function of
Reynolds number, in a turbulent flow the duration of the applied inertial forces is short.
He develops a model of drop deformation, analogous to a spring mass damper system,

t find the natural oscillation frequency of a droplet. Under the action of an impulse
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force he found that the maximum stable droplet diameter was a function of all the

variables in the problem, namely drop diameter, internal and external phase viscosity

and densities, surface tension and the magnitude and duration of the impulse force. He

suggests that the static dcflection is only applicable if the duration of the disturbing
force is much greater than the deformation time of the drop. Otherwise dimensionless
deformation should correlate data better than Weber number. His experiments® provide
reasonable, but inconclusive, support for this suggestion. However his model suffers
from the drawback that its application requires detailed statistical knowledge of the
turbulence in order to determine the disturbing forces. The simplicity of Equation 14 is
to be preferred for modelling droplet break-up in the inertial range. However there

remains the difficulty of cstimating € in the flow in the VA, and some uncertainty as to

the accuracy of the value of We,,.

IV. Modelling turbulent flows

It is plannced to usc the extensive flow field data measured by King to model the
breakup of droplets in the vortex amplifier. It will again be scaled from his large 3.2”
throat diameter VA to a 20mm throat diameter VA which is similar to the one used in
experiments. |

To estimate the maximum droplet diameter in the VA using Equation 14 it is
Necessary to estimate ¢, the local energy dissipation rate, throughout the flow. The
crudest way to do this is to find the average value of € within the VA. vThis is a very
Trough technique as the valuc of € will vary considerably between the highly turbulent
flow-in the VA throat and the flow at the diffuser outlet. However it does provide a
simple estimate for the value of . '

The static pressure drop across the VA provides the driving energy for turbulent
dissipation. For the control flow state, the data from King shows that the static pressure
drop is 1.12 kPa. This scales to 33 kPa for a VA with a 20 mm throat. Table 1 shows
how an average valuc for £ can be calculated and used to estimate the maximum droplet
Size, The wvalue wused for the surface tension of n-heptane is
0.02 N/m®, Clearly us most of the energy dissipation occurs in the VA throat the local

Values of € will be higher, giving smaller drop sizes.
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| Parameter Source Value in modelled
VA
Pressure Drop, AP Scaled from Kings VA | 33000 Pa
| VA volume, Vol. Scaled from Kings VA | 3.44x10” m’
Control flow rate, Q¢ Scaled from Kings VA | 7x10° m’/s
Specific energy dissipation rate, € | (DPxQ,)/Vol 667 kW/kg
Aoy — Equation 14 148 pm

Table 1 Calculating maximum stable drop size from average energy dissipation rate

King measured the pressure drop across just the exit throat, by placing static
pressure tappings in the VA body. He found a pressure drop of 0.656 kPa. This scales
to a pressure drop of 18.3 kPa for a 20 mm throat. As the volume of the throat is around
1.02x10”° m’, the local average value of energy dissipation rate is 12500 kW/s. As there
is quite considerable acceleration through the throat some of this energy dissipation will
be due to the increased kinetic energy of the flow. However if this value is taken as a
rough estimate of €, then Equation 14 estimates d,,,,, as 46pm. Bearing in mind that this
is a maximum droplet size the potential of the VA outlet flow to produce fine sprays is
Supported.

The values of energy dissipation rate scaled from the experimental data on the
VA used by King will be lower than those found for the VA used in the current project.
This is because the VA used by King contained a parallel outlet throat. This

significantly increases the volume of the VA. Thus the VA used in the current project

Can be expected to produce smaller maximum droplet sizes as local values of E are

higher. To calculate the magnitude of this effect Equation 14 was used to evaluate

droplet size for the energy dissipation rate across the experimental VA calculated on
Page 108 (15870 kW/kg). This predicted dmax as 42um. Obviously the inclusion of
the outlet throat does not significantly effect predicted droplet sizes.

To obtain a clearer idea of the distribution of the energy dissipation in the VA
Outlet more detailed study of the flow is required. For this some siml;le analysis of
turbulent flow is required. The Navier Stokes equations governing the velocity of an

Incompressible fluid are, in tensor notation:-
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~ "~ 2~
ou; . Ou; __1_65_'_V 0y,

+1, =
ot oax;  pox,  oxox,

Equation 15
The velocity of the fluid can be broken down into a time averaged mean and a
fluctuating component:-
U, =U; +uy,
Equation 16
If this is done the equation governing the mean kinetic energy of the turbulent

velocity fluctuations can be obtained through manipulation of the Navier Stokes

€quations:-

U; '—6“(%‘1_.‘1.) = —&i[i—@-*.%u‘u‘ui —-2vuisij) —uiujSij - ZVE
J J

Equation 17

Where Sij and sij are the mean and fluctuating rates of strain defined as:-

S lé&.*.éi ‘ . )
"2lex;  ox,

S, =—| —4+—
720y, " ax

Equation 18

The left hand side of Equation 17 is the rate of change of the mean kinetic
€nergy of the turbulent velocity fluctuations. The right hahd side of the equation shows
this to be due to pressure gradient work, transport by turbulent velocity ﬁuctuations,
transport by viscous stresses and two kinds of deformation work. The first of the
deformation work terms is the turbulence production by the Reynolds stresses, which
Tepresents the exchange of kinetic energy between the mean flow and the turbulence.
The second deformation work is the loss of turbulence energy to viscous forces. At

high Reynolds number where dissipation processes are isotropic this second term is
€quivalent to the energy dissipation rate €.

Unfortunately Equation 17 cannot be used to estimate €. The terms in sij cannot

be estimated from the available experimental data. Also to estimate mean values of the
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products of fluctuating velocity components, would require an estimate of the
correlation between them. Due to the closure problem of Equation 17 it is not used in
CFD models and instcad a modelled turbulent kinetic energy equation has been
developed. The assumptions required to derive this equation are:

e Assume gradicnt diffusion of kinetic energy to replace the transport terms

e Neglect pressure gradient work

e Replace Reynolds stresses by eddy viscosity equation P

This gives the modeclled turbulent equation as:-

1y ) =] B +P, —
paxj(zu'u‘) ax\o, ox, ) * "

2
— z(an an)+ au | |
ox, ox,) \ ok,

)

Equation 19

The value o, is a turbulent Prandtl number and is usually assumed to be one.
All the terms in the modelled kinetic energy equation can be found from the data in
Kings thesis. The gradients of mean velocity can be found by interpolating between the
tabulated values of mcan velocities. The data for the kinetic energy of the fluctuations
is presented as contour plots relative to the outlet velocity. Assuming that this
distribution will remzin the same when scaled to the smaller VA, these values can be
tabulated and used in the same way to determine the wy; terms.

Thus, to give a clearer picture of the distribution of epsilon, these terms were
derived from Kings duta. The only problem that remained was choosing an.approi)riate

Value for the turbulent viscosity. The equation usually used to determine p, with the
modelled KE equation is:-

k2

”t = Cpp_
€
Equation 20

where Cp is a turbulent constant with a value of 0.09. A FORTRAN programme

Was written to solve the modcelled KE equation and thus estimate E. The tabulated data

from Kings thesis was scaled to the VA of 20 mm throat diameter and was then read in
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by the programme. It then used the average value of € estimated earlier (12500 kW/s)
in Equation 20 to give an initial value of p,. This was then used to estimate a new value
of e. This continued until the value of p, converged.

The results from these iterations are shown in a contour plot (Figure 55). This
shows a number of interesting points. As might be expected it shows that the area of
highest epsilon values is in the area of high tangential velocities, and that the potential
for droplet shatter in the recirculating flow around the centre line is relatively small. It
also shows that the flow in the VA outlet is capable of producing small values of d_,,.
As the previous model of droplet motion has shown that most droplets in the flow will
be spun out into the areas of high tangential velocity, it seems to indicate that if droplet
impaction onto the walls can be avoided, then the VA will produce a fine spray.

It is worth bearing in mind that the results from this section of work indicate

trends only. A number of assumptions have been made that will affect the accuracy of

the results. The numerical constants in the equations used to find E and d,,, have all
been assumed, based on accepted values. The assumptions involved in deriving the

modelled KE equation are likely to lead to significant inaccuracies, as it is known that

the k-g¢ CFD approach is weak in predicting flows with high velocity gradients and
Curved streamlines. Also in addition to any experimental errors in Kings data, there is
the bossibility of it not accurately representing the 20 mm throat VA. This is
Particularly pertinent for the scaling of the data for relative intensity of the fluctuating
Velocity, To achieve the scaling it was assumed that the intensity of the fluctuations
Was the same relative to average outlet velocity for both VA s. Whilst it seems
Itasonable that the distribution should be the same in both VAs the magnitude of
fluctuation relative to the outlet velocity may very well vary. This is particularly the
Case if rotational fluctuations are significant, as seems likely in these flow conditions.
Given the assumptions that have had to be made in order to obtain a numerical
Prediction of droplet size, it is clear that the plot of predicted maximum droplet size is
best used only as a guide, rather than absolute values. However the work is valuable in

Mproving the understanding of the experimentally observed results.
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Maximum stable drop size in
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Figure 55 Maximum stable drop size (um) in outlet flow from the VA at control flow = 400 li/min



CHAPTER 8

Experimental results from optimised VA

The atomisation potential of the new Vortex Amplifier was

assessed, both with the Malvern particle sizer and photographically.



