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SUMMARY

The experimental and theoretical investigation of the effect of 
swirl on the fuel-air mixing process in direct-injection diesel 
engines is described.

The experimental work involved the further development of an 
existing hydraulic analogue technique which enables excellent 
flow visualisation. This was followed by the design and 
construction of a novel high-swirl combustion bomb which 
reproduces engine conditions under fine control. This 
experimental apparatus includes facilities for high-speed cine 
photography cuid a micro-computer based data acquisition and 
control system providing flexible software control of the fuel 
injection equipment and data sampling rates of up to 70 kHz. 
Typical non-combusting and combusting results are presented.

Theoretical models of fuel-air mixing are reviewed. The 
phenomenological jet-mixing model developed and presented is 
based on an existing continuum mechanics approach and is 
solved by an integral method. The model includes momentum, 
heat and mass transfer and simulates jet cross-section distortion 
and the non-similarity of property profiles. It is intended 
that this model will form the basis of a proposed multi-zone 
combustion model.
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CHAPTER 1

Fuel-Air Mixing and Combustion in Direct Injection 
Diesel Engines.



CHAPTER 1

FUEL-AIR MIXING AND COMBUSTION IN DIRECT INJECTION DIESEL ENGINES

1.1 Introduction

In recent years the increasing desire and, indeed, need to 
conserve fuel has led many vehicle manufacturers to turn to the 
compression-ignition engine (hereafter referred to as the diesel 
engine) as the power plant for passenger cars and light duty trucks 
and vans. The diesel engine established its supremacy over other 
prime movers in heavy duty applications many years ago.

The vast majority of today's passenger car diesel engines use 
indirect injection combustion systems whereas in the larger engine 
range the more fuel efficient direct injection combustion system 
is dominant. If the direct injection system could be adopted for 
passenger car engines then a further advance in fuel economy would 
be obtained.

While much experimental information relevant to further development 
of the indirect injection engine in the passenger car has been 
accumulated over the years, the case is very different with the 
direct injection engine. On the other hand both analytical and 
experimental techniques have advanced so rapidly in recent years that 
carefully planned experimentation together with the latest analytical 
techniques can furnish much of the information required for the 
design of completely new direct injection systems for passenger cars. 
The programme of fundamental research described in the present thesis 
was designed to furnish information on the controlling parameters of 
direct injection fuel-air mixing and combustion. This entailed the 
use of a specially designed high swirl combustion bomb rather than a 
specific engine with all its many limitations.

This work began as a series of hydraulic models simulating fuel-air 
mixing in direct injection engines with swirl, leading on to the 
development of a novel and unique combustion rig which reproduces the 
conditions in the combustion chamber of a direct injection engine at



the start of injection. The combustion rig is of the constant 
volume bomb type and enables the experimenter to have fine control 
over pre-injection gas motion, temperature and pressure, and 
injection characteristics; - facilities unavailable on any research 
engine or any other combustion rig known to the author.

In parallel with the experimental work a series of theoretical models 
have been implemented simulating the fuel-air mixing processes in the 
high-swirl direct injection diesel engine. The fuel-air mixing 
models are intended to produce detailed input data for multi-zone 
chemical kinetic models under development at Bath simulating 
combustion processes.

The major thrust of the fuel-air mixing work has been to investigate 
the interaction of swirl and fuel injection and the subsequent 
effects on mixture formation. The nature of mixture formation is 
of prime interest with respect to the subsequent combustion which in 
turn controls engine power output and efficiency and the emission of 
pollutants.

1.2 The Direct Injection Diesel Engine, its Advantages and Problems.

A major influence on the performance of an internal combustion engine 
is the nature of the combustion processes. There are two main 
classifications of diesel engine combustion systems; either indirect 
injection or direct injection - both are shown diagrammatically in 
Fig. 1.1. The indirect injection system employs a pre-chamber in 
which intense air motion is used to assist the fuel-air mixing 
process, whereas with the direct injection system the fuel is 
injected into the combustion volume formed directly above the 
piston.

Diesel engines, whether indirect or direct injection, exhibit 
substantial fuel economies compared with equivalent spark ignition 
engines as Fig. 1.2 shows (data taken from (1)). It will be noted



from Fig.1.2 that direct injection engines are more fuel efficient 
than their indirect injection equivalents. The fuel economy 
advantage of the diesel engine over the spark ignition engine results 
from the differences in the thermodynamic cycles involved.

The conventional method of comparing the thermodynamic efficiencies 
of engine processes is to use air standard cycles which reasonably 
represent the processes involved. The air standard cycles make 
important simplifying assumptions which enable a straightforward 
thermodynamic analysis.

The three most common air standard cycles used to simulate automotive 
reciprocating internal combustion engine processes are the diesel, 
mixed (or dual) and Otto cycles illustrated as pressure vs volume 
diagrams in Fig.1.3.

In the diesel air standard cycle all heat addition occurs at constant 
pressure (process 2-3) whereas in the Otto cycle, which is broadly 
representative of the practical high-speed diesel and spark ignition 
engines, the heat is added at constant volume (process 11-12). The 
behaviour of highly supercharged diesel engines may be considered to 
be more adequately represented by the mixed or dual cycle where the 
heat addition occurs at both constant volume (process 6-7) and 
constant pressure (7-8).

Whichever cycle is considered the thermal efficiency is directly 
related to the volumetric compression ratio employed. The spark 
ignition engine is compression-ratio limited through the problem of 
pre-ignition to ratios of less than 11:1 (for normal engines); 
however the diesel engine, due to the nature of its fuel injection 
process, demands much higher compression ratios. Analysis of air 
standard cycles shows that compression ratios in excess of 20:1 give 
diminishing returns in thermal efficiency and that such a ratio 
would be just about ideal for practical engines. Due to the higher 
compression ratios employed diesel engines exhibit higher thermal 
efficiencies than spark ignition engines and have thus found favour 
where their application has been practical.



As mentioned in the introduction nearly all of today's passenger 
car diesel engines employ the indirect injection system. This is 
quite simply due to the economic and technical ease with which they 
can be applied to passenger car operation. In terms of production 
it has been relatively easy to substitute indirect injection diesels 
for spark ignition engines in cars - often using common tooling and 
sharing components such as cylinder blocks, connecting rods, crank
shafts and utilising similar timing trains and lubricating systems 
(2), (3). The intense air motion in the pre-chamber of the indirect 
injection engine also permits the use of a "low" pressure (and 
relatively cheap) injection system.

However, the adoption of an indirect injection system does carry a 
number of penalties which prevent it from being as attractive in 
production and service or from realizing its full efficiency potential. 
The high thermal losses of the indirect injection engine (due to its 
large exposed combustion chamber surface area) dictates the use of high 
compression ratios and therefore strengthened construction. In spite 
of such high compression ratios (typically 22:1) unaided starting at 
ambient temperatures below 25®C is difficult and a starting aid will 
be required (e.g. see (3)). Most importantly, the high thermal 
losses and increased pumping and gas flow losses of the indirect 
injection system result in a decreased thermal efficiency such that 
fuel economy gains of as much as 20% might be obtained if a direct 
injection system is adopted.

Thus the vehicle manufacturer turns to the direct injection engine. 
Unfortunately, it presents certain problems of its own which will be 
described in some detail, namely

1) less high-speed potential in terms of smoke limited brake 
mean effective pressure (bmep)

2) higher exhaust pollutant emission than the indirect 
injection engine

3) higher combustion noise.

Before considering these areas further it is worthwhile examining



in general terms the processes occurring in the direct injection 
combustion chamber during fuel injection and combustion.

1.3 A Description of the Combustion Process

In a typical engine fuel is injected into the combustion chamber 
(formed by the volume bounded by the piston top surface and cylinder 
walls) as the piston approaches top dead centre. The fuel is 
introduced into the chamber as high pressure jets (typical injection 
pressures of 200-600 bar) via a multi-hole injector. A typical 
needle-nozzle type injector is shown in Fig.1.4. Injector nozzle 
holes are of the order of 0.3 mm in diameter.

As the fuel passes through the nozzle holes it rapidly breaks up into 
a spray of small droplets ranging in size from, for example, 40 pm - 
5 (im (or less). (Droplet sizing has been an area of great debate). 
Vaporisation of the fuel is considered to be negligible before this 
break-up occurs (4). The fuel pump plunger compresses the fuel in 
the high pressure fuel line until the opening pressure of the injector 
is achieved. At this point the injector needle lifts allowing fuel 
to flow through the nozzle and resulting in a momentary reduction in 
the rate of increase of fuel line pressure. Thus at the start of 
injection the pressure differential across the injector nozzle holes 
is low resulting in poor atomisation and a relatively slow moving 
fuel jet. As the fuel line pressure increases so the atomisation 
improves and the fuel jet velocity increases, see Fig.1.17. In
cylinder air motion, turbulence and density also affect jet break-up 
and droplet size. As the level of turbulence and density increase 
so the jet disintegration distance decreases. In the highly swirling, 
turbulent and dense conditions prevailing in a typical direct injection 
combustion chamber jet break-up is practically instantaneous on the 
fuel leaving the nozzle holes.

Thus relatively cool fuel droplets enter, at high velocity (of the
-1order of 100-200 ms ), a region of high pressure air at a temperature 

above the ignition point of the fuel. The extreme outer surface of 
the droplets immediately starts to evaporate, surrounding the fuel core



with a thin vapour film. To accomplish this, however, heat energy 
must be transferred from the air in direct contact with the 
droplets in order to heat the liquid and supply the energy of latent 
heat of evaporation. So the immediate effect is to cool a thin 
layer of air surrounding the droplets and their vapour. A short 
time elapses before this temperature rises through further transfer 
of air, and thus, heat, from the main bulk of the air. When the 
temperature of the vapour rises to and above the ignition tempera
ture, and providing the fuel-air ratio is within combustible limits, 
then ignition occurs. Some of the initial heat liberated by this 
combustion is absorbed in the rapid evaporation of the rest of the 
liquid core. Provided fresh air is available for mixing then 
combustion continues. The above view of combustion is supported 
by many workers, including Ricardo (5), Ogasawara and Sami (6), 
Borman and Johnson (7), Shipinski et al (8).

The processes involved in diesel combustion may be conveniently 
divided into two groups :

1) Physical Processes - referred to collectively as "preparation". 
Preparation consists of the processes described above, i.e.
a) atomization of fuel into droplets
b) heat transfer to vaporise fuel droplets
c) entrainment of air into fuel spray
d) micro-mixing of fuel and air into a combustible mixture, 

and

2) Chemical Processes - referred to collectively as burning 
and consisting of :
a) cracking of fuel into simpler constituents
b) combustion of fuel via innumerable secondary reactions.

It was the primary purpose of the work described in this thesis 
to investigate the physical processes and the parameters affecting 
them.