Chapter 8 Experimental Results from Optimised VA

Overview

The two prcceding chapters presented numerical simulations of droplet
behaviour within the new VA. These indicated that there was a strong potential for it to
produce very fine sprays. They also suggest that droplets impacting on the VA diffuser
walls may still cause scrious problems. However it was hoped that the greatly reduced
chamber height of the new VA would allow the spray to penetrate beyond the VA
diffuser without signilicant quantities impacting upon the walls.

Once again the spray was measured with the Malvermn particle sizer.
Photographs of the spray were taken to confirm the Malvern particle sizer readings and
provide an indication of the flow pattern. The potential for good atomisation is greatest
When there is purc control {low through the VA, and so most of the tests concentrate on
this condition. The tests examine the effect of varying the flow rate and changing

different aspects of th: VA gcometry.

l. Malvern Particle Sizer measurements on new VA

Li Droplet sizes produced by the VA wiih control flow

The Malvern particle sizer is the primary method of evaluating the spray
atomisation. The SMD valucs presented throughout this chapter were obtained using it.
The method of data gathering was the same as that described in Chapter 3 for the
Previous spray mcasurcments with the VGVA. Thus each plotted data point is an
average of twenty sweeps ol the detector, so represents data from twenty different
firings of the injector. The firing of the injector is synchronised with the Malvern
detector sweep by a data acquisition board producing a triggering pulse.

As described in Chapter 5 the new VA was designed so that the diffuser and the
downstream geometry could both be varied. In the first series of spray measurements
the VA was fitted with the orifice plate diffuser, and the large volume viewing box was
attached to the outlet. . |

This is an impractical geometry for use in an engine. The orifice plate gives
Comparatively poor VA performance. In addition a large volume would introduce
Severe transient control problems in an engine. However this arrangement allows the

Spray produced by the vortex {low to be easily observed. This allows confirmation of
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Chapter 8 Experimental Results frém Optimised VA ,
the atomising potential of the VA, and provides a baseline to indicate how well more
practical outlet geometry would perform.

The mcasurement zonc where the laser beam from the Malvern particle sizer.
intersected the spray was 60mm downstream of the VA backwall. Visual observation of
the VA and viewing chamber confirm that very little fuel is deposited against the walls
prior to the measurement zonc.

Tests indicate that thc main body of the spray passes through the measurement
zone the period between 12 and 16 milliseconds after injection. To allow easy
comparison between sprays produced at different control flow rates it was decided to
use the SMD mcasurecment 14ms after injection as typical of the spray,. Spray
measurements were conducted over a wide range of control flow rates, and the SMDs of

the sprays at 14ms aftcr injection are presented in Figure 56.
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Figure 56 Measured SMDs with control flow through the VA

It can be scen in TFigure 56 that the VA is an effective atomiser. It reduces the
SMD of the sprav from 215um with no flow to 25um when the contrgl flow is 400
limin, Excellent atomisation is achieved at all flows above 300 li/min.

Another feature of the results is the large scatter in the measured SMD at
flowrates between 200 and 300 li/min. In this region the SMD measured could vary

aCross a 60 pm range. However outside this range the scatter of the measurements was
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much lower. For instance at 350 1i/min all the measurement lie within a 10 pm range,
and at 400 li/min the range is lcss than Spm.

The pressure drop across the VA is 0.385ba at 400 li/min. At this pressure drop .
air shrouded injectors produce a spray with an SMD of roughly 40um, and require a
pressure drop of around 0.6 bar to achieve a spray SMD of 25um7. This seems to
indicate that the VA could achieve good spray atomisation over a much wider range of

engine conditions than an air shrouded injector.

Lii  Effect of varying the VA outlet diffuser

In any practical application the VA would be fitted with a diffuser on its outlet
rather than just an orifice plate. This is to reduce the supply flow pressure drop, which
in an engine application would increase the volumetric efficiency. The VA in the test
rig was designed so that two different diffusers, as well as the orifice plate, could be
attached to the outlet. Thesc both have the same area ratio of approximately 3.6:1, and
were 20mm and 46mm long.

Attaching thesc to the VA could effect the spray arriving at the measurement
Zone in two ways. The attachment of a diffuser will change the pattem of airﬂow at the
VA exit wherc atomisation takes place, which could alter the spray SMD. Also the
Spray may be dcposited against the diffuser walls. The numerical simulation has shown
that the latter will tend to affect mainly the smaller droplets, causing the measured SMD
to rise.

The spray SMDs were measured with each outlet attached. The viewing
Charpber was still used, attached to the VA outlet, to allow easy optical access, and the
diffusers discharge into this. Spray SMDs were measured with the Malv'em particle
Sizer. Photographs were taken to support these measurements. The measurements were
again taken 14ms after injcction with the measurement zone in the same position as in

the first set of tests.

The SMDs of sprays measured with different outlet diffusers are shown in
Figure 57. '
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Figure 57 Measured SMDs with different outlet diffusers.

It is clcar that at control flows below 200 li/min the VA outlet has a minimal
effect on the SMD measurcd by the Malvern particle sizer. The difference in the SMD
values observed at this flow rate are within the range of experimental scatter found in
earlier tests. [lowever at higher flow rates the longer diffuser clearly affects the spray.
Both the orifice and shorter diffuser outlet both show a considerable reduction in SMD
as control flow increases. In contrast the large diffuser fails to reduce the droplet
diameter below 130um, and so would produce very poor air to fuel mixing.

It would appear that the smaller droplets in the spray are being deposited on the
diffuser walls, so that the mcasured SMD of the spray increases. The shorter diffuser
Performs as well as the orificc plate, with the data points being practically identical, and

it would appear that the spray passes through it without significant deposition of fuel on
the walls.

Liii  Effect cf varying injector position

The numerical simulation of droplet breakup within the VA had shown that the
Most turbulent flow lay off thc central axis of the VA. It was therefore possible that
Atomisation might be improved by injecting the spray off centre so that more of the fuel

Would pass through this highly turbulent region.
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In addition the simulation on droplet motion in the VA had shown that droplets
injected into this region penctrated further into the VA. This is because of the core of
reversed flow at the centre of the VA outlet. Thus it was felt that offsetting the injector .
may reduce droplet deposition.

The injector was moved so that its axis was offset from that of the VA chamber
by Smm. The orifice platc was attached to the VA outlet and the flow exited into the
viewing chamber. The SMD measurements obtained are compared in Figure 58 with

those already obtained for a centrally positioned injector in the same conditions.
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Figure 58 Comparison of results for axial and offset injector positions

The results appear (o indicate that there is an advantage in having the injector
offset at lower flow rates. This is because the SMD of the spray produced with the
jector offset is always at the lower end of the range of SMDs observed with the

' Centrally placed injector. Thus although the best performance for the centrally placed
injector is as good as that with the offset injector, the offset injector achieves this
Performance repeatably.

The higher values in the range of SMDs observed with the centrally placed

injector are caused by the bulk of the spray not passing through the most turbulent part

Of the flow. At the hi gher flow rates the swirl is sufficient to ensure that the spray is
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centrifuged into the most turbulent region wherever the injector is placed. This means
there is less scatter at the high control flow end of the graph, and the measurements

from the centrally positioned and offset injectors are the same.

Liv  Results with supply flow and mixed control and supply
flow through the VA

The preceding tests have established that the VA can atomise the spray
effectively at high control flow rates. To see how effective the atomisation is across the
rest of the VA flow regime tests were conducted with supply flow and mixed supply and
control flow. The proportions of supply flow and control flow into the VA were varied
with the control valvcs fitted in the rig. Spray measurements were taken in the same

way as for the previous tests.
Liva  Test with pure supply flow

Spray measurement were taken with ohly supply flow passing through the VA at
the same levels of flow that had been used in the experiments with control flow. The
orifice plate was attachcd to the outlet of the VA and the spray discharged into the
viewing chamber. The position and timing of the measurements were kept the same as
the previous tests. |

The results from these tests are shown in Figure 59. For comparison the SMDs
measured previously with control flow through the VA are also shown on the graph.
Unsurprisingly the supply flow produces considerably larger droplet sizes. This
confirms that the excellent atomisation produced by the VA is largely due to the very

turbulent naturc of the vortex fTow.
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Ficure 59 Comparison of measured SMD for supply and control flow

Livh  Test with mixed supply flow and control flow

Tests were also conducted with mixed mode flows. These were conducted in the
Same way as the pure supply flow tests, but control flow was introduced. The flow
through the VA was kept constant at 400 1i/min and the relative proportions of control
and supply flow were varied.

The results from thesc tests are shown in Figure 60. As expected the best
atomisation is achieved with pure control flow, and atomisation remains good until the
Supply flow increases beyond 3/5ths of the total flow. |

A surprising fcature of the results is that with mixed flow at low control flow
ates the atomisation is worse than that achieved by the pure supply flow. The
®Xplanation for this can be found in the velocity distribution within the VA. The
Introduction of control flow causes thé axial velocity at the centre of the VA outlet to
fall. This is because the tangential momentum imparted by the control flow causes the
axial velocity distribution across the outlet to peak close to the walls and be lower in the
Centre. As the injector was centrally positioned in these tests this means that as control
flow is increased the fuel is injected into lower velocity air flow. This means that the
Telative velocity between the spray and the airflow, which provides the disruptive force

1 shatter the spray, is reduccd. This leads to the observed rise in droplet size until the
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vortex becomes sufficicntly turbulent to shatter the spray and distribute it throughout the

outlet flow.

Total Flow through VA 400 li/min

200

180 -

160 J—

140 | -

-
N
o
L

@
o

SMD (microns)
o
(=]

[<.3
o
|

40

20 ¢-

0 L 100 150 200

Supply Flow (li/min)

250 300 350

Figure 60 Measured SMDs for mixed mode flow through the VA

l.v  Effect cf varying pipework downstream of the VA

The large viewing chamber attached to the VA outlet in all the experiments
above would have dcldcrious cffects on engine control if it were actually fitted in an
intake system. This is duc to the time lag it would introduce. In practice there is only a
short port between the injector and the cylinder in a multi point inj ection engine. It was
therefore necessary to obscrve the spray from the VA passing through such a short port,
to assess how it affected the atomisation. Again there was the possibility of spray being
flung against the walls, particularly in light of the modelling results and the experiments
In section i which indicated this happened in the longer diffuser.

A tubular outlet wus attached to the outlet of the VA in place of the. viewing
Chamber. This had an internal diameter of 28mm. Windows were attached to allow
aceess for the laser bean at the measurement position which was again 60mm from the
VA backwall. The spray was measured in the tube, with either the orifice plate or the
Smaller diffuscr attached to the VA outlet. The VA was supplied with control flow
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only. Spray mcasurements were recorded with the Malvern particle sizer across a range

of flow rates.

The results {rom this testing are plotted in Figure 61. The measurements that

were taken earlier with the spray discharged into the viewing chamber are included for

comparison.
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Figure 61 SMD mcasurements with a tube outlet attached to the VA (viewing chamber results included for

comparison.

Again it can be scen that the tube has little effect up to flows of 200li/min. As
the flow incrcases beyond this the SMD is larger than that attained in the viewing
chamber. These results arc similar to those measured with the long difﬁlser attached,
Which appear in Figurc 57. Auain this can be attributed to the smaller droplets being
flung against the walls.

The mcasurements of SMD with the tube outlet attached indicate that in an
engine little fuel would travel down the intake port from the VA to the cylinder without
being deposited on the walls. Further testing was undertaken to confirm this. Two
different tube lengths werc attached to the VA outlet. The flow from these then passed
into the viewing chamber, where any fuel carried in the airstream could be measured.
The first of these was 100mm long, the second 50mm.

The results from thesc tests confirmed the severity of the spray deposition. With
the longer (100mm) tube no droplets emerged into the measurement zone (160mm from

the VA backwall) if the control flow was increased above 100 li/min. With the 50mm
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tube droplets were obscrved at flows up to 200 li/min. Again at higher control flow

rates no droplets were carried through the tube. Clearly at the higher flowrates all the

spray is deposited against the tube walls.

Il. Photographs of sprays from the new VA

Photographs of the spray produced by the VA were taken to provide further data
on spray formation within the VA. These confirmed the validity of the Malvern particle
sizer measurements. The photographs of the spray were taken in the large viewing box
attached to the VA outlct over a range of control flows.

The spray was illuminated with a normal camera flash. To improve the
resolution of the photograph only a thin sheet of the spray parallel to the plane of the
camera lens was illuminated. This was achieved by directing the camera flash through a
narrow slit so that it lit a sheet of spray in the focal plane of the camera. Due to the high
Speed of the spray the photoeraphs are not perfectly focused, but they still provide
Vvaluable indications of the spray behaviour.

The photographs arc presented on figures showing their position relative to the
Vortex chamber, inicctor and mcasurement zone. They are twice actual size.

Two photographs arc compared in Figure 62 and Figure 63. The first shows the
Spray with a low control flow through the VA, the other a high control flow rate. With
the low flow rate it can be scen that the spray in the measurement zone contains large
droplets and is concentrated in a narrow cone. In contrast in the second photograph very
few individual droplcts arc vitible, and most of the spray appears as a fine mist.” This is
Cansistent with the very low 5SMD recorded at this flow rate.  Also the spray is not
Tesident in the centre of the viewing chamber, but has been moved out to the sides by
the spinning flow. At the top of the photograph it can be seen that the spray from the
injector penetrates into the vicwing chamber, but is rapidly dispersed by the turbulent
flow through the outlet. .

Figure 64 and Figurc 5 show photographs with outlet diffusers attached. In
both photographs the flow through the VA is 400 li/min and is all control flow. The
first Photograph shows the shorter diffuser. It can be seen that the spray is similar to
that with the orifice plate wt high control flow in that most of the spray appears as a fine

Mist of droplets. A few Liree drops, which appear to have been re-entrained from the
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diffuser wall are present. The spray has not been flung as far out to the side as was the
case with the spray freni thc orifice plate, since the diffuser obviously allows for a more
gradual expansion of the airflew into the viewing chamber. However most of the fine
droplets are at the cdge of the {low from the diffuser.

In the photograph of the long diffuser only a few large droplets can be seen
exiting the left hand cduce of the diffuser. This agrees with the Malvern particle sizer

measurements which indicate that most of the spray is deposited in the diffuser.
lll. Discussion

This chapter has presented a considerable amount of experimental data
Mmeasuring the atomisation potential of the VA. The effect of control flow rate upon the
SMD of sprays produced in thic VA has been investigated. Some measurements have
been made of the influcnce of the relative proportions of control and supply flow upon
the droplet size. This would clearly be important in an engine application where the VA
Would to operate throuchout the entire range of flows, from pure control at idle, to pure
Supply at wide open throttle. Further testing has considered the effect of a number of

different outlet gcomcirics on the effectiveness of the atomisation.

i Accuracy of results

The quantitative mcasurements of droplet size were obtained with a Malvern
Particle sizer. This is a very accurate instrument. However there is still a level of
Uncertainty in the results. This is mainly attributable to the measurement of a volatile
SPray. There was cvidence (hat some refraction of the laser beam took place in the
denSity gradients causcd by the spray evaporating. This effect is known as beam
Steering, The presence ol beam steering was shown by the skewing of the scattered
light energy distribution that was measured by the Malvern particle sizer, which was
Observed during the gathiering of data. |

Beam Steéring will result in undeflected light being measured by the innérmost
Tings of the light sensitive diodles in the Malvern particle sizer detector. This will lead
© the value of SMD calculate.! from this data being higher than that of the spray. To
antify the effect of the beam steering several results were analysed with the data from

he Innermost diodes icnored. This will give a value for the spray SMD assuming that
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none of the light dctecied at the innermost rings was diffracted from large droplets.
This analysis showcd tlic minimum bound to the SMD, assuming all the light on the
innermost rings of the d.tector to be the result of beam steering, to be within 10% of the
calculated SMD from the whole sample of the scattered light data.

The photographic work showed the persistence of a few large drops in the spray
within the measurem=ut zone. It was therefore decided to calculate the SMD from the
full sample of calculutc. lizht data as some of the scattered light on the innermost rings
Wwas attributable to thicse laree drops. As some beam steering is believed to have
occurred this analysis will over predict the SMD. Thus the reported SMDs represent an
upper bound to the sprav sive with a tolerance of -10%.

The results in I*:zure 59 show a large scatter in SMD between flow rates of 250
and 300 li/min. It is important to realise that this is not genuine experimental scatter,
but the measurement ol a eenuine physical effect. It has been explained in terms of the
interaction between the spray and the region of highest turbulence in the flow. Both the
flow path of the spray. und the nosition of the most turbulent airflow are not fixed. This
means some measurcnicnts record very small droplet sizes when the spray interacts with
the highest turbulence wir, an! some record larger sizes when it does not. At higher
flowrates the turbulcr.ce of the air at the VA axis is always sufficient to disperse the
Spray into the highly turluilent region near the outlet walls. This is why the large
amount of scatter is not iound at higher flowrates. |

Evidence to support this explanation of the scatter comes from the measurements
taken with the inj ector uffset from the VA axis by Smm. In this position the bulk of the
SPray must interact witl: the Li-hest turbulence flow. These measurements do not show
the scatter associated with (e nrevious results. Furthermore they show the same value
Of SMD as the lowest recorded with the centrally positioned injector. This confirms that
the Jow SMD record ! with the centrally placed injector were caused by the spray
interacting with the hiel:ly turbulent region of airflow.

To completely rulc out an explanation of this scatter based on beam steering
Measurements were tuken over a period of several weeks. As beam steering is caused
by Spray evaporation. the magnitude of the effect will depend upon atmospheric
“onditions, There was 110 -orr-lation between the amount of scatter in measured SMD

d the temperature, prcssure and humidity in the laboratory.
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It seems clcar th.t the scatter in the results is due to random elements beyond the
control of the experinic:t. These include random fluctuation of the VA flow field and
imperfect repeatabilitv »f the injector positioning and supply pressure. These small
effects seem sufficicnt o determine whefcher or not the spray interacts with the most

turbulent region of thic airflow.

Il.ii  Overvicw of results

The results presented in Figure 56 clearly show that excellent atomisation can be
achieved at control Il¢w rutes of above 300 li/min, and good atomisation can be
achieved at lower flow rates. There is however a good deal of scatter in the SMD
achieved at the lower 110w rates. Figure 58 shows that positioning the injector so that it
is offset from the centzul axis of the VA removes this scatter. By offsetting the injector
the bulk of the spray is citain o pass through the most turbulent region in the outlet, so
ensuring the smallest possible droplets sizes are produced.