One of the major limitations of engine testing is that to obtain



heat release data one has to rely upon the information contained 
in cylinder pressure vs crank angle records. It is thus 
virtually impossible to separate physical from chemical effects, 
a fact which underlines one of the main reasons for using a 
constant volume bomb-type rig. However for descriptive purposes 
the physical and chemical processes may be examined by means of 
two characteristics; namely the cylinder pressure vs crank angle 
diagram. Fig. 1.5, and the fuel burning rate vs crank angle 
diagram, Fig. 1.6.

The factors affecting ignition delay include such as the fuel spray 
characteristics and the in-cylinder conditions at the start of 
injection. Spray characteristics cover a variety of topics e.g. 
injection timing, quantity and rate of fuel injected, injection 
velocity (which is a function of injector nozzle pressure drop), 
drop size and spray form (single or multiple jets). The features 
of incylinder air-motion of particular importance are air 
temperature and pressure, air motion (swirl and turbulence) and 
engine speed (see Lyn and Valdmanis (9)).

Phase 2 of Fig. 1.5 represents the rapid pressure rise which 
follows ignition. This pressure rise is rapid since during the 
delay period (i.e. phase 1) a large quantity of combustible fuel- 
air mixture is formed which burns immediately combustion centres 
occur. In general, the longer the delay period the more rapid 
and violent the pressure rise of phase 2.

In the final phase the cylinder pressure and temperature are so 
high that fuel evaporates and burns almost immediately it enters 
the combustion chamber. During this phase the rate of pressure 
change may be controlled by mechanical means (i.e. injection rate 
and piston movement).

If a typical burning rate diagram is now considered. Fig. 1.6, 
four distinct phases may be noted (10). As with the cylinder 
pressure diagram the first phase represents the delay period during 
which the preflame reactions occur and obviously little or no fuel



burned. In fact, during this phase, most of the net heat release 
is negative - i.e. heat is absorbed by the evaporating fuel. The 
point of ignition is marked by the onset of a rapid rise in burning 
rate and constitutes the start of the pre-mixed burning phase.

At the beginning of this period fuel which has been prepared for 
burning during the delay period suddenly reaches the conditions 
for self ignition to occur. These conditions are a function of 
degree of mixedness, air-fuel ratio, air pressure and temperature 
and the cetane number of the fuel. Combustion is then maintained 
at a high rate controlled purely by reaction kinetics until all the 
prepared fuel has been exhausted. A long ignition delay will 
result in a higher burning rate and more uncontrolled combustion. 
Afterwards comes what is termed mixing - or diffusion-controlled 
burning. There are no abrupt changes in the burning rate diagram 
although a gentle second peak may appear depending on whether the 
mixture preparation rate is still increasing at the end of the pre
mixed burning phase. Eventually, due to expansion work, 
temperatures and pressures fall and the final phase - the combustion 
tail - is begun. During this phase the remaining unburnt mixture 
combusts at a much slower rate. By this time the mixture distri
bution is rather irregular and the nature of the reactions is not 
well known. However, it is believed that by this stage in the 
cycle the rate of burning has become temperature dependent (10).
It takes far longer to describe the overall process in words than 
it takes in practice, for in a typical engine at, say, 2000 r.p.m 
injection and combustion are complete within 3 ms.

1.4.1 Direct Injection Engines Performance and Emissions

As previously mentioned, the direct injection diesel engine 
exhibits a substantial fuel economy advantage over its indirect 
injection counterpart (see Fig. 1.2). As the mechanical 
efficiencies of the two types of engine are comparable this gain 
in brake thermal efficiency must result from a higher indicated 
thermal efficiency to be found in the direct injection engine.



Fig. 1.7 shows a breakdown of the indicated efficiency differences 
between the two systems obtained by Watson (2) from the analysis 
of large number of cylinder pressure diagrams. It will be noted 
that at full load conditions (air/fuel ratio of 18-20:1) the 
indirect injection engine suffers a penalty of 10-15% in indicated 
efficiency (which translates into a penalty of 15-20% when mechanical 
efficiency is taken into consideration). This indicated penalty 
results in some degree from the two combustion effects of retarded 
timing and prolonged heat release which occur in the indirect 
injection engine. Other contributing factors are discussed 
later. However, it is apparent from Fig. 1.6 that under part load 
conditions the advantage of the direct injection engine reduces to a 
minimum indicated efficiency difference of about 5%. Under these 
conditions the mechanical efficiency of about 60% converts this to 
a difference of about 9% in terms of brake thermal efficiency. It
is clear that even under these conditions the direct injection 
should offer an economy advantage of around 10%, thus making it 
attractive to the user. However the direct injection engine does 
encounter three problem areas when compared to the indirect injection 
engine; these are worthy of discussion at this juncture and are :

1) high-speed potential hampered by smoke-limited brake 
mean effective pressure.

2) exhaust emissions.

3) combustion noise.

1.4.2 Smoke Limited Power

Despite the theoretical fuel economy gains obtainable by using the 
direct injection diesel engine, smoke emission regulations have 
resulted in present day automotive direct injection engines 
(admittedly normally converted from indirect systems) being about 
15% worse than their indirect injection counterparts in terms of 
smoke limited power output. This is illustrated by Fig. 1.8 from 
Ref. 2 which compares the smoke output of a number of direct 
injection engines (all conversions) with that of a comparable
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indirect injection Ricardo engine. This unfortunate tendency occurs 
because of the space constraints imposed by the cylinder heads of 
small engines. These constraints prevent the air motion system, 
i.e. inlet manifold and parts, being of the optimum design and also 
results in unsatisfactory siting of the inlet port and fuel injector. 
As a result it is often difficult to fit an efficient inlet port with
the desired swirl generating properties and the fuel injector is
usually offset and inclined too much. These detrimental features 
lead to poor smoke limited power at full load and poor spray form at 
part load causing loss of efficiency and increased emissions.

Inadequate air motion resulting in poor air/fuel mixing may be 
offset by increasing the number of fuel injector nozzle holes or 
changing the injector type (e.g. using pintle nozzles). This will 
be discussed more fully, in a later section; however, as an 
example. Fig. 1.9 (from 11)) shows that for minimum smoke then the 
more nozzle holes the lower the required swirl. Unfortunately
this is not the complete picture for, as Fig. 1.9 shows, multiple-
hole injectors are more smoke-sensitive to changes in air motion.

1.4.3 Exhaust Emissions

In this section the discussion will centre upon the emission of 
nitrous oxides (NOx), unburnt hydrocarbons (HC) and carbon monoxide. 
Until the middle 1960's the main concerns of engine designers and 
manufacturers were power output and thermal efficiency; however, 
at that time increasing concern over the environment in and around 
Los Angeles (particularly with reference to Los Angeles' infamous 
smog) prompted serious investigation into and legislation against 
automobile - created pollutants. The automobile (including
commercial vehicles) was and is seen as the chief culprit. The
State of California concentrated its concern on the three 
pollutants mentioned above and it created a test procedure which
required the vehicle to be driven on a chassis dynamometer
representing a typical Los Angeles commuter journey. A similar 
approach, though varying detail, has since been applied to the
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regulations of the U.S. Federal Government, the EEC and Japan 
(although in these latter cases the test cycle has been simplified). 
Targets have been set by the regulating bodies and these are shown, 
in terms of relative levels, in Fig. 1.10, for the U.S., Europe 
and Japan. Although U.S. intentions seem severe there has recently 
been some moderation in their aims due to a realisation of the high 
cost of extreme legislation.

It is worth noting that while heat release and hence cycle 
efficiency involves the contribution of all the fuel injected 
during a cycle, emissions, perhaps with the exception of NOx, result 
from a minute portion (usually less than i%) of the total fuel 
input. This illustrates the level of detailed investigation, both 
theoretical and experimental, required to enable a full understanding 
of the mechanisms of emission formation and control.

1.4.4 Nitrous Oxides (NOx)

This inevitable product accompanies any high temperature reaction 
in which air is involved and in the case of the diesl engine its 
control is a major trade off with efficiency. NOx came to the 
forefront of emission legislation in California since it is a well 
established factor in the formation of photochemical smog.

Nitrous oxides are formed during the approach towards chemical 
equilibrium at the high temperatures attained during and 
immediately after combustion. The concentrations of NOx formed 
under these conditions seem to be "frozen out" during the rapid 
expansion quenching of the post-combustion gases (see (12), (13), 
(14)). This "freezing out" occurs during the expansion process 
because the reactions by which NOx decomposes are so slow relative 
to engine cycle events. This results in peak temperature 
concentrations of NOy being present in the relatively cooler 
exhaust gases rather than the lower concentrations to be expected 
at the lower temperatures.
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NOx formation is very sensitive to local temperatures and 
temperature gradients (Fig. 1.11). It is thus also sensitive to 
an engine's rate of heat release and in an attempt to reduce NOx 
emission various modifications to engine combustion systems have 
been made resulting in more acceptable heat release diagrams. Some 
typical heat release diagrams are shown in Fig. 1.12. The sample 
diagrams shown in Fig. 1.12 are for combustion systems varying in 
some "geometrical" detail e.g. in the 'M' system fuel is deliberately 
injected onto the combustion chamber walls where in the "squish lip" 
system a modified piston is incorporated (see Fig. 1.13).

A "dynamic" method of controlling NOx emission is to retard injection 
timing. This results in lower peak temperatures and thus lower NOx, 
unfortunately at the cost of power output, a degradation in specific 
fuel consumption and increased smoke ((15), (16)).

Another possible method of controlling NOx emission is to make use 
of exhaust gas recirculation (EGR). EGR dilutes the air charge and, 
as with retarded injection timing, tends to lower the peak combustion 
temperatures and so reduce NOx- The amount of EGR needs to be 
controlled to the minimum to effect the necessary reduction in NO sinceX
an excessive EGR increases fuel consumption and the amount of other 
pollutants in the engine exhaust (16).

1.4.5 Unburned Hydrocarbons (HC)

Unlike NOx, to which production most of the fuel elements contribute 
(that is, a bulk phenomenon), the unburned hydrocarbon (HC) content 
in the exhaust gas originates from only a minute quantity of the 
fuel injected. The identification of these sources is, therefore, 
extremely difficult.

Irregularities in the injection system, such as low closing 
injection pressure (leading to injector "dribble") and irregular 
timing under low load conditions contribute to HC emission (17).
In addition, a large injector sac volume (see Fig. 1.4) has been
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shown to be directly related to the production of unburned hydro
carbons (see (18)). In response to this latter cause certain 
manufacturers have utilised injectors with reduced sac volume (2), 
zero sac volume (19) or even a change to a pintle-type nozzle 
injector (20). A description of the pintle-type nozzle follows 
in a later section.