Figure 60 shows that good atomisation can be achieved across much of the VA
Operating regime as niicd mode flows produced fine sprays. However when supply
flow was increased so that it constituted more than about 60% of the flow supplied to
the VA atomisation cfivetiveness was reduced.

Unfortunately tl.ose positive results were obtained with an experimental set up
that does not accuratel v represent conditions within any feasible engine design. This is
because the VA outlt was fited with an orifice plate rather than a diffuser and the
Measurements arc tukon in a large volume viewing chamber.

- The results tul:ci under more realistic conditions were much less encouraging.
Although the shorter Jiituser produced sprays with SMDs as low as those measured
With the orificc plate, w hivh control flow rates most of the spray was deposited within
the long diffuser. Al-o the spray was deposited within the pipe outlets that were
Atached to the VA. Unless (his problem can be overcome the excellent atomisation of -

SPrays within the VA 1 of fittle practical value.

lLiii  Auternap:s to prevent droplet deposition
The route to overcoming the spray deposition is not obvious. A simple change

U the size of the V.\ is unlikely to provide a solution. Increasing the VA outlet

Rmeter would meun e position of the injector was further from the walls, which
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would offer a reduction in spray deposition. However to maintain VA performance the
chamber height would i..ave to be increased. This would increase the residence time of
the spray within the Lo iy of the VA. The earlier work with the VGVA indicates that
this would lead to spruy -Ieposition within the vortex chamber.

Some simplc chrnges 1o the VA geometry were tested in an attempt to prevent
droplet deposition. I'lic injector was advanced into the chamber so that it was level with
the plane of the VA ocutlet in the hope that this would allow greater spray penetration.
However measurements with thie long diffuser again showed that spray diameter did not
drop below 130pum for tie ranve of control flows tested. This indicates that most of the
Spray was still deposited within the diffuser.

Another approach was o place a cylindrical gauze mesh in the VA outlet in an
attempt to catch the spray betre it was deposited. However this disturbed the outlet
flow so that atomisaticn was worse at most flow conditions.

It was hoped that there was a possibility to minimise droplet deposition'by
timing the injcction pu'se to coincide with vortex spin up or spin down in unsteady
flow. To investigutc 1his the VA was tested with pulsed airflow. The results of this

testing are presented in the next chapter.
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Figure 62 Spray Photograph. Control Ilow = 100 li/min. Qrifice plate attached to VA exit
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Figure 63 Spray Photograph. Control Flow = 400 li/min. Orifice plate attached to VA exit
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Figure 64 Spray Photograph. Control Flow = 400 li/min. Short diffuser attached to VA exit
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Figure 65 Spray Photograpl. Control Flow 400 li-min. Long diffieser attached to 134 exit
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CHAPTER 9

Fuel injection into unsteady airflow

To indicate the performance of the Vortex Amplifier under real

engine conditions, tests were conducted with unsteady airflow.



Chapter 9 Fuel Injection into Unsteady Airflow
. Introduction

The previous chapters have presented results from numerical modelling and
experiments investigating droplet behaviour in the VA under conditions of steady
airflow. These have shown encouraging indications that the VA could produce sprays
that are finer than those from current automotive injectors. However the flow through a
spark ignition enginc is obviously pulsed. Under these conditions the vortex in the
chamber will take time to form. It is possible that if the ‘spin up’ time for the vortex is
large it could adverscly effect the droplet breakup. To see if this was a significant factor

some tests were required to examine the effect of pulsed airflow in the VA.

. Testrig for pulsed flow through the VA

The steady flow test rig was altered by inserting a rotating valve that could chop
the airflow into pulscs. This chopping valve is shown schematically, just after opening,
in Figure 66. It consisted of a rotating cylinder inside a cylindrical housing. Both the
housing and the rotor had holes in them. Thus when these holes were aligned the valve
allowed airflow to pass. The inlet and outlet holes were at different axial positions
along the cylinder so that that the valve would open once per revolution. The holes at
the inlet to the valve were much larger than the exit ones so that the flow is controlled
only at the outlet. |

The valve is open for approximately 37° of the 360° of the valves rotation. A
typical inlet valve in a four stroke spark ignition engine would open about 5° before
TDC of the induction stroke, and close 45° after BDC, a total valve opening angle of
230°% for every 720° of rotation. Figure 67 shows a comparison of the chopping valve
with a typical enginc inlct valve.

It can be seen that the opening profile of the chopping valve is similar in shape
to that of an énginc valve. As the chopping valve opens every 360° rather than every

720° the frequency of the chopping valve is twice that of an engine running at the same

Speed.
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Iligure 66 Schematic diagram of chopping valve

Obviously the openine angle of the chopping valve is smaller than it should be
for an accurate simulation of a inlet valve. It is open for approximately 10% of the
valve period, an enginc valve is open for about 28% of the period. However the flow
through the valve should be roughly representative of flow in an SI engine running at
twice the speed.

As the primary concern of the project is the atomisation of the spray at engine
idle and low power, most data was gathered with the chopping valve rotating at 400
Ipm. The flow obscrved should correspond approximately to that in a engine intake port
at the typical idle speed of an ST engine of 800 rpm.

Clearly therc are considerable differences between the flow in the test rig and
that that would be ubserved on a multi cylinder engine. The pulsed flow work only

Indicates trends rather than allowing accurate prediction of behaviour in an engine.
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Figure 67 Comparison of chopping valve and engine inlet valve opening profiles
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The test rig was instrumented to measure the pulsed flow. A magnetic pickup

was installed on the chopping valve to detect the speed of rotation. The output from this

pickup was fed to a digital readout that displayed the revolutions per minute, and also to

the data acquisition board. This allowed the pressure readouts to be related to the

position of the chopping valve.
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Fignre 68 Schematic of test rig adapted for pulsed flow

Laser

Pressure tappings were positioned upstream and downstream of the chopping

These allowed access for the Druck pressure transducer. The output from this
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pressure transducer can be fed to the data acquisition board, to allow the variation of
pressure with chopping valve rotation to be observed.

The rotameter was left in the test rig. This was to allow the opening of the valve
supplying the test rig to be sct repeatiibly. With the chopping valve fixed in the wide
open position, the throttle position could be set to give a value of steady flow, measured
by the rotameter. Once the throttle position was set in this way the chopping valve
could be started to begin pulsing the flow. It was very hard to set the inlet throttle

position repeatably in any other way due to the large pressure drop across it.

lll. Simpie Lumped Capacitance model of flow through
VA test rig

To relate the drop sizes measured with pulsed flow in the VA to the steady flow
results it was necessary to know how the airflow through the VA varied With time. It
was decided to construct a mathematical model to describe this. Abdul-Wahab*
successfully modellcd flow through the VA when he used it as an engine throttle with a
simple lumped capacitance model. A similar method was used in an attempt to model
pulsed flow through the test ri¢ used in the current project.

The basis of tlic model assumes that the flow through the chopping valve can be
determined by thc cquation for compressible flow through an orifice, which for

unchoked flow is:

Y 1!
- L _ CoAgly (P_) "2 1_(P_D) v
RT, \Py y -1 P,
Equation 21
In Equation 21 C,, is a discharge coefficient, Ag a reference area, and the

Subscripts U and D rc fer to conditions upstream and downstream of the chopping valve
respectively. '

Clearly the arca of the chopping valve varies as the valve rotates. When the
orifice is fully open it is a rectangle of 37mm length and 13mm width. As the valve
Totates the width varics between Omm and 13mm, being closed for most of the time (see

Figure 66). The dizmeter of the chopping valve is 80mm. If TDC (i.e. 0°,360° etc. of
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chopping valve rotation) is taken as the point where the valve is just about to open, the

width of the valve, b, is:

b = 80sin(6/2) 0<0<187

b = 13-80sin(1/2[6 - 18.7]) 18.7<0<374

b=0 37.4 <0 <360
Equation 22

The area of the chopping valve is thus:
A =37xbmm?
Equation 23

As well as the chopping valve the test rig also contains the VA and a viewing
chamber, and connecting pipework. The basic layout of the test rig is shown in
Figure 69.

Throttle , Chopping Valve Viewing Chamber
Vortex Amplifier

Figure 69 Schematic layout of test rig for pulsed flow

In the model of the test rig the flow through the throttle and chopping valve can
be modelled with Equation 21. By treating the pipes and the viewing chambers as pure

Capacitances and assuming adiabatic flow the pressures can be modelled as in Equation
21.

dP _y-1/. .
-z = 70—1— (m,.,, CP T;,, - moul Cp T:ml )

Equation 24

This leaves only the VA to be modelled. A FORTRAN programme was written
to solve Equation 21 and Equation 24 in the test rig with the VA modelled empirically
from a curve fitted to the measured steady state control flow data. The simulation was

Tun with a pressure upstream of the throttle of 1 bar, the viewing chamber exiting to
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atmosphere and the lopping valve rotating at 400 rppm. The results from the simulation

are compared to tho:e from experimental measurements on the test rig in Figure 70. -

130000 .
125000 M
m N e Modelled pressure
2 o L —&- P
8 120000 [ pz:.r‘ Aol upstream of the .
o | ; y chopping valve
o 115000 ¢ 7 —A— Modelled pressure
g downstream of the
E 110000 chopping valve
—o— Measured pressure
105000 upstream of the
. chopping valve
100000 /44 —©— Measured pressure
¢ downstream of the
Time (ms) chopping valve
Figure 70 Corparison of measured pressures in test rig and results from lumped capacitance model

The modellcd results do not give a particularly good approximation to the
experimentally mcuured pressures.  The measured pressure downstream of the
chopping valve lags ti.c predicted pressure by a considerable amount. Upstream of the
chopping valve the i.1.dclled pressure recovers more rapidly than was actually the case.
In addition it docs 1ot model the sccondary oscillations that are a feature of the
measured pressure vilices.