Another source of HC is gross impingement of fuel on the combustion 
chamber walls. This occurs in combustion systems of the M' 
system promoted by M.A.N. for example but may be avoided by suitable 
matching of air motion and fuel injection. The ratio of surface 
area to volume of the combustion chamber is also an important 
influence and according to Bertodo (15) engines with cylinders of 
less than 0.8 litre swept volume can cause problems. However, 
this figure is disputed by Monaghan (2) who states the optimum size 
of engine cylinder to be between 0.35 and 0.5 litre swept volume.

Lubricating oil also contributes to the emission of unburned 
hydrocarbons, due to defective mechanical details, e.g. leaking 
valve stem seals and blow-by of exhaust gases recirculating into 
the air intake system via the crankcase (1) .

In general, most of the causes of HC emission are based in the 
mechanics and systems of the engine and a properly designed and 
developed engine need have no problems.

1.4.6 Carbon Monoxide (CO)

As with nitrous oxides, carbon monoxide forms rapidly during 
engine combustion processes, reaching near chemical equilibrium 
levels at the peak combustion temperatures. As the expansion 
stroke proceeds and temperature falls, so CO (and NO ) should, if 
chemical equilibrium is to be maintained, xÊecompose. However, 
as with NOx CO decomposition rates are so slow compared to engine 
cycle events that its concentration is effectively frozen at the 
levels produced during combustion (21).
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In general diesel engines produce low levels of exhaust CO due to 
the nature of their combustion process (i.e. the availability of 
excess air) and within the foreseeable future it does not appear 
that any major problems in meeting emission legislation require
ments will be encountered.

We may now turn our attention to other products of diesel 
combustion which are also encompassed by the general term - 
"pollutants", i.e. particulates, odour and noise.

1.4.7 Particulates and Smoke

Until recently NOx control has been regarded as the single most 
challenging task in diesel combustion research and development.
The emergence of particulates as a possible health hazard and the 
desire to control their emission could well make NOx control appear 
comparatively easy. This is because it would seem that the 
particulates (carbonaceous particles with absorbed high molecular 
weight hydrocarbons) are an unavoidable intermediate in diesel 
combustion. Infrared spectrum analysis has shown that radiation 
due to carbonaceous particles appears as soon as ignition 
commences. While the detailed mechanisms of particulate 
formation are extremely complex and may never be fully understood, 
it appears that most fuel elements have to go through the 
particulates phase and their appearance in the exhaust depends on 
the time and environmental factors which permit them to complete 
the reaction.

Two questions in particular are of prime importance and their 
answers, if discovered, could enable planned control of 
particulate emission. The questions are :

1) do the absorbed hydrocarbons form together with the
carbonaceous material, or are they absorbed later?

and
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2) how does particle size change with time - from the
early part of the expansion stroke until emerging from 
the exhaust.

Several methods of control are available to the engineer. Firstly, 
it is well known that the best way of preventing carbon formation 
is a much higher rate of mixing fuel and air. Unfortunately, at 
present little data is available as to the rates of mixing required to 
sufficiently inhibit carbon formation, and at present no engineering 
proposal to greatly enhance mixing, possibly outside the cylinder, has 
been developed. Another approach to the problem is to increase the 
rate of in-cylinder air-fuel mixing in an attempt to out-pace the 
kinetics of carbon formation. From experimental data on the 
effects of injection pressure and timing on smoke this does seem a 
promising avenue as Fig. 1.14 shows (17).

An alternative and, in some ways, less attractive method is to 
burn out the particles by maintaining sufficiently high temperatures 
in the exhaust by means of a catalytic reactor.

Finally it may be possible to attack the problem from a fuel 
technology standpoint. The addition of a non-metallic substance 
or built-in radicals (oxides, hydroxls) could interfere with and 
inhibit the chain reaction of carbon formation.

Calcium-barium anti-smoke additives do reduce the level of visible 
smoke produced at the cost of a heavier particulate emission (on 
a mass basis). An extensive overall view of the discrimination 
between smoke and particulates and the problem of their emission 
will be found in ref. (34).

1.4.8 White or Blue Smoke

Earlier studies (22) have shown that white or blue smoke results 
from unburned or partially burned hydrocarbons in droplet form 
issuing from the exhaust. The smoke colour is a function of size 
rather than composition. There is circumstantial evidence that
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blue smoke, with particle sizes below 0 .5pm, is formed from 
recondensed hydrocarbons and their derivatives, while white smoke, 
usually several microns in diameter, is a residue of the original 
fuel droplets. It would thus seem that the control of blue and 
white smoke should be through engineering design by providing 
sufficiently high temperature, appropriate timing and adequate 
atomization.

1.4.9 Odour

The swirling air in the combustion chamber distorts the core of 
the fuel jet into a characteristic horseshoe shape cross-section. 
The distortion causes droplet and vapour breakaway forming a 
vapour-air region with a lean down-stream "leading edge". In 
this region peroxides and aldehyde intermediates are formed 
during the ignition delay period and it was believed that these, 
if only partially oxidized during combustion, led to odorous 
exhaust compounds (15). However, it was demonstrated by Turk (33) 
that no direct relationship existed between the simple aldehydes 
and odour. Two components of the organic part of diesel odour 
have been identified - the aromatics, described as having an 
'oily kerosene* odour, and the oxygenates, described as of a 'burnt 
smoky' quality. Unfortunately the very subjectivity of odour 
identification presents a severe problem since it is closely linked 
to the irritant action of certain exhaust substances. For example, 
aldehydes and sulphur dioxide are produced under conditions of high 
load and high speed, both are odourous and highly irritant to the 
human pulmonary system yet their irritant effect may be thought to 
be caused by the less irritant aromatics and oxygenates whose odour 
dominates. More details of the problem will be found in ref. (34). 
It has become apparent that some of the major contributory factors 
to the production of certain odours (the aromatics, oxygenates and 
aldehydes) are poor injection and mixing (34).
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1.4.10 Noise

Under this heading we will concern ourselves with combustion 
generated noise only and not other sources of mechanical engine 
noise (e.g. fuel injection equipment).

For a given engine structure combustion generated noise is a 
function of the rate of pressure rise in the combustion chamber.
The highest rates of pressure rise (i.e. the greatest noise 
generating process) invariably occur during the premixed, chemically 
controlled, burning phase. High rates of mixing during the delay 
period reduce the subsequent maximum rate of pressure rise and are 
therefore desirable with regard to noise production. in a typical 
"standard" direct-injection engine a rate of pressure rise of 8-10 
bar/°crank angle is to be expected and certain manufacturers notably 
M.A.N. (29) with 3-5 bar/®crank angle and ELKO (23) with less than 
4 bar/°crank angle have, by modifying their injection system or 
method of injection-mixing, reduced rates of pressure rise and 
noise production. For example, in the M.A.N. 'M' system fuel is 
deliberately deposited onto the cylinder walls thus bypassing the 
normal jet mixing process and relying instead upon a wall-jet type 
mixing process. The initial burning rate is reduced thus limiting 
the maximum rate of pressure rise. However, this system produces 
higher levels of certain exhaust pollutants (hydrocarbons, smoke 
and particulates).

Unfortunately, for a given rate of pressure rise the direct injection 
engine is noisier than its indirect injection counterpart, due to 
the geometry and construction of the combustion system. In the 
indirect injection engine the majority of the pressure rise occurs 
in the pre-chamber and so the cylinder head bottom-deck, main 
block and piston are only exposed to moderate noise-exciting 
pressure forces. It is an inevitable feature of the direct- 
injection engine that all the pressure rise effectively excites 
noise-producing structures.
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If a direct injection engine is adjusted for minimum emissions 
then it will generate about the same full load combustion noise 
as its indirect injection equivalent, but will be much quieter 
under cold engine conditions. However, when adjusted for at 
least fuel consumption (especially when naturally aspirated) the 
full load combustion noise of a direct-injection engine will be 
considerably higher, perhaps 2-3dBA, than that from an indirect 
injection engine (1). If tough legislation on noise is introduced 
then it may be necessary to encapsulate the engine in a sound-proof 
enclosure.

Early, extensive work by Priede (24) related the noise emitted to 
cylinder pressure spectra and their relationship to the fuel 
injection equipment. Priede showed that combustion noise is 
greatly affected by injection timing where a change of load at 
constant timing produces less change in noise - until substantial 
changes in cylinder pressure levels occur.

Turbocharging is another method of reducing noise due to the 
shorter combustion delay period associated with the increased 
density and temperature of the air charge and the resulting 
reduction in rate of pressure rise. Thus from an engine noise 
point of view, the trends of turbocharging and emission control 
have practically eliminated combustion noise under full-load 
condition. Unfortunately, in ref. (117),the drive-by test 
places emphasis on transient noise, when boost pressure and 
temperature are low. This results in a longer ignition delay and 
hence a more rapid rate of pressure rise and higher noise. Thus 
careful scheduling of injection and matching to air motion is needed 
if the conflicting requirements of low acceleration smoke and noise, 
and good driveability are to be met.

1.5 Fuel Injection and Air Motion - Mixing

Having reviewed many of the areas of concern in diesel engine 
combustion it is now appropriate to consider two major influencing 
parameters which may be used in combating these problems and which
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are the particular interest of the work described in this thesis. 
These influencing parameters are the in-cylinder air motion and 
the fuel injection characteristics. As the two are so inextricably 
linked their effects will be considered simultaneously and may be 
collectively described by the term "mixing".

Mixing is fundamental to the combustion performance of a diesel 
engine. It not only largely controls the rate of burning, and 
hence the heat release and cylinder pressure development which 
determines power output, thermal efficiency, noise and mechanical 
loading, but it also affects the completeness of combustion, the 
lack of which results in smoke and other undesirable pollutants.

In-cylinder air motion may be described in terms of three 
phenomena, namely

1) swirl
2) squish 

and 3) turbulence

Swirl is the air motion generated deliberately by the design of 
the inlet porting and/or the valves. In approximate terms swirl 
may be considered to be the solid body rotation of air above the 
piston, although in practice the nature of the flow is often quite 
complex (see 25,26,27,28). Various methods have been developed 
to generate swirl, the most common being either the design of the 
inlet valve (e.g. masked valves) or the inlet port (e.g. directed, 
helical etc.). The effectiveness of such methods is normally defined 
in terms of a "swirl ratio" which is represented by the ratio of the 
nominal bulk rotational speed of the air to the engine rotational 
speed. By the late 1960's Ricardo's had accumulated much 
information on the effectiveness of swirl generating methods in 
direct injection engines; Monaghan (29) reporting the following

masked valve ;- optimum swirl ratio T? 1.6 
directed ports " " " = 1.7-2
helical ports " " " = 2-2.3
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The production of swirl also, to a certain extent, influences the 
bore-stroke ratio. This ratio has been found by many manufacturers 
and researchers to be around l-ji.is] for optimum swirl generation.
Any shorter stroke results in low swirl ratio at low engine speed.