The deficiency in the model is attributable to the test rig containing some long
narrow pipes which could not be accurately represented as pure capacitances. A more
Sophisticated modcl vas obviously required. It was decided to use a software package
that had been deveinned at Shefficld university that modelled pipe networks using

transmission line mo.iclling.

IV. Tranumiscizn Line Modelling of flow through VA test

rig.

Transmission iine modelling was originally developed to analyse transients in
electrical networks®" [t treats 1 network as transmission lines offering media through
Which waves travel. .« {low network is a scries of these transmission lines connected by
flow junctions. Sc:iioring of the waves may occur at junctions. The Sheffield

University Networl. \nalysis Softwarc (SUNAS) models each pipe as a number of
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transmissions lines. I:uch transmission line has its dynamic elements represented as a
point resistance, capucitance or incrtance. By having several transmission lines
representing each pipe the model increcases the distribution of the lumped dynamic
elements. This improves the accuracy of the modelling. A detailed description of the
formulation of the 111> fel has been published®.

The SUNAS programme requires the information about the network to be
entered as a datasct. The g¢eometry of the network is entered first by entering the
number of nodes ani pipes and the links between them. The length and diameter of
each pipe can then o entered. Data has to be entered for each of the nodes. The
boundary nodes car. cither Lie constant flow junctions or have a constant external
pressure with a linc.r or quadratic resistance. Each internal node can be defined as
either a linear, quadr:tic or time varying resistance.

The test rig vus modelled as 6 pipes linking 7 nodes. A diagram of the network
is shown in Figure 71 (all dim:nsions in mctres).

Comparing I'izure 69 and Tigure 71 it is clear that the network modelling
undertaken with the SUNAS software is considerably more sophisticated than the
simple capacitancc nicdel. As such more accurate results are to be expected. However
more complex data in::st be inout to define the model.

The inlet thr. tle was modelled vs a constant flowrate boundary. This was due
to the fact that it w. a large pressure drop (roughly 1.5 bar) across a small throat area.
This meant that the tiow did not vary significantly with the fluctuations in pressure
downstream of the t!:: :(tlc.

The resistanc. ol the VA to control {low was measured on the steady state test
rig. This resistance was used in the model. The downstream boundary node for the

network was the VA ouatlet. The pressure at the outlet was set to atmospheric.
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- _"I Node Description
A ) A Inlet Throttle
B Rotameter
1 o Entry to Chopping Valve
D Exit from Chopping Valve
‘B E Pipe splits in two
\ F Pipe splits into four
2 G Votex Amplifier
:ip Pipe Diameter [Length
i 0.028 0.6
! 2 0.028 2
3 0.08 0.1
3 4 0.028 0.41
" 5 0.014 0.2
I 6 0.02 0.2
5
D
& l

Fere 71 The pulsed flow test rig as modelled by the SUNAS programme

For simplicit., when the pipe split to enter the four separate control ports it was
entered into the modcl as one pipe with the same flow cross sectional area as the four
together. Nodes E uiid T were pipe splits that were assumed to have low resistances
compared to the othur resistances in the rig and were thus given nominal resistance
Vvalues.

Estimating tiic rotameter resistance was not straightforward, because it varied
Wwith the flowrate thrugh the rotameter. Pressure measurements across the rotaﬁeter,
along with the volun:-tric flow measurcments from the rotameter itself, indicated that it
varied as:

480.5

Ihz

Rotameter resistance, R =

Pa.s/kg

The average 1aass flow through the rotameter was fixed by the inlet boundary

Condition, so once this was determined the rotameter resistance could be deduced.
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Unfortunately the flow through the inlet throttle was not truly constant as the
pressure drop across it was insufficient to cause choking. This meant that the mass flow
could not be dircctly cstimated from the steady flow value. A considerable increase in
pressure downstrecan: of the inlet throttle occurred when the chopping valve was
activated. Clearly ii.is lcad to a significant decrease in the mass flow through the
throttle from the stcudy flow value that could be measured with the rotameter. A more
complex technique wis required to estimate the mass flow for this boundary condition.

The pressurc mcasurcment downstrecam of the throttle was recorded on the test
rig whilst the choppiiyg valve was rotating. This rose during the phase of rotation when
the chopping valve v s closcd. This pressure rise could be used to estimate the average
mass flow into pipes | and 2 from Equation 24, assuming they behaved as capacitances.
When this was donc it was found that for a chopping valve rotational speed of 400rpm
the pulsed and stcady mass flow behaved according to the empirical rélationship in

Equation 25.

) _ + 117
m palsed 1’79msteady

Fyuation 25

Once this cqation had been derived all the required inputs to the SUNAS
program had been iound. When the model was run the correlation between simulated
and experimental duain was excellent. The results in Figure 72, which are for a steady
flow rotameter settin:: of 4 (112.51i/min) and 1 rotational speed of 400 rpm, are typical.
Not only does the programme model the primary pulses well it also follows the

secondary pressure oscillations in the e trig.
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Figure 72 Compuarison of measiied pressures in test rig and results from TLM model

These resulls ure an accurate representation of the pressure variation in the VA
test rig. Therefore Ui transmission linc model can be expected to accurately predict the
mass flow of air through the VA for a variety of upstream pressures and chopping valve
rotational speeds. This was done and some of the results are shown in Figure 73. The
throttle position ‘a’ vives a stcady flow of 80 li/min, and throttle position ‘b’, 112.5

li/min.

€

E '

= . —aA— Throttle position a
_ 2 ’ —g—Throttle position b

© .

g

[T

Y “.,ul"!"?\
201 2.02 2.03 2& 2.Bs

Time (s :onds)

Figure 73 i flow rates through the VoA with chopping valve speed of 400 ;‘pm (TDC=1.95s)

It can be seci. that thz peak air flow through the VA lasts for roughly 10ms and
declines slowly. Cle:rly the vortex spin up time is small compared to the valve opening

Period. It thereforc ~cems that at this ratntonal speed the effects of unsteady flow on
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the flow pattern within the VA should be small. This means that the excellent steady

flow atomisation should be repeated with unsteady flow.

V. Experimental drop size measurements with pulsed
airflcw through the VA

To measure droplet sizes the fuel injector was triggered using the top dead centre
pulse from the chopping valve. This meant that the timing of the injection pulse could
be varied relative to the chopping valve opening time. The accuracy of the relative
timing was estimatcd to be around £3ms. This was mainly due to a tendency of the
chopping valve speed to drift from the measured value, which was used to set the delay
between TDC and the injection pulse. There was also some uncertainty in the response
time of the relay driving the fuel injector.

Spray measurcment results for a chopping valve speed of 400rpm are shown in
Figure 74 for two throttle valve settings. The low flow setting gave a steady flow of 80
li/min, the high flow retting a steady flow of 144 li/min. The spray measurements were

recorded with the injcctor positioned on the VA chamber axis, and with it offset by

Smm.
160
140
120 TN
€ 100 (
2 —A—Low Flow Central
i g 1 | —@—Low Flow Offset
2 60 —g—High Flow Central
v 40 —3¢—High Flow Offset
20 |
0 : ! :
-10 0 10 20 30

Start of injection pulse. [Time after
chopping valve TDC (ms)]

Iigure 74 Measured spray SMDs in pulsed airflow

As the chopping valve opens 4° before TDC (about 1.7ms at 400rpm) the spray
injected before top dead centre, which are similar for all four lines, should be in

qQuiescent air. Howcver the drop sizes are smaller than those observed for injection into
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quiescent air in stcady flow (210pm). This implies that there must be sufficient
movement in the air (o disrupt the largest droplets even with the chopping valve closed.
This is presumably due to undamped flow oscillations.

As the injection point is moved forward with respect to TDC, the droplet sizes
decreases to a minimum and then increases back toward the initial value. As would be
expected smaller droplet sizes are obtained with the higher air flow rate. Figure 73
shows that the peak uirflow through the VA is expected to occur between 10 and 20ms
after TDC. This expluains why the injection pulse that started 10ms after TDC produced
the smallest droplet size. The flowrate then decreases steadily explaining the increasing
droplet size. »

The positioning of the injector, cither upon or offset from the VA chamber axis,
seemed to have only i small cffect upon the droplet sizes. The general trend seemed to
be for the offsct injoctor to produce slightly larger droplets, presumably due to the
sprays proximity to the walls causing more of the smaller droplets to be deposited.
However at the low flow ratc the offsct injector produced a smaller minimum droplet
size. This occurs for the injection starting 10ms after TDC, when the air flow through
the VA was about 290li/min. In the stcady flow tests, the centrally placed injector was
found to produce a wide scatter of spray SMDs at a range of airflows between roughly
250 and 300 li/min. it was suggested that in the sprays with the larger SMDs the spray
had not fully interacted with the most turbulent regioh of the air flow, which is off the
chamber axis. This is probably the cxplanation for the smaller dropl-et size achieved by

the offset injector here.
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1 |
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Iigure 75 Measured spray SMDs vs. Predicted flowrate in pulsed flow

Figure 75 shows the measured droplet size compared with the instantaneous

flowrate through the VA during injection. The air flow was calculated from the SUNAS
predictions. It can be seen that the results are generally similar to the steady flow
observations in Chapicer 8. Again at moderate flow rates between 150 and 300 li/min a
large degree of scatter is secen in the measurements.

Very small droplet sizes are again achieved at flowrates of 300 li/min or greater.
This offers confirmation that the short spin up time of the vortex allows the excellent
atomisation observed with steady flow to be repeated.

It was hoped that the pulsed {low through the VA might offer some advantage to
prevent droplet deposition. Tests were conducted with the tube outlet and the long
diffuser attached to the VA outlet. As with steady flow it seemed that the effect of
droplets being flung against the walls of the outlets outweighed the particle sizing
potential of the VA. Varying the injection timing so that it was prior to or after the peak
air flow through the VA was not successful in preventing droplets being flung against
outlet walls. No small droplets were measured passing through the tube outlet for

average air flow rates during injection of greater than about 200 1i/min.
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VI. Conclusicns

VA ‘spin up’ time is short enouch so it does not impede very good atomisation
with pulsed flow. The quality of atomisation observed in the pulsed flow tests was as
good as that achieved with steady flow through the VA. It also correlated with the
average air flow through the VA during injection (calculated by SUNAS) in much the
same way as for stcady {low. However pulsed flow effects cannot be exploited to
prevent droplet deposition. The problem of droplets being flung against the walls of any

outlet attached to the VA cxit was just as severe as with steady flow.
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CHAPTER 10

Overall Discussion

This chapter summarises the work described in this thesis and

considers the implications of using the VA in an engine application.
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I Project Overview

The thrust of the project was to use a vortex amplifier to lower the emissions of
Spark Ignition enéincs through the route of improved mixture preparation. The vortex
amplifier was choscn as a mixture preparing device as it is able to produce a compact
yet highly turbulent flow ficld. Additionally the VA has already been shown to have
some ability to reduce pumping work when used as a port throttle* . If it were so
employed it would be in the ideal position to provide mixture preparation for fuel
metered and supplied by a multi point injection system. Combining mixture preparation
and pumping work bé:neﬁts from a VA would provide an attractive route to improved
economy and reduced emissions.

Attempting to assess improvements in mixture preparation clearly necessitates
analysing the {low of a multi-phasc mixture. The flow in the outlet of a VA is highly
complex and three dimensional, and is not readily amenable to numerical analysis. Due
to this the work donc in asscssing the VA performance as a mixture preparation device
has been largely experimental. Some theoretical treatment of the flow has been
undertaken to clarify the experimental obscrvations, but this has leaned heavily upon hot
wire measurements of the VA flow ficld by King'’. Most of the results presented in the
project were bascd upon dircct measurement of droplets produced in the VA by a
Malvern particle sizer.

This chapter considers these results in the light of the intended use of the VA
within an SI engine. The prospects for the successful implementation of a combined

port throttling and spray atomising VA are assessed.
ll. Choosing a VA goometry

The initial experimental work in the project set out to establish the capacity for
the vortex flow to produce finely atomis=d sprays. It was also designed to evaluate the
effect of the VA geometry upon the dronlet size produced. The results, presented in
Chapter 4, showed that the VA could disrupt a fuel jet at levels of control flow that
Would be expericnced in enuine operntion, The effectiveness of the atomisation was
destroyed by the deposition of spray on tlic walls downstream of the injector. Thus any

effect that internal VA gcometry Lad on the spray was insignificant compared to
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designing the outlct gcometry to minimise the deposition. If this could be achieved then
the atomisation could be cxploited whilst selecting the VA geometry to give optimum
control of the air flow.

In his thesis, Abdul-\Wahab observed that the requirements which the VA must
satisfy are:

a) To have as little vacuum as possible in the supply plenum
(intake) during induction, so that the piston may confront less

vacuum at [VO.

b) At idle, the required mass of air trapped in the cylinder at IVC
is that just needed for combustion to overcome total engine
frictional losses.  Tii-refore, the VA should provide the

equivalent vacum to control the charge density at IVC.

c) At higher speeds, wihen the engine draws its maximum flow
through the VA, the 171 throat area must be large enough to

avoid choking the floyw.

To achicve these aims is complex, as they impose different constraints on the
VA flow characteristic. A design vivin: low control pressure ratio between ihe vortex
state and normal statc would satisfv requirement (a). However a VA sized to give the
required flow at idle conditions wouii choke at high engine powers, and so could
probably only be sized to mect one ot requirements (b) and (¢). This is because the
control ports in a low CPR desion are o and so a small sized VA would be needed to
achieve the required cylinder vacuum wt ille. Similarly, a high turn down ratio design
should satisfy (b) and (c) but would ¢+ a considerably higher vacuum in the supply
Plenum. Abdul Wahub did not adequat-!y resolve this dilemma for a 4 cylinder engine.
However his work on a single cylinder vn-ine was sufficiently promising to believe that
further investigation could provide a s+ isfuctory solution. A reasonable starting point

Would be a compromise geometry vwhis!: maximises the ‘performance index’, which is
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defined as the ratio of TDR/CPR. Su i a gcomctry was used in the second phase of
testing in this project, as described in Chspter 5.

There are rcasonablz grounds [hr optimism that further investigation would
produce a VA based port throttling s:\'::t':m applicable to a 4 cylinder 'engine. If this
were so it could also take advantage of the atomisation benefits available. The
independence of thc atomisation effectiveness from VA geometry means that the only

~constraint that would be placed on the w;ometry of the VA so that it could combine
atomisation with throttling would be hat it had a low chamber height. This would
prevent spray being Jdeposited within the ho.dy of the VA. All high performance VAs

have a low aspect ratio, so any VA port throttling system should meet this requirement.

It is worth noting that there i @ peculiarity in the steady state performance
reported by Abdul Wahab for the iiitial VA he designed.’ The geometry and
performance indiccs of this device arc sunmarised in Figure 76. It displayed superior
steady state performance to the VAs toated in this project, and those observed in the
literature by King'" when compiline foure 7, page 27. There is a significant
improvement in turn down ratio over tl: ‘optimised’ design, at a lower CPR. This leads
to a considerably higher performance index. IIoWever it is not believed that this
performance would be repeatable. /s 1 rted by Kitsios®, and observed in Chapter 5,
Enstability duc to intcraction between A and a test rig can significantly affect the
steady state performance. As no clivrt was made to stabilise his test rig it is likely that

the high performance observed by Abd:! “Wahab arose from such an instability.
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VA used by Abdul- | Optimum geometry
Wahab for high
performance index

Chamber height/Throat radits T 0.58 0.38

Chamber radius/Exit radius 0.4 2.5

Control jet area/Exit area 0.29 0.29

Reported Control Pressure Ratio (CI'K; 1.2 _ 1.3

Reported Turn Down Ratio (I'DR) I 21 16

Performance Index ((I'DR/CI'RR) 17.5 12.5

Ficure 76 Comparison of VA performance.

lll. Droplet formation in steady air flows

As already mentioned in scction If, and detailed in Chapter 4 and Chapter 8,
the VA was capablc of producing verv fine sprays in steady airflow. The limit to its
ability to shattcr droplets was determind by the level of airﬂow. The required flow to
achieve an SMD below 50um (the best available using current air shrouded atomisers)
was a contro! flow of 320 li/min. This improved to an SMD of 25um at 400 1i/min
(Figure 56, Chapter 8). The numecrical modelling in Chapter 7 showed that this
excellent atomisation is duc to the inierse local turbulence in the exit throat of the VA.

These flowrates can casilv be compared with those experienced in engine
operation. During induction the peuts nviss flowrate of air into the cylinder of an SI
engine, Qpax, i

Tk = ALV ) max

Ap and V are the arca and vl city of the piston respectively. The lowest air
flowrates into a cylinder arc cxpericne! at idle. Typical engine speed at idle in an SI
engine is 800rpm. Thus for a 400 ¢i:i” cyiinder revolving at 800 rpm, the peak flow rate
during induction would be approximateiv 1000 1/min.

It is also possible to =stimaie o mass flowrate into the cylinder during valve
Opening that would give the require! idle vacuum, which is about 0.7 bar below
atmospheric pressurc. For a 100 e’ . 4 «troke, cylinder this is roughly 0.003 kg/s. As

the density of air at 0.7 bar vacuum is ‘:?kg/m3, this equates to a volumetric flowrate of
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640li/min. Thereforc flow through a2 ¥\ used as a port throttle would be sufficient to
atomise the spray ef'cctively.

This simple unalysis fails to (1'¢ into account the effect of air density upon the

atomisation. In Chapter 7, quatic:z {f shows that:

dmax S ey
p

This implics that droplet sizes in the flow might be up to 25% bigger than that
predicted from the tests in this proicct, which were carried out with the VA outlet
discharging to atmospheric pressure.  ifowever even if this was the case, the droplet
sizes produced would still be corsiirably smaller than those from current pintle

injectors.
IV. Efiect of pulsed alrflow

It was felt that any consideration of applying a VA as a mixture preparation
device would be incomplete without @ study of how the pulsed airflow in a SI engine
would affect the atomisation. To th's »nd, a test rig was set up with a rotating valve, to
pulse the air flow through 'ic VA. ic.ally tests would have been carried out upon a
motored engine, so the results could L applied to SI engines with very high confidence.
This would have enubled study of the VA atomisation throughout the range of flows
encountered in enginics and cnabled tie cffect of variables such as cylinder vacuum to
be studied. Howecver the constraints « " time limited the tests to the more basic study
hescribed_ in Chapter 9.