The squish component of air motion, and its role in combustion, has 
often been the source of heated controversy. Alcock (30) stated 
that it was far less important than swirl or turbulence. Squish 
is defined as the radial component of air motion induced by the 
piston movement during the compression stroke and its effectiveness 
has not been considered in the experimental or theoretical work 
described in this thesis.

The third type of air motion, turbulence, is the velocity 
perturbation superimposed upon the general flow. Turbulence is 
due to the nature of the gas mixture, the general air motion, 
combustion chamber geometry and the flow through the inlet port and 
past the valve. Alcock (30) has shown that turbulence is the 
major mechanism in aiding the diffusion of smoke and is important 
in the micro-mixing of fuel and air.

For some time now swirl and, to a lesser extent, turbulence, have 
been believed to be the dominant mixing influences. More recently, 
due to the pressure exerted by pollution legislation, the importance 
of matching the fuel injection characteristics to the air swirl has 
been emphasised. For this reason the work described in this thesis 
has concentrated on the contribution of fuel injection and swirl to 
improved diesel engine combustion.

The matching of swirl and fuel injection has been the subject of 
some work reported in the literature. At Bath, for example, 
fundamental jet mixing studies for the direct-injection diesel engine 
were initiated by the late Richard Way (31) and continued by the 
author. Elsewhere Melton and Rogowski (32), Eisele and Binder (11), 
Monaghan (29) and others have examined the inter-related effects of 
air motion and fuel injection on diesel combustion.
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At present three common and well-developed types of fuel injection 
system are available to the direct injection diesel engine 
designer:-

1) pump-line-needle injector
2) pump-line-pintle injector 

and 3) unit injectors

The increasing use of the unit injector is a more recent development 
and has not yet featured in the experimental work at Bath. It 
shows advantages in reduced time to inject a given quantity of fuel 
when compared to the other two systems. In terms of engine 
performance the use of unit injectors has resulted in improved 
torque curves, improved cold starting and idling stability, lower 
part-load smoke and reduced hydrocarbon emissions (1).

A typical needle type injector, operating on the jerk-pump 
principle is shown diagrammatically in Fig. 1.15. In brief the 
method of operation is as follows. The pumping element (i.e. 
piston) is driven at half engine speed (for a four-stroke engine) 
by the pump camshaft. On its delivery stroke the pumping element 
forces fuel past the pre-loaded delivery valve thus increasing the 
pressure in the high-pressure fuel line. When the fuel line 
pressure is sufficient to overcome the needle spring load the needle 
lifts enabling the line pressure excess to force fuel out through 
the nozzle holes surrounding the fuel sac. The amount of fuel 
admitted is regulated by the variable, point of pressure relief in 
the pumping stroke. The performance of a pump-line-needle injector 
system is normally described in terms of fuel line pressure 
(measured as close to the fuel sac as possible) and the needle lift 
(i.e. movement). A typical fuel line pressure diagram and needle 
lift diagram from the combustion rig single-shot fuel injection 
system is shown in Fig. 1.16 The ideal needle lift diagram would be 
trapezoidal with rapid opening and closing of the needle. A clean 
opening is desirable to prevent poor initial spray development and a 
rapid closing, with no bounce, is required to prevent the ingress of 
combustion gases into the fuel sac or the dribbling of fuel into the
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later phases of the expansion stroke - leading to increased hydro
carbon emissions.

At medium to high loads the pump-line-needle system of fuel in
jection provides good atomisation and penetration of fuel.
However, at low loads and idle fuel line pressures are low resulting 
in poor needle response. This leads to low differential pressure 
across the nozzle holes giving poor atomisation and insufficient 
penetration. Although a general raising of the fuel line pressure 
will cure this certain manufacturers (e.g. 20,23) have turned to the 
pintle nozzle as the chosen method of fuel injection. A typical 
pintle nozzle is shown in Fig. 1.17. It too is supplied by a 
"jerk" pump but has the advantage of providing variable orifice 
area over the operating range, this is also depicted in Fig. 1.17 
for high load and idle cases. At maximum lift the valve needle, due 
to its conical spray pintle, creates a flow area corresponding to the 
area of a suitably matched hole-type nozzle. At smaller lifts of 
the valve needle, the flow areas revealed are smaller and, if the 
needle tip remains in the overlap region, the fuel has to be dis
charged at high pressure through the narrow annular clearance. 
Upstream of the discharge area, there is no throttling effect due to 
the geometry of the pintle producing a valve opening area greater 
than that at discharge. The use of the pintle nozzle enables the 
employment of a lower pressure fuel injection system. However, 
without the guidance of nozzle holes it lacks directional control 
in the distribution of fuel.

Whichever system is employed, the main requirements of any fuel 
injection system may be defined as :

1) good atomisation over the operating range (defining
the system chosen, operating pressures, hole sizes etc.)

2) matching of injection to swirl for optimum mixing.

To achieve good atomisation at reasonable injection pressure using
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needle-type injectors dictates the use of multi-hole nozzles with 
holes of typically 0.17-0.3 mm diameter. Unfortunately, the 
requirements of high-speed engines, i.e. a rapid injection of fuel 
with good atomisation can lead to a conflict in terms of either 
too-large holes (poor atomisation at part load) or too-high 
injection pressures (small, easily blocked nozzle holes, mechanically 
expensive) and so a compromise has to be achieved.

The particular inter-relationship of swirl and injection has been 
reported by Way (31) (for fundamental jet-mixing studies) and 
Melton (32)(engine observations), and mentioned by others including 
Alcock and Scott (30). Melton observed the effects of under- and 
over-penetration in direct-injection diesel engines. With over
penetration (i.e. low swirl, high velocity fuel spray) Melton 
observed that the nozzle holes of a centrally mounted injector 
remained carbon-free at the expense of wall impingement and higher 
hydrocarbon emissions. On the other hand, in the case of excessive 
swirl Melton noted the depositing of carbon on the nozzle and lack 
of impingement. This indicated the retention of excess fuel in 
the centre of the combustion chamber which observation was supported 
by prolonged combustion and high levels of soot formation. In 
addition to this the extended delay period produced initially high 
peak combustion temperatures with corresponding high levels of 
nitrous oxides. The work of Way, in which he suggested injection 
parameters and swirl parameters governing the effectiveness of 
mixing will be considered in a later section.

Thus the requirement of the mixing process in the direct injection 
engine, in order to achieve a reduction in the emission of 
pollutants, combustion noise and fuel consumption is to produce a 
controlled heat release rate with the following characteristics :

1) reduction of the initial heat release rate giving more 
desirable rates of pressure rise and lower peak temperatures 
reducing NO^ and noise)

2) reduction of the length of the combustion tail (lowers black 
smoke, hydrocarbon emission and fuel consumption).
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In other words the objective is to produce a rate of heat release 
providing a desirable, sensibly constant, rate of pressure rise 
sufficient to develop the power output required of the engine.
A comparison of two such typical "ideal" heat release rates (for 
rise rates of 2 and 3 bar/°crank angle) with the performance of a 
conventional direct injection is presented in Fig. 1.18 (from (11)). 
The conventional heat release diagram exhibits the two characteristics 
of initially rapid heat release following the end of ignition delay 
and the prolonged combustion tail. The former is a function of the 
in-cylinder pressure and temperature at injection and, more 
importantly, the effectiveness of fuel injection and mixing 
(i.e. preparation). As previously stated a long preparation period 
produces extremely large heat release rates and results in high peak 
temperatures and pressures and therefore excessive nitrous oxides 
and noise.

The combustion tail is particularly unfavourable with regard to smoke 
emission and poor fuel consumption. Its nature and extent are a 
function of the timing of the end of injection, decreasing gas 
temperatures, decreasing oxygen partial pressure and the disruption 
(and therefore decreased mixing rates) of any organised gas motion.
The final three effects are associated with the expansion stroke.

A typical jerk pump system has considerable damping in the high- 
pressure fuel line and Eisele and Binder (11) have found that by 
reducing the damping (unfortunately no details were presented), an 
approach to the ideal heat release rate diagram may be made by 
adapting fuel injection to air swirl. With an ordinary jerk pump 
system, distortion of the high-pressure fuel-line occurs as engine, 
and therefore, pump speed increases and this contributes to 
prolonging injection duration (in degrees crank-angle) for a given 
fuel quantity. Eisele and Binder demonstrated that by reducing 
fuel line damping and increasing injection pressures to around 1200 bar 
(i.e. making the hydraulic system "stiffer") and by careful matching 
of injection to swirl rates, the injection duration for a given fuel 
quantity (in degrees crank-angle) could be maintained constant over
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the engine operating range and give excellent mixing characteristics. 
This has a desirable two-fold effect. Injection may start later in 
the compression stroke than when using a conventional system. Thus 
the finely atomised, high velocity fuel mist is exposed to higher 
air temperatures and pressures than with a conventional system, and 
a shorter delay period ensues. The first heat release peak is 
therefore reduced and widened, lowering peak pressures and 
temperatures and reducing NO^ emission and noise. The character
istics of the injection system also reduced combustion time at 
higher engine speeds (due to the constant injection duration in 
degrees crank angle). This shortened the combustion tail and 
reduced smoke and hydrocarbon emissions.

Eisele and Binder's work exhibits one approach to the problem of 
generally improving and understanding combustion in the direct 
injection diesel engine. It certainly emphasises that such 
combustion is greatly influenced by mixing.

Other work on the effects of mixing has been reported; however, 
normally such research is conducted on particular engines and often 
theoretical conclusions drawn suffer empirical weakness due to the 
particular nature of the engines involved. It has often been observed 
that the performance and characteristics of seemingly identical 
engines can vary considerably in detail and so profound conclusions 
based upon experimental results from a particular engine must 
always be open to some doubt. The philosophy of the fuel-air mixing 
and combustion work described in this thesis has been to eliminate, as 
far as possible, the uncontrollable nature of the important parameters 
involved. This has resulted in the development of a unique and novel 
combustion rig and the pursuit of advanced phenomenological models.

1.6 High swirl, constant volume, combustion rig and theoretical 
modelling.

The combustion rig, which is described more fully later, consists 
of a constant volume combustion chamber with good visual access.
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Within the chamber is a swirl generating drum driven by a shaft 
supported in bearings and powered by a high-speed electric motor. 
Air (or any suitable gas, e.g. nitrogen for non-combusting 
experiments) at pressures up to 60 bar may be supplied to the 
chamber and heated by electric heating coils wound inside the 
chamber walls. A standard C.A.V. 'S'-type injector, mounted 
centrally in the head of the rig, is connected to a single-shot 
injection system providing a known injection characteristic. It 
is therefore possible to produce a controlled injection into a 
well controlled flow field in the chamber, A high-speed cine 
camera films the event and fuel line pressure, chamber pressure 
and injector needle lift are recorded by a rapid data acquisition 
system incorporating a dedicated Commodore PET computer. The PET 
also controls the fuel injection process.

As a precursor to the design of the combustion rig a series of 
"water" rigs (based upon a rig originally reported in work by 
Way (31)) were produced to test the feasibility of the combustion 
rig design and to investigate the phenomenon of jet and swirl 
interaction. This work will be fully described in Chapter 3-

The theoretical work discussed later in the thesis (Chapters 5, 
and 6) involves a thorough review of possible models or modelling 
techniques enabling the simulation of the fuel and air mixing 
process in the direct injection diesel engine (with swirl). A 
first step was taken by implementing the model proposed by Adler 
and Lyn (35,36). In their model the phenomenon is treated on a 
steady state, continuum mechanics basis so that the classical 
differential equations of continuity, momentum, energy and 
diffusion may be applied. The model produces detailed 
information of the mixing field in terms of temperature, velocity 
and equivalence ratio distribution and the centre-line trajectory 
under the influence of swirl. However, it does include certain 
unsatisfactory simplifying assumptions which a second model, also 
described later (Chapter 6) , avoids. Adler and Lyn made use of 
similarity profiles based on those found in straight jets to 
represent velocity, temperature and concentration distributions. 
The profiles were based upon those found in straight jets.
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unfortunately similarity profiles do not occur in curving jets 
or sprays. To further simplify the formulation Adler and Lyn 
replaced the observed spray cross-sectional deformation (i.e. the 
'horseshoe' formed by contra-rotating vortices) by a rectangular 
cross-section with a constant height to width ratio. The two- 
dimensional similarity profiles are superimposed upon this 
simplified cross-section.

The second model replaces the rectangular cross-section with a 
realistic progressive distortion and employs a modified form of 
the Poisson equation (solved over the distorted cross-section) 
to represent the fully three-dimensional distributions of 
velocity and concentration. This is an approach based upon work 
by Adler and Baron (37) modelling a circular turbulent jet in a 
cross-flow.
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CHAPTER 2

A Review of the Experimental Investigation of Fuel-Air 
Mixing and Combustion in D.I. Engines.
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CHAPTER 2

A REVIEW OF THE EXPERIMENTAL INVESTIGATION OF FUEL-AIR MIXING
AND COMBUSTION IN D.I. ENGINES

The experimental investigation of fuel-air mixing and combustion 
ip engines, particularly direct injection diesel engines may be 
divided into two main groups :

1) engine based research

2) specific rigs simulating certain engine conditions

In this chapter it is intended to present a review of recent work 
in the field, under these two categories, and to indicate the 
variety of techniques available to the researcher.

2.1 ENGINE-BASED RESEARCH

2.1.1 Air Motion Investigation

An obvious pre-requisite to any understanding of fuel-air mixing 
and combustion processes in engines is to investigate the flow- 
field into which the fuel is injected. Amongst the most prolific 
workers in this area in recent years have been the King's College 
partnership of Williams and Tindal (25,26,38,39,40). Their work 
has been exclusively based upon the use of hot-wire anemometry to 
measure gas velocities and turbulence levels in motored engines.
This technique involves maintaining a fine wire (5-10 pm diameter,
2-3 mm long) at a constant temperature, should the temperature of the 
wire change due to a change in convective heat transfer (i.e. a change 
in velocity) then the electronics of the system alter the supply 
current to maintain the desired wire temperature. Thus gas 
velocities and turbulence levels are determined as functions of the 
change in electrical supply to the wire. In early work Williams 
and Tindal (25) traversed a hot wire in an axial direction above the 
motored piston of an engine, another motored piston providing the 
traversing motion. To maintain a reasonable sensitivity to velocity 
it is necessary to operate the wire at a temperature at least 200°C 
higher than the gas in which it is working. For lower temperature
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regimes tungsten wires provide good strength, however, as compression 
ratios and thus peak compression temperatures are increased a change to 
platinium-iridium wires was made. In other work (38,39) the probe 
was traversed by a cam mechanism enabling dwell periods to be 
incorporated. Due to the rapidly fluctuating temperatures in the 
motored engines temperature compensating circuits were developed.
In (39) and (40) Williams and Tindal compared engine results with 
steady flow swirl rigs and evaluated the performance of vane 
anemometers. Their work demonstrated the complexity of air motion 
in engines and the dangers of using vane anemometers in engines in 
such flows. In their early work Williams and Tindal had dismissed 
as impractical the idea of attaching hot wire probes directly to the 
piston. However, with increasing confidence and familiarity with 
the technique this was achieved successfully and reported in (26) 
and (40). One of the more important aspects of (26) is the reported 
development of high-pressure and temperature calibrations of hot 
wires in air. These calibrations are essential since the heat 
transfer from the wire is affected by both temperature and density. 
However, to return to the air motion investigation some very 
interesting results were obtained, in particular the effects of 
different porting arrangements (e.g. directed or helical and the 
generally high levels of swirl or air motion. In Fig. 2.1 the 
swirl levels obtained in the piston bowl of an engine motored at 
1000 r.p.m (results from (49)) are shown indicating the intense 
mixing rates which occur in the bowl at and close to top dead centre.

Squish has also been investigated with hot wires by Woods and 
Ghirlando (41) using a motored engine with a perspex head (a 
modified Ricardo E6). Initially the experimenters hoped to be able 
to use a high-speed camera to film squish motion near top dead centre 
with talcum powder, seeded into the trapped air, acting as tracer.
No squish was observed with this method so tungsten hot wires 
mounted in the head were used giving far more satisfactory 
results.

A different approach to the measurement of air swirl in diesel 
engines using hot wires was reported by Hohenberg and Hardenberg (28).
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They worked on the premise that a knowledge of the entire flow field 
can be obtained by measuring the heat transferred from the gas to the 
combustion chamber walls. Measuring local heat transfer 
differences thus enables details of local flow differences to be 
determined. No attempt was made to measure the absolute values 
of temperature on the cylinder surface or within the combustion 
chamber, instead the relative changes in temperature were measured.
For cylinder surface relative temperature measurement three types 
of thermocouple were developed, whereas for measurements within the 
combustion space a platinum-iridium hot wire probe was employed 
as a resistance thermometer. Hohenberg and Hardenberg encountered 
severe problems with direct velocity measurements due to the lack of 
high pressure and high temperature calibration data. Instead they 
only evaluated the output signal of the anemometer in terms of the 
heat transferred to the wire. They also developed a thermocouple 
probe with a sensing head of approximately 0.5 mm diameter to 
measure relative temperature fluctuations as it proved more robust 
than the hot wire probe. The authors presented limited results 
of their work but stated that it showed promise and intended (in 
1979) to improve the detailed information by installing 70 thermo
couples on the combustion chamber surface and refining the traversing 
procedure within the combustion space.

A major disadvantage of the use of physical probes to measure conditions
within the combustion chamber is that their very presence is certain 
to modify the conditions themselves and introduce a degree of 
uncertainty in the observations. Not only that, but very few 
probes have long life expectancy in such arduous conditions. This 
has made the non-intrusive technique of laser enemometry very 
attractive in recent years. A typical laser velocimetry system is 
shown schematically in Fig. 2.2a. It consists of a low power laser 
source (typically 15mW continuous) providing coherent, easily 
focussed light which is passed through a suitable transmitting optical
unit. The function of the transmitting optics is to split the laser
beam into two and recombine the beams at a chosen point in the test 
section. At the point of beam intersection an optical fringe 
pattern is produced. Fig. 2.2b. Small particles (possibly seeded
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into the flow)borne by the fluid cause flashes of light to be 
emitted from the fringes as they pass through them. The flashes 
of light are collected by the receiving optics and passed onto a 
photon detector; two receiving systems are shown in 2.2a - back 
scatter and forward scatter. More information, in terms of light 
scattering, is collected in the forward scatter mode and this is the 
preferred method, however for many applications, e.g. engine tests, 
only back scatter is possible. The data processing system receiving 
information from the photo detector may vary considerably in detail; 
e.g. photon correlators, counter and tracker processors, however 
in simple terms the technique relies upon a knowledge of the fringe 
spacing and an accurate measure of the frequency of the light bursts 
from the beam intersection as the particles traverse the fringes.

One of the first applications of laser techniques to in-cylinder engine 
research has been the investigation of air motion. In work by 
Hutchinson et al (42) laser doppler anemometry was employed to measure 
air velocity in a motored single cylinder diesel engine using an 
argon-ion laser in the back-scatter mode. One of the major problems 
highlighted in the work is that of optical access. Due to the 
presence of valve gear and cooling passages, room for windows in the 
cylinder heads of real engines is severely restricted - a diagram
matic view of the experimental arrangement is shown in Fig. 2.3. It 
is not possible to angle the laser beams to any great extent to improve 
the "view” as reflected flare becomes a problem. In order to overcome 
the visual access difficulty a geometrically similar model plexiglass 
engine was produced, enabling the use of a helium-neon laser in forward 
scatter mode. By comparing model with engine a prediction of the 
velocities and turbulence levels within the real engine was possible.

To avoid the problems associated with back scatter methods Cole and 
Swords (43) developed a forward scatter system in a motored and fired 
four-stroke spark ignition engine (although the technique could 
obviously apply to a diesel engine). The arrangement consists of 
four quartz windows, coated with anti-reflective magnesium fluoride, 
giving reasonable optical access (Fig, 2.4). As in all work with 
lasers the importance of mechanical stability and alignment is
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stressed and the authors describe in some detail their approach to 
this problem and their method of data validation and analysis.
The authors presented a single set of velocity measurements in the 
radial direction in the cylinder and concentrate more attention on 
the details of system development.

An interesting example of the use of many of the available techniques 
to measure in-cylinder air motion is the work reported by 
Monaghan (29). In this extensive exercise the effects of four 
different port designs and a masked inlet valve on the air motion 
in a steady flow rig was investigated using swirl meters, hot wire 
and laser anemometry. The ports and valve were then transferred 
to a motored single cylinder diesel engine and the laser system used 
to make a reasonably extensive survey of the actual in-cylinder air 
motion. A comparison of the steady flow rig and engine test 
results then enabled the prediction of the complete air motion 
characteristic for each intake system. Finally a series of fired 
engine tests were conducted using standard instrumentation to obtain 
performance and emissions data for the different induction arrange
ments. Apart from the obviously interesting aspect of the work 
in terms of the relative merits of various port designs Monaghan 
also draws some important conclusions in comparing the different 
types of instrumentation. As with practically all laser work 
conducted on engines Monaghan stressed the importance of optical 
access and the limitations imposed by engine geometry. However, 
the laser anemometry system is viewed as preferably to the hot 
wire system on several counts. Firstly, Monaghan experienced 
considerable difficulty using hot wires in areas where ambiguity of 
flow direction or high turbulence exist. Monaghan also encountered 
problems with the uncertainty of high temperature and high pressure 
calibrations of the hot wire.

2.1.2 Air Fuel Mixing

Having considered the measurement of in-cylinder air motion the 
natural progression is to the observation of the interaction of fuel
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and air. This, almost without exception, precludes the use of hot 
wire probes since even under non-combusting conditions, small fuel 
droplets (of the few micron size) will break the fire, hot wire or 
at best rapidly form a coating invalidating the original 
calibration. Nevertheless it must be said that hot wires have been 
used to measure concentrations in binary gas mixtures (e.g. (44), 
(45)).

When considering the method of observing and measuring the process 
involved in air-fuel mixing optical techniques predominate. The 
simplest technique to apply is that of high-speed cine photography 
of which references (6) and (30) are prime examples. The work 
of Ogasawara emd Sami (6) was concerned with the evaporation and 
trajectory of fuel droplets injected into the combustion cheimber 
of a diesel engine. Their experimental equipment consisted of a 
motored single-cylinder 2-stroke diesel engine with its head 
replaced by a quartz plate, the resulting loss of compression (due to 
geometric changes) was compensated by using inlet air at up to 4 bar 
and 750 °K. Fuel was injected radially from a single hole 
injector mounted in the cylinder wall. The cine camera used had a 
maximum framing rate of 10,000 frames per second and observation 
focussed on the spray edge where individual fuel droplets were 
visible. Injection was into a quiescent air mass although as 
the authors related many of their observations to Reynolds' number 
then the enhanced mixing due to swirl (i.e. increasing Reynolds' 
number) could be inferred. The work of Alcock and Scott (30) was 
more extensive and will be discussed more fully later in this chapter.

An optical method very popular in the field of aerodynamics has also 
been applied to study fuel and air mixing in direct injection diesel 
engines - the Schlieren technique. A schematic view of a simple 
Schlieren system is shown in Fig. 2.5. Monochromatic light from a 
narrow, uniformly illuminated source is collimated by lens L]̂ , passes 
through the test section, is brought to a focus by lens L2 and 
projected on to a screen or photographic plate. At the focal plane 
of L2 - where an image A'B' of the source AB is formed - a knife-edge
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is introduced to cut off part of the light. If the test section 
gas density is uniform the illumination on the screen, although 
reduced by the knife-edge, is also uniform. If, however, in any 
part of the flow a density gradient exists in a direction 
perpendicular to both the light beam and the knife edge, light 
rays are refracted and depending on the sign of the density 
gradient, more or less light is intercepted by the knife edge.

Corresponding parts of the image of the test section on the screen 
are therefore darker or brighter, the change in brightness being 
proportional to the density gradient.

In recent work by Binder and Hilburger (46) a Schlieren method was 
used together with high-speed cine photography (circa 10,000 frames 
per second) to study the influence of the relative motion of fuel 
vapour and air on the mixture formation process in a single cylinder 
direct injection engine. As with the experiments of Ogasawara and 
Sami (6) fuel injection was achieved with a single hole injector 
spraying radially into the chamber from the cylinder wall. Air 
swirl in the engine cylinder was varied by changing the shroud on 
the intake valve with the swirl rates measured in steady flow tests 
using a vane-meter. Although a Schlieren technique was used its 
advantage over pure filming of the process is not obvious since the 
results presented deal solely with spray penetration and growth 
and the location of the points of ignition. No information about 
density gradients within the vapour plume was presented. Some 
interesting conclusions are presented, however, particularly with 
reference to the effects of increasing injection pressures and hence 
spray velocities. Binder and Hilburger observed that increasing the 
fuel jet velocity reduced the droplet diameter on the spray edge 
(they suggested that spray edge droplet dia a (spray velocity)-^) and 
increased penetration with the consequence that these small droplets 
reached regions of high swirl. This, they concluded, results in an 
acceleration in both the rate of mixing and rate of heat release. 
Their second major conclusion was that with the increased fuel 
velocities, the initial ignition zone was shifted from the root of
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the spray to the spray tip i.e. in a region of high swirl. Thus, 
they concluded, subsequent fuel injected after ignition is exposed 
to "fresh" air, reducing smoke. They obtained support for these 
conclusions from engine tests performed under similar conditions.

Naturally, laser systems have been applied to air-fuel mixing studies, 
with the work of Dent et al (47) an extremely interesting example.
In this work one cylinder of a 4 cylinder spark ignition engine was 
modified to represent the cylinder of a quiescent direct-injection 
engine, the three un-modified cylinders providing motoring power to 
the test cylinder. A pulsed ruby laser was used to produce 
holographic interferograms of the mixing field, the arrangement being 
as followsr-

The test arrangement is shown schematically in Fig. 2.6 The test 
cylinder head contained a central, 50 mm diameter perspex window co
axial with a similar window in the flat-topped piston crown. Liquid 
fuel or gas was injected in a radial direction from near the cylinder 
wall and the firing of the laser was controlled from the engine 
timing disc at any desired crank angle. Interferograms were obtained 
using a double exposure method. The first firing of the laser was 
used to record a hologram of the cylinder space without injection, the 
second firing of the laser occurred at the same crank angle but during 
(or after) an injection. The second hologram was recorded on the same 
plate. Due to the changes in the composition of the cylinder space 
after injection interference patterns were observed on the plate when 
the developed holographic plate was illuminated by a continuous laser 
source. The fringes within the interference pattern of the fuel 
jet are related to the variation of density within the jet and hence 
to the local fuel concentrations. Dent et al suggested a method for 
the analysis of the interferograms and presented an air-fuel ratio map 
for the injection of ethane at low pressures and temperatures. The 
map obtained by holography was compared with results obtained with a 
sampling valve and the two agreed very closely. This early work 
was limited to cylinder pressures below 7 bar because of the high 
frange density within the fuel spray although it was Stated that a 
method of overcoming this severe limitation had been demonstrated, 
although no details were given.
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2.1.3 Combustion

The observation of engine combustion has, due to the nature of the 
process, normally been restricted to recording by high-speed cine 
photography or other image recording process. The paper 
published in 1963 by Alcock and Scott (30) is one of the classics 
in the field. An 800 cc two-stroke engine (giving a valve-free 
head) was modified to fire every other stroke (to reduce fouling 
of window) and a variety of combustion chamber types were fitted 
(see Fig. 2.7 reproduced from (30)). Both quartz and perspex 
windows were fitted, the quartz windows needing soot removal after 
20-30 firings and the perspex windows suffering significant 
surface damage after 10-20 firings. To facilitate analysis colour 
films were used in the high-speed camera which ran at rates of up to 
16,000 frames per second. The fuel was doped with copper oleate and 
ethyl bromide to make visible normally non-luminous flames. The use 
of colour photography enabled the discrimination of combustion at 
different mixture strengths and the differentiation between soot and 
fresh air clouds (which appear similar on monochrome film). It also 
permitted the deduction of flame temperatures within the combustion 
space by comparison with the black body radiation of tungsten 
filaments photographed under identical conditions. Alcock and Scott 
reported that they had obtained over 250,000 pictures (i.e. frames) 
of engine combustion - a vast mass of information from which to 
generalise. However, they presented some very important conclusions 
about both the filming technique and the observed phenomena. Alcock 
and Scott discovered that accurate measurements of spray and flame 
velocities were very difficult due to their irregular and ill-defined 
shapes (flames in particular). This was further complicated in that 
no two flame progressions, even under nominally identical conditions, 
were quite the same, thus the "most typical" specimens were selected. 
Their experimental conclusions have been discussed in greater detail 
in Chapter 1.

More recently, in work reported by Kozuka et al (47) a television 
system was used to view engine combustion processes. The engine 
used was a Toyota research engine with a transparent piston.
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Although the engine was of the spark ignition type the technique 
could well be applied to diesel engines. The advantage of the T.V. 
system is that very short "shutter" opening times are practical (as 
short as 30 p.sec) and the system of image reception lends itself 
to direct digital analysis. The equipment developed by Kozuka et al 
could be used in two modes. In one a sequence of images is built
up proceeding in time through successive cycles with the camera
operated by trigger pulse (stepping at 0.5® CA/firing.) In the 
second the mode used for the work described in the paper, images at 
the same spatial and temporal point in a cycle are recorded and 
analysed. A dedicated microprocessor is used to analyse the data 
in any one of 3 ways :

1) summation and averaging of the flame envelope at a particular 
crank angle over a large number of cycles. This produced an 
image of a "mean" flame envelope.

2) production of the line contour representing the flame envelope
of (1) (i.e. the outer edge defined by the digital data).

3) superimposing contours obtained in (2) for successive crank 
angles.

The system has great potential and if applied to a diesel engine 
could be used to determine whether a consistent point (s) of 
ignition within the spray exists. Another application could be the 
monitoring of flame spread from the ignition points. Naturally being 
a digital system it lends itself to the calculation of both spray and 
flame velocities, overcoming some of the problems inherent in high 
speed cine photography.

2.1.4 Pollutants

Although the emission of pollutants is not a primary concern of the 
experimental work described in this thesis, for completeness of this 
section it is worthwhile reviewing some of the methods employed to 
measure emissions. Standard exhaust gas analysis techniques are
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well known and will not be discussed, however, an adaptation of the 
technique is of interest. Duggal et al (48) measured 
concentration of CO, NO, HC, CO^, smoke and soot in the pre-chamber 
of an i.d.i. engine using a fast acting gas sampling probe. The 
probles sampling valve was actuated hydraulically by an auxiliary 
fuel pump giving opening time of less than 1 ms. The probe was 
water cooled for mechanical reasons and, more importantly, to freeze 
the reactions. It sampled 1000 consecutive cycles at the same crank 
angle obtaining a trapped quantity of gas suitable for analysis in 
standard exhaust gas analysis equipment.

Certain optical techniques are also suitable for the investigation 
of pollutant formation. The simplest technique to apply (but not 
necessarily to analyse) is that of high speed cine photography. 
Kobayashi et al (49) investigated the cold startability of high 
speed diesel engines and the production of white smoke during the 
warming-up period. A single cylinder engine fitted with a 
transparent piston was used for the experimental work. Engine cycles 
from zero speed to first fire were filmed at a frame speed of 1000 
per second in order to determine when and where the first ignition 
occurred. The authors experimented with the effects of ignition 
timing and pre-heating the inlet air, illustrating the improved start
ability and reduced smoke obtained by using preheated air )at up to 
50®C).

A widely used technique for the investigation of the in-cylinder 
formation of gaseous pollutants is the observation of the character
istic spectra emitted by the various chemical species. Two 
representative pieces of work will be found in refs. (13) and (50).
The earlier work by Lavoie et al (13) was reported in 1970 and 
involved a single-cylinder engine fitted with nine strategically 
placed small quartz windows installed in the cylinder head. The 
light emission from a particular window was passed through narrow band 
filters to be recorded on film over a period of several hundred 
consecutive engine cycles, the filters being chosen to suit the 
emission spectra of the gas species under examination. Of
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particular interest to Lavoie was the formation of nitrous oxides in 
different regions of the combustion chamber and a comparison made 
with the levels predicted by a theoretical model proposed by the 
authors.

The work reported by May and Mueller (50) is interesting in that 
it shows the advancement in technique in recent years, particularly 
in the use of a dedicated mini-computer to record and verify values 
of cylinder pressure and spectral radiation density. Although the 
measurement of hydroxide concentration in the cylinder of the test 
engine was one objective, the main thrust of the work was aimed at 
deducing the rapid temperature fluctuations in the combustion chamber 
using a spectral émission-absorption method.

Having thus briefly reviewed the experimental work investigating 
fuel-air mixing and combustion using engines as the basis of the 
experiment, it is interesting to consider how the various areas of 
research have been examined using purpose built rigs.

2.2 Rig Based Research

2.2.1 Air Motion

As a means of validating a heat release prediction program Whitehouse 
and Abughres (51) developed a steady flow swirl generating rig 
utilising a scaled-down version of the cylinder of the engine under 
investigation. The engine was a uniflow scavenge two-stroke diesel, 
and compressed air was supplied to an annular chamber encompassing 
the swirl generating inlet ports. The rate of swirl was measured 
by a ball-type anemometer, its speed measured by means of a strobo
scope. From the rig results the swirl levels in the firing engine 
were estimated enabling the input of air motion data into the 
theoretical model. As may be realised from this brief review the 
rig was limited to a particular engine type and no attempt was made 
to investigate the effectiveness of the swirl generating ports.

Naturally, the use of lasers for air motion measurement has become
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more widespread recently. Wigley and Hawkins (52) used a laser 
anemometer to determine the flow characteristics produced by 
directed and helical ports in a cylinder head incorporated into 
a steady flow rig. The head was mounted on a dummy liner and air 
was blown at a steady rate through the permanently open inlet valve.
The laser system was used in the optically preferred forward scatter 
mode, viewing through the liner. The main intention of the work 
was not to produce extensive data of the effectiveness of the various 
ports, rather to show the feasibility of three-dimensional velocity 
measurements by laser in engine conditions. The opportunity was 
also taken to compare results with those obtained with hot wire and 
vane anemometers. The limitations of the hot wire and vane 
anemometers under conditions of strongly recirculating flows, as 
occur in engine cylinders, were amply illustrated by the comparison.

Although steady flow rigs have value in the comparison of porting 
design effectiveness, obviously realistic simulation and measurement 
of air motion are the ultimate goal. To ^his end Gosman et al (53) 
used a forward scattering laser anemometer to measure flow 
characteristics in a valveless perspex engine motored from 10-200 r.p.m. 
The valveless port was situated on the cylinder centreline and air 
velocity and turbulence levels were measured. These were compared 
with results obtained from a finite difference model solving the time 
dependent equations of concentration of mass and momentum. This work 
was later extended to examine the characteristics of the same perspex 
engine fitted with an off-centre open port (54).

2.2.2 Fuel Sprays and Fuel-Air Mixing

If the later phenomena of fuel-air mixing and combustion are to be 
fully investigated then a necessary pre-requisite is a fundamental 
knowledge and understanding of the mechanisms of fuel spray 
development and droplet formation. Observation of fuel sprays 
at their origin in the engine (i.e. the fuel injector) is severely 
restricted due to the geometry of the engine cylinder head. 
Experimental observation of fuel sprays has almost exclusively 
limited to the use of purpose-built rigs.
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Early work by Wassenaar (55) made use of a pressure chamber 
containing quiescent nitrogen at up to 17 ba.r into which standard 
engine injectors sprayed fuel. Spray penetration as a function 
of pump conditions was measured and the factors influencing 
secondary injections and injector dribble were examined. Spray 
penetration was observed through perspex windows in the chamber 
and photographed in stroboscopic light. Although Wassenaar's use of 
nitrogen at 17 bar and ambient temperature produced a gas density 
comparable to that found in a 15 to 1 compression ratio engine at 
top dead centre, temperature effects were ignored.

Yuen and Chen (56), however, introduced the effects of temperature in 
their experiments, measuring the drag of evaporating droplets. 
Information on droplet drag coefficients is obviously essential if 
theoretical droplet modelling is considered. In the work of Yuen and 
Chen droplets of water, methanol, heptane and benzene were allowed to 
fall through a heated upwind and filmed by a rotating drum camera.
The temperature of the upwind was up to 1000®C and Reynolds numbers up 
to 2000 were considered. It was shown that the mass efflux from an 
evaporating droplet has little effect on its drag and a relationship 
between droplet drag and Reynolds number was produced.

An extremely interesting piece of work was reported by Vara Prasad and 
Subir Kar (57) (58) in which they studied velocity profiles and mass 
flows in fuel sprays in a quiescent chamber. A light intensity 
method was used to measure mass flow of fuel in the spray. A small 
diameter tube fitted with a light source and a photo-transistor was 
placed in the spray giving a proportional measurement of the fuel 
flow rate. The investigation resulted in a very useful set of non- 
dimensional profiles of velocity, concentration of fuel and their 
respective decays with penetration. Injection pressures of up to 
200 bar were used, although chamber pressures were limited to the 
order of a few bar. Despite the low chamber pressures involved a 
very interesting trend in the characteristics of fuel sprays was 
observed. As chamber pressures increased so the velocity profiles 
and concentration profiles of the spray more closely approached 
those observed in free jets (see Abramovich (59)). This observation
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has important implications for the theoretical modelling of fuel 
sprays as will be discussed in a later chapter.

Although an extensive knowledge of the mechanism of spray development 
and droplet formation is important in any study of diesel engine 
combustion processes it is also essential to investigate the 
interaction of fuel and air within the combustion chamber. To this 
end Adler and Lyn (35)(36) produced a constant volume bomb with 
injection into swirl. High pressure, pre-heated nitrogen was 
admitted tangentially into the bomb producing a decaying swirl field 
into which acetane was injected radially inwards from the wall. 
Evaporation rates were monitored and the spray's width and trajectory 
observed and compared with a theoretical model developed by the authors 
(of which more later).

Direct measurement of the concentration variation within a jet 
injected into swirling flow was made by Morris and Dent (60). In the 
experimental work air flowed through a duct which, in the test section, 
curved through 180°C representing a 150® sector of the combustion bowl 
of a direct injection engine. Orifices located either in the centre 
column around which the duct curved or on the duct wall injected gas 
jets into the simulated swirl field. A double hot wire technique 
was used to measure the binary gas concentration in the test section 
and this could be directly related to air-fuel ratios to be expected 
in direct injection engines. A prediction was then made of where 
auto-ignition sites could be expected.

The late Richard Way (31) also developed a technique enabling the 
prediction of air fuel ratios in the combustion bowl of a direct 
injection engine with varying levels of swirl. This work will be 
more fully discussed later but involved the injection of weak alkali 
into a weak acid using a chemical indicator to show where the mixing 
of the chemicals had produced a neutral region. The technique 
produced maps of air-fuel ratios and jet propagation at different swirl 
levels and gave an insight into major parameters controlling effective 
mixing.
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2.2.3 Combustion and Pollutants

Extensive work reported in 1979 by Fujimoto et al (61) is closest 
in intention and approach to the experimental work described in 
this thesis. The objective of Fujimoto was to investigate combustion 
in marine engines using model chambers. Three constant volume bombs 
were used (without swirl) and a rapid compression machine which 
incorporated a swirl generating facility. Non-combusting spray 
experiments and combustion experiments were conducted with pre
combustion temperatures up to 1273®K and pressures up to 100 bar.

A wealth of information was produced but with particular (in fact 
almost exclusive) reference to sprays into quiescent surroundings. 
Photographic techniques were used to investigate the effects of 
pressure and temperature on droplet size, spray penetration and 
growth and spray cone angle. For the combusting experiments, the 
effects of oxygen content, injection quantity and nozzle geometry 
on the rate of heat release were investigated.

The experimental extreme in studying engine combustion may be seen 
to be represented by the work of Basmajian (62) in which a transparent 
oil-less engine was produced. From the viewpoint of diesel engine 
research this represents an interesting exercise though of little 
practical use since compression ratios have to be limited to a 
maximum of 4:1 and spark ignition employed.

The use of simulators to reproduce diesel engine combustion and hence
pollutant formation seems to have received limited attention, judging 
from the reported literature. Most work on pollutant formation 
simulators has involved constant volume bombs utilising spark 
ignition, however, the analysis techniques are applicable to diesel 
engine simulators. Ishikava and Daily (63) produced a rectangular 
section piston-cylinder compression-expansion machine with good 
visual access for colour Schlieren photography. The Schlieren
technique is of interest in that it employed a colour stop giving a
distinct black "ribbon" definition between colours, rather than hazy 
indistinction. A methane—air mixture was introduced to the chamber 
and ignited. The subsequent combustion was filmed at 7000 frames
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per second and the products analysed by standard gas chromotography.
Of major interest in the experiment was the relationship between 
unburned methane (i.e. unburned HC) and the level of mixture motion 
induced on the intake stroke.

Similarly Sellnau et al (64) concerned themselves with the production 
of unburned hydrocarbons as a function of chamber pressure, wall 
temperature and equivalence ratio in a spark ignited constant volume 
bomb. Various mixtures of propane-air and methane-air at pressures 
up to 5 bar and temperatures of 410°K were ignited and, unlike Ishikawa 
and Daily (63), a flame ioniser was used to measure unburned hydro
carbon content.

Finally, Yamada et al (65), also used a constant volume bomb to study 
unburned hydrocarbon formation in spark ignition engines although in 
this case the major influence under investigation was that of 
turbulence. Mixtures of propane and air were spark ignited and the 
resulting products were "frozen out" by sudden decompression enabling 
a chromotographic analysis at any point in the post combustion process.

As previously stated the objective of the work described in this 
thesis has been to investigate the controlling parameters of fuel—air 
mixing and combustion in high-speed direct injection diesel engines. 
From the foregoing review of experimental work it is apparent that

a) engine-based research is limited in terms of the extent to which 
important parameters (e.g. pressures, air motion) can be 
controllably and easily varied.

b) no simulator known to the author has been produced which enables 
the controllable reproduction of engine conditions (pressures, temp
eratures and swirl) occurring in high-speed direct injection 
diesels.

It was decided that such a simulator should be produced and to this 
end a series of hydraulic rigs testing swirl generation methods were 
constructed leading to the design of the Bath combustion rig. The 
hydraulic rigs were developed from one used by Way (31) for the study 
of spray mixing under conditions of high swirl. This work will be 
described briefly in the next chapter and the development of further 
hydraulic rigs and the combustion rig in the succeeding chapters.
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CHAPTER 3

The Investigation of Jet Mixing in Swirled Direct 
Injection Chambers Using Water Models.
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CHAPTER 3 : THE INVESTIGATION OF JET MIXING IN SWIRLED
DIRECT INJECTION CHAMBERS USING WATER MODELS

Notation
- injector nozzle diameter (m) 

d^ - swirl tank diameter (m)
fi - fraction of tank volume injected
h - swirl tank height (m)
M - momentum flux (kg m/s^)
N - engine speed (rpm)
NC - number of crank angle degrees per film frame
n, - number of nozzle holesh
N^ - swirl rotational speed (rpm)
RL - model to engine length ratio
RT - model to engine time ratio
RV - model to engine velocity ratio
S - Strouhal numberr
t - time(s)
t^ - injection duration(s)
V - jet velocity (m/s)

- jet velocity at nozzle exit plane (m/s)
Z jet penetration (m)
p - density (kg/mf)
|i - viscosity
0 - jet cone angle (degrees)

(J)̂ - dimensionless penetration parameter
(f) - dimensionless swirl parameter
i - ratio of d> /(b R ^p

Subscripts

a - air
f - fuel
w - water
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3.1.1 Introduction Fuel Spray and Jet Similarity

Experimental and theoretical considerations have shown that the 
penetration of a single evaporating fuel droplet through stationary 
air is negligible compared with the penetration of a cloud of 
droplets forming a spray. The momentum of the droplets is quickly 
transferred to the air as the rapid deceleration of the droplets 
manifestly shows, so that at some distance from the nozzle the fuel 
spray behaves as an air jet of equivalent momentum. This phenomenon 
was observed experimentally by Vara Prasad and Subir Kar (57) , (58), 
as discussed in Chapter 2, and similarly by Parks et al (67) and Burt 
and Troth (68). A theoretical approach to the equivalence of fuel 
sprays and air jets may be seen in the work of Melton (32),(69). 
Melton used simple, yet sound, considerations to show that at 
distances greater than that required for a typical fuel droplet to 
collide with its own mass of air the spray characteristics are almost 
identical to those of an air jet injected under the same conditions. 
Under conditions producing very small, rapidly evaporating droplets 
this distance to jet equivalence is very short. The only region of 
the spray needing qualification is that immediately outside the 
nozzle in which fuel atomisation is occurring. Melton observed 
(albeit from limited photographic evidence) that this core "break-up" 
region has a length approximately equal to the product of the nozzle 
diameter and the density ratio of fuel to air. However, beyond this 
region jet analysis methods are valid.

Such considerations led Lustgarten (70) to conclude that if a fuel 
spray in air may be represented by an air jet in air then it may 
also be represented by a water jet in water thus enabling a drastic 
"slowing down" of the whole process. This approach was adopted at 
Bath by the late Richard Way (31) who extended it to simulate the 
effects of swirl on the mixing process. The work described in (31) 
consisted of a series of tests conducted in a cylindrical tank in 
which the water motion represented the simplified air flow patterns 
to be expected in the combustion chamber of a direct injection diesel
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engine. Naturally the use of such a technique results in some 
gross over-simplifications, such as simplified fluid motion (swirl 
only), much lower turbulence levels and the complete absence of density 
gradiertscaused under engine combustion by phase change, temperature 
gradients and combustion.

Nevertheless the technique has provided an informative insight into 
the matching of injection and swirl for effective mixing.

3.1.2 Similarity Criteria and the Equivalence of Rig and 
Engine Parameters

In order to make use of the similarity between fuel sprays into 
air and water jets into water similarity criteria have to be 
established. Supino (71) has dealt thoroughly with the air-water 
analogy and the corresponding similarity problem, presenting a 
number of non-dimensional parameters as the criteria for complete 
similarity. The non-dimensional parameters are Reynolds's number, 
Froude number, roughness factor, shape factor and one other grouping 
and for perfect similarity all five should be maintained constant. 
However Supino (71) observed that the critical parameter is Reynold's 
number and that quite satisfactory results may be obtained whilst 
maintaining only its value constant. In fact Supino went further 
to state that when Reynold's number is large then it is not necessary 
to insist on exact Reynold's similarity but only on a large enough 
value to ensure that drag is independent of it. The work of 
French (72) supported this.

Lustgarten (70), however, showed that when considering jet 
simulation similarity is achieved by maintaining Strouhal number 
constant rather than Reynold's number.

Strouhal number is defined as 

». 1 1

where d is the initial diameter of the jet u. the injection n 1
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velocity and t^ the injection duration. Additionally before the 
fuel jet may be represented in a water model, an equivalent air 
jet having the same momentum must be determined.

For the fuel jet the momentum flux at the nozzle is

Pf "if' = “fi

for the equivalent air jet, the momentum is

^  "ia' = “ai 3.3

thus for jet equivalence 

d . u. p_
-iî2 . -1 V  3.4
^nf- "if r « k

Since under typical engine conditions fuel density is greater than 
air density by a factor of about 50 either the nozzle diameter or the 
injection velocity has to be increased to obtain the same momentum. 
For convenience it was decided that the velocities should remain 
equal so

^  3.5
nf *̂ a

This equivalent air jet may then be represented by a water jet into 
water on a longer length scale and a slower time scale. For this 
purpose the engine combustion chamber is represented by a cylinder 
with diameter equal to the piston bowl diameter and depth sufficient 
to contain the combustion volume. All linear proportions are 
proportional to the length scale

\  3.6

where d^ is the diameter of the rig tank and d^ the diameter of the 
piston bowl.
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In addition to this it is necessary to define a time scale related
to the method of observation. In the case of the water rigs a
cine-camera is used to observe the tests and it was decided that 
each frame of film should represent a definite number, NC, of crank 
angle degrees.

This time scale is defined as

RT = i  (NC/6N) 3.7

where F is the frame rate of the camera and N the engine rotational 
speed. Thus the ratio of the velocities is given by

RV = ^  3.8

Since a pre-requisite for dynamic similarity between rig and engine 
is Reynold's number equality the following relationship of parameters 
is required :

P» ^
"a

= 1 3.9

As the density and viscosity of water are not controllable equation 3.9 
defines the time ratio for flow similarity with known engine conditions 
for a given rig tank diameter. The first experimental rig, which will 
now be described, was compared with a Perkins 6.534 engine giving the 
following ratio values

RL = 8.35

^  = 42.8
Pa

^  = 22.1 
Pa

RT = 135
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3.2.1 Experimental Arrangement of the First Water Rig (Mark 1)

The experimental arrangement of the Mark 1 rig is shown 
schematically in Fig. 3.1. The main cylindrical tank was in 
perspex to permit visual and photographic observation of mixing. 
Swirl was created by tank rotation which could be stopped 
immediately before injection by a calliper brake, with swirl in 
the water continuing at a slow decay rate. Various methods were 
used for the measurement of swirl. Tank rotational speed was 
measured directly by an optical tachometer. Initially water 
motion was observed by photographing the motion of neutrally buoyant 
spheres floating freely in the water, later two anemometers each 
consisting of three plastic spheres constrained to rotate about a 
central axis were used. The anemometers gave swirl velocity at 
two radii.

The water injection system used a simple piston and cylinder pump 
driven by compressed air. The injector had four interchangeable 
nozzles and a spring loaded plug valve to prevent leakage before 
injection. The rate of injection was controlled by variation in 
the air pressure applied to the injector piston and measured by 
timing the travel of the piston between two microswitches. The 
injector cylinder was also of perspex enabling simultaneous 
observation of piston movement and the mixing process.

The flow visualisation technique was similar to that used by 
Lustgarten (70). Mixing in the jet is made visible by the 
addition of the indicator phenolphthalein to the very weak acid 
solution (hydrochloric acid) in the tank. The indicator dye is in
its colourless state before injection. Weak alkali (sodium 
hydroxide) is injected so that the mixing region is coloured red by 
the change in the indicator. This method has several advantages 
over the use of permanent dyes. The tank contents can be readily 
made colourless for subsequent tests without the need to change 
them. Also the boundary between coloured and clear regions is 
relatively sharp since the concentration of indicator is uniform 
throughout the tank. By controlling the relative concentrations of
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acid and alkali the boundary at which the colour change occurs can 
be made to represent a known mixture ratio between injected liquid 
and the original tank contents, corresponding to an air-fuel ratio in 
an engine. It was found that changes in relative concentration 
are most easily obtained by using a fixed alkali concentration in the 
injector and an acid concentration in the tank that neutralised the 
alkali at a ratio of 5:1. (For more details of the experimental 
technique see (31), (72) or (73)). In brief, using the technique 
outlined above, successive injections (up to neutralisation) produce 
mixing field information at successively weaker fuel-air ratios.
This enables the construction of comprehensive pictures of mixing, 
spray growth and spray penetration under different injection and 
swirl conditions.
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3.2.2 Dimensionless Parameters Relating Penetration to Swirl

Way (31) defined the overall shape of the mixing region in terms of 
two dimensionless parameters, one representing spray or jet 
penetration in the radial direction, the other the tangential 
movement. The radial penetration parameter is obtained by 
calculating the penetration of a steady jet in quiescent surroundings 
with a constant cone angle 0^ from an origin at the apex of the cone. 
The calculated penetration during the injection period is then 
expressed as a multiple of the tank diameter.

The derivation of the penetration parameter is as follows :

momentum flux = ir Z* tan' 0 V' p = constantw 3.10

using the condition of conservation of momentum then 

jet momentum flux = momentum flux at injection plane

w 3.11

equating momentum fluxes and re-arranging

dZ
dt

d V n n
2 tan 0

dZ(where V = — ) dt 3.12

integrating gives 
d V t

Z' = n n
tan 0 3.13

but t^ = injection period

mass in tank x fraction injected 
mass flow at nozzles

3.14

h fi
dn' n V h n

3.15
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substituting for t in equation 3.13 gives

, G
J  tan 6 tj d^Z .  = a. 3.16

In general the cone angle 6^ if not accurately known and Way assumed 
that it remains relatively constant. Thus Way suggested the 
dimensionless parameter for penetration as

*» ■ U r

The dimensionless tangential parameter suggested by Way is simply 
the angle swept by the swirl during the injection period (expressed in 
degrees), i.e.

(P = N —  t. 3.18
^ S  S  IT 1

A further parameter was then defined indicating the relative effect 
of swirl on penetration

3.2.3 Typical Results from the Mark 1 Rig

With the Mark 1 rig film records were obtained during two series of 
tests. In the first series described in greater detail by 
French (72) the basic experimental techniques were developed and 
results obtained for one type of injector nozzle. In the second 
series described fully by Aggarwal (73) the effects of varying the 
nozzle hole size and number of nozzle holes were investigated.

The jet structure is indicated by the superposition of several 
tests in which all conditions are maintained constant but the 
chemical parameters are varied so that different mixture ratio 
boundaries are shown. Fig. 3.2 shows two such results, one with



54

swirl, the other without. The actual injector had four holes; 
the diagram shows one jet from each test so that the results may 
be compared. The picture without swirl indicates that close to 
the nozzle the contours are close together indicating a relatively