Although these were prelim: - -y tests of VA behaviour, they allowed it to be
established that the time constant wi.cciated with VA spin up is sufficiently small to
allow spray atomis:tion to be achicved with pulsed flow similar in nature to that
€ncountered in engines. The spray 5MDs achieved with pulsed airflow were just as
encouraging as thosc achicved with icady flow. The spray size dchieved correlated
with the mean air {low (as predicic | from a transmission line model) during the
injection pulse in a very similar way i the steady air flow rate in the earlier tests. This

is an important result, whicl: strengtl «:s the case for further study of a VA atomisation

System.
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V. Mocelled L ohavizur

Models of VA behaviour based upon extensive flow field measurements t17]
were described in Ciiapter ¢ and Chapter 7. These provided insight into the processes
occurring within the VA..

Chapter 7 clearly reiated the excellent atomisation observed in experiments to
the high level of turbulence in the VA outlet. Chapter 6 analysed the motion of a
droplet within thc VA flow ficld. It highlighted the main obstacle to achieving
improved mixturc preparation in an cngine. This was the tendency‘of the VA to
centrifuge droplets out of the airflow and against the walls of the outlet. Guided by this
work the VA tested in Chiter 8 (steady flow) and Chapter 9 (pulsed flow) was
constructed with a low cham®er heigi:t and no parallel section at the outlet throat. Short
diffusers were fitted to it for testing ond spray measurement. In spite of this no practical
geometry yet tested has been able to prevent this centrifuging effect. Suggestions for

other strategics that may hop-fully ¢!iminatc this are contained in Chapter 11.
VI. Relixbility and Asplicability of Results

The work discusscd in this chupter has concentrated on conditions where only
control flow is pussing thr ueh (he VAL In an SI engine application this would
correspond to operiting points arour: ! idle. This is the area to which most effort has
been directed because at these oporating points thefe is little air flow to provide
atomisation. The highest control fiow at which atomisation was measured on the test
rig was 400 li/min, and the tvpical SAID at this flow rate was 25 um.. The flow rates
encountered at idlc in a typic:l awomohile STengine would be above this (I1T).

Clearly the results for steady "ow indicate that even at the lowest flow rates into
a cylinder the VA will produce excellent atomisation. This finding can be combined
with the pulsed flow results. which - how that the VA has a very small spin up time.
This allows stcady flow resuits to be read across to the unsteady conditions encountered
in real engines. Thus there is a hich degree of confidence that the VA would produce
Very fine sprays in «n SI cneine at il conditions.

Very little cifort in the current project was directed towards studying droplet

formation in the VA with ccinbinat as of supply and control flow. This decision was
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made for a number of reasons. The proportions of supply and control flow passing
through the VA would depend upon the strategy adopted for using the VA as a port
throttle. Additionaily it was felt (hat engine idle would be the most severe design
constraint, due to the small ammount of Mow available for atomisation.

Some cxtrapolation of the engine results is possible to operating conditions
above idle based on t'igure 79, paee 124 and Figure 60, page 125.

Figure 60 shows thie SMD of the spray produced by the VA for mixtures of
supply and control flow, at &t volumetric flow rate of 400 li/min. It can be seen that the
SMD remains beneath 50pum until the supply flow increases above 50% of the mix. In
an engine, flow rates will be considerably above 400li/min for operating points above
idle.

Figure 59 shows a comparison of droplet atomisation with pure supply flow and
pure control flow through the VA. It can be seen that the suppfy flow gives
significantly worsc atomisaiion. At a flow rate of 400li/min the pure supply flow
produces a droplet size of around 100um. Some reduction in SMD can be expected at
the significantly hi¢her flow rates exyerienced at wide open throttle. However, there is
no evidence that the VA would perform significantly better than current technology at
high power.

These considerations mean that the excellent atomising performance of the VA

at engine idlc will probably extend throughout low and mid power operation. At high

automobile engine is predominantly at low to mid power where the benefits are

obtained.

VII. Apgiicaticn of work to Spark Ignition engines

The results of this project are encouraging with respect to the aim of improving
mixture preparation in an Sl cneine with a VA, However considerable further work
needs to be done to bring the project to fruition.

In particular. work needs to be done designing a practical system combining the
throttling and atomisation benetits of the VA,  This will involve overcoming the

significant problems causcd by the tendency of the VA to deposit droplets on the walls

of any downstrcam pipewarl:,
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Chapterl ] Conclusions
I Summary of conclusions by chapter

The purpose of this section is to provide a brief summary of the major

conclusions that have been made in this thesis.

Li Chapter 1

This chapter reviews the emissions problems of the Spark Ignition engine and
identifies the potential to reduce emissions by improving mixture preparation. The
main conclusions of the chapter are:

¢ Environmental concerns are leading to increasing stringent legislative controls
on vehicular emissions throughout the world. |

 Emissions are most scvere in an engine operating after cold start due to the
mixture enrichment required {o ensure combustion in the engine cylinder. This problem
is compounded by the fact that emissions catalysts have not achieved their light off .
temperature in this range of operation. ‘

e Improvement of mixture preparation will enhance the effectiveness of any
strategy adopted to reduce cmissions. This is because the improvement allows a leaner
mixture to burn in the cylinder improving engine ecdnomy.

e Improved mixture preparation is especially significant in the cold start regime
as it reduces the amount of cnrichment required to ensure combustioﬁ.

e Current injector technology is cheap and easily incorporated within an engine

-management system, but cannot produce sprays with SMDs below 50 pm.

e The target droplet size for a spray to prevent fuel deposition within the intake
port is roughly 10 pum.

* Many devices have been shown to produce extremely good mixture
Preparation by utilising highly turbulent airflow. However none has yef found
application within an SI engine.

e A vortex inducing manifold has been used to enhance mixture preparation and

shown a measurable reduction in BSFC.
Lii Chap:or 2

This chapter reviews the literature on vortex amplifiers. The main conclusions

from the chapter arc:
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e The VA contains a compact region of highly turbulent flow at the outlet
throat. This would be ideal fr atomising a spray.

e A previous study lias shown that a VA can be used as a port throttling device

within an SI engine to reduce part load pumping work.
Liii Chaptor3

This chapter describes techniques used for spray measurement. The main
conclusions are:

e The Malvern particle sizer offers a rapid and flexible method for the
measurement of droplet sizcs in sprays. It has been successfully applied by previous
researchers.

e n-Heptanc will be used to form the spray rather than gasoline to reduce
evaporation of the spray. |

e Refraction of the laser beam used by the Malvern particle sizer can lead to
erroneous results. This clfect is known as beam steering. Photographs of the spray

must be taken to validate the Malvern particle sizer measurements.
liv. Chaypierda

This chapter deals with the design and testing of a variable geometry vortex
amplifier. The main conclusions are:

e Photographs within the body of the VA indicate that in the control flow state
the VA shatters the fuel jet ciiectively. |

e Small droplets arc Tung out of the airflow and deposited on the walls of the
VA chamber and outlet difliser. This means the spr#y produced by the VA has a higher
SMD than that produced by :ic fuel injector.

o The effect of VA internal geometry on spray formation is insignificant in

comparison with designing the outlet geometry to minimise spray deposition.
Lv Chapiard

This chapter describes the design and steady flow testing of a new VA. The
main conclusions arc:

e The design algorithm developed by King provides an effective basis for

designing a VA.
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e VA instability can significantly affect the results obtained from steady flow
tests.

e An appropriatc choice of non-dimensional length to allow the scaling of

results between VAs of differing geometry is “\/d 24,

lvi Chapiar6

This chapter presents a model of droplet motion through the VA based upon hot
wire velocity measurcments of the airflow. The main conclusions are:

e The high tangential velocity in the outlet flow from the VA means that small
droplets will tend to be centrifuged out of the airflow.

e The chamber heieht of the VA should be kept small, and any exit diffuser
should be as short as possib!..

eSome improvement in spray penetration may be obtained by injecting the spray

at a position offset from the VA chamber axis.
l.vii Chaptor?

This chapter describes a model of droplet breakup within the VA. The main
conclusions are: |

"o The available hot wirc measurements of fluctuating velocity within a VA can
be applied in a modcl of drop!ct breakup in turbulent flow.

e The modcl predicts maximum droplet sizes of below 50 pm can be achieved
by the airflow in the VA. ,

e The modc! predicts that the most turbulent regions in the outlet (and hence the

regions with the greatest atomising effect) lie off the central axis of the VA.
Lviii Chapier s
This chapter presents (he results from the measurement of droplet sizes with

Steady air flow throuch the VA designed in chapter 5. The main conclusions are

e The VA is an extremcly effective atomiser in the vortex state. At 400 li/min
Sprays with an SMD of 25 1 arc produced.

e There is a significant level of scatter in the results of SMD measurement for
- intermediate levels of control flow in the vortex state. This scatter disappears if an

offset injector is uscd. This ohscrvation is believed to be due to the non repeatability of
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spray flow path through the VA. At intermediate control flow rates it is possible that
the spray will not be dispersed to the most turbulent regions of the airflow. - This
problem does not occur with an offsct injector as it discharges spray into these turbulent
regions as was shown in Chupter 7 “

e The low chamber height and omission of a parallel section in the outlet throat
in the design of thc VA prevents droplet deposition occurring within the body of the
VA.

e Droplet deposition downstream of the VA remains a significant problem. The
attachment of any downstream diffuser or pipe to the VA outlet causes an increases in
the SMD observed at the measurcment zone caused by the. deposition of the smaller
droplets in the spray. Lonuer leneths of pipe lead to complete deposition of the spray.

e Advancing the injector position into the VA body does not significantly
reduce droplet dep.osition

e There is cvidence for some beam steering effecting the Malvern particle sizer
measurements. It is estimated that this could mean the results overestimate the actual
spray SMD by up to 10%.

e Airflow provided by a mixture of supply and control flow still provides
effective atomisation providing supply flow does not account for more than about 40 %
of the total flow.

o Airflows made up of supply flow only were more effective at atomising the
spray than flows containine a small proportion of control flow.‘ This is because the
swirl imparted by thic control flow disperses the spray away from the region 6f peak
velocity in the centre of the VA.

lix Chapier9

This chapter presents the results of tests and modelling with pulsed airflow
through the VA. The main conclusions are:

. The SUNAS network analysis software allows excellent modelling of the flow
through the pulsed (low test rig. This modelling was used to estimate the airflow rate.

e The droplct sizes measured with pulsed airflow correlated well with the steady
flow results, based upon the instantaneous flow rate estimate by the SUNAS model.

o The VA spinup time was very short and did not affect droplet formation.
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e The pulsed flow could not be utilised to reduce droplet deposition
l.x Chapter 10

Chapter 10 considers the work in this thesis in the light of an SI engine
application. The main conclusions were:

e The indcpendence of atomisation from VA internal geometry allows the
atomisation benefits to by combined with the pumping work reduction obtained from
using the VA as a port thrott'c.

e Significant reduction in droplet deposition must be achieved if the VA is to
provide an effective method of improving mixture preparation in SI engines.

e If droplet dcp()siiibon can be avoided then the VA will provide excellent
mixture preparation throuchout low to mid power engine operation. This should

substantially reduce cmissions after a cold start.

Il. Overviev:

Progress has been made in cvaluating the atomisaﬁon potential of the VA. The
most significant findings ol the projcct are:

e Extremely ¢ood atomisation has been demonstrated.

e The Malvern particle sizer is an effective and accurate method of obtaining
large quantities of spray mezsurement data.

e The numecrical modlels of VA behaviour in chapter 6 and 7 agree well with the
experimental results and provide valuable insight into the processes occﬁrring in the
VA.

e The SUNAS nctwork model of the pulsed flow test rig shows excellent
agreement with the cxperimental measurements.

e Good atomisation can be achieved with pulsed flow.

The problem of droplet deposition prevents the VA from being an extremely
effective route to cunhancin: SI engine emissions performance. Chapter 12 presents

Suggestions for work that mi¢ht overcome this problem.
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Chapter 12 - Recommendations for future work
L Intreduction

This project has demonstrated the effectiveness of the VA in producing very
well atomised sprays. Howcver the si)ray is rapidly deposited on the walls downstream
of the injection point in any gcometry that could be adopted practically in an SI engine.
Most of the work suggested in this section is directed towards reducing the amount of
spray flung against the walls of the diffuser and pipework downstream of the VA. This

problem must be resolved if the VA is prove an effective mixture preparation device.

. Changing the VA diffuser geometry

All the VAs tested in the current project have either had no diffuser fitted, or
have been fitted with an axial diffuser. In an engine application a diffuser would be
necessary, however the spray produced by the VA tended to be completely deposited
within any diffuscr of practical length.

One way to address this problem would be to replace the axial diffuser with a
radial one. Figure 77 shows a simple schematic of a VA fitted with a Radial diffuser.
The high tangential vcfocilics in the VA are responsible for flinging the droplets against
the walls. However in the radial diffuser this problem should not arise as the flow in the
diffuser is in the same dircction as the tangential velocity. The axial velocity of the flow
in the VA outlet might still causc droplet deposition against the walls of a radial
diffuser, but as thc magnitude of axial velocity is much lower than that of tangential

“velocity (typically the velocitv ratio might be 4 to 1) in the control flow only state the
problem should bLe significantly improved. Obviously some droplet deposition by
turbulence would still occur, but the deposition of the entire spray that was observed in

the axial diffuser scems less likely.
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Radial Y

diffuser

/A Chamber

Fuel injection

Ficure 77 Schematic of a VA fitted with a Radial diffuser

Although there arc considerable grounds for optimism that a radial diffuser
would reduce the spray deperited on the walls there are drawbacks to the use of a radial
diffuser.

Disadvantages:

e Large volume of radial diffuser introduces time lag between injector and cylinder

* Not easy to conncct outlet from radial diffuser to cylinder |

e Research has shown that radial diffuser increases supply flow resistance of the VA
compared to axial diffuscr <o reducing engine performance at wide open throttle.

Clearly a considerable amount of investigation would be required to evaluate the
effect of a radial diffuser both on atomisation and engine performance. This
investigation would probably have to be mainly experimental with initial work directed
towards establishing the rance of droplet sizes carried through the diffuser without

impacting.

lll. CFD anaiy:is of two phase flow through the VA

A CFD solution for the flow of air and fuel inside an Vortex Amplifier would be
very desirable. It would allow o clearer insight into the processes occurring within the
VA, and could test how cluinues in geometry might effect those processes and thus the
mixture preparation. It coul.! allow rapid evaluation of the effect of modifications such
as a radial diffuser or closc conpling to an engine cylinder.

The reason that a Ci'1) solution for the flow in the VA was not pursued within
the current project was duc ++ the extreme complexity of the task in the time available.

The flow in the outlct of a vortex amplifier is notoriously hard to model. Even a single
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phase model dealing with just the air flow would require around 60000 nodes and take
many months to devclop. |

In addition to this it is desirable to know how the air and fuel interact. An
accurate model for the bre:liup of a single droplet in turbulent flow, does not currently
exist as was illustratcd by tl. litcrature review in Chapter 7. Interfaces between CFD
and spray models arc complex. Some adaptation of the models in this thesis for droplet
motion and breakup might possibly be successfully linked with a CFD model describing
the air flow in the VA.

In light of these considerations it is clear that generating a realistic CFD model
of fuel injection into a vortex amplifier would involve a major programme of work, and
would have to be suppori>! by experimental testing to provide validation of the
numerical predictions. However the predictions from the model might allow rapid

progress in finding a solution to the problem of spray deposition.
IV. Engine T:sting of VA

It is possiblc that con:lucting engine tests using a VA as a mixture preparation
device might revcal emiscions and economy benefits. Aithough the high amount of
spray deposition caused by the VA means that the injected fuel would not enter the
engine cylinder as o homoycnous mixture, advantages might be conferred from the high
degree of spray atomisation. "Iiis is because spray evaporation rates would be very high
prior to deposition. Also the sive of the deposited droplets is so small that any fuel film
formed should be very thin, und thus evaporated quickly. It is Believed that these
factors would contribute 10 improving the preparation of the mixture entering the
cylinder, when compared v ith o conventional fuel injector.

An additional adva:a 0 is that this approach could be coupled with research to
improve the utility of a \'A s a port throttle. This combined approach might yield
appreciable benefits in eng:iie jrerformance. '

An additional opticy to promote evaporation of deposited droplets would be to
introduce heating o the c¢:lindor port downstream of the VA. As the VA deposits all
the drops within a short lciith of the outlet only a small portion of the wall would have

to be heated to cvaporate i il {ilm on the walls. This would reduce the heating of
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the air drawn into the cv!inder and thus reduce the impact on volumetric efficiency
associated with systcms that heat the entire port to promote full evaporation. '

It seems clcar that with port heating a VA atomising device might demonstrate a
measurable advantauc over o conventional fuel injector, particularly in combination
with a VA port throttling svstem. However the maximum benefit cannot be obtained
from the fine spray produc ! in a VA if the spray is allowed to impact with the walls.
To make the VA atomising concept sufficiently attractive for adoption in SI engines a

strategy to minimisc droplct doposition should be adopted.
V. Close cou:tiing of VA and engine cylinder.

If the VA could be mieunted directly onto the inlet valve of the engine cylinder,
without any intcrvening diliiior or pipework, then the mixture preparation benefits of
the using the VA could be @ :»d. This testing could examine the change in the engines
brake specific fucl consumpticn and emissions when the air was drawn into the cylinder
via the control and supply ports. The fine atomisation achieved by injecting the spray
into control flow should show vp in significant efficiency and emissions benefits.

Although this testine would be valuable to quantify the benefit to engine .
performance potentially aviiliblc from improved mixture preparation, it would be
difficult to build a producti.n engine to this design. This is because the cylinder head
geometry would Lave to conin the VA, the fuel injector and the poppet valve. An
additional disadvantage is tot the installation of the VA, close coupled to the cylinder
would probably result in some loss of ram tuning. This might be offset by using VA
instability to supbrcl:urgc thw enzing, but this is as Yet an untested concept that requires

validation.
VI. Con:lusi =

-Whilst this project his demonstrated the VAs considerable atomising potential

the application to improve:! mixture preparation in an SI engine still presents several
difficulties. A program of rescurch, based on some or all of the recommendations in this
chapter, is requircd to identit thc best strategy for incorporating a VA in an SI engine.
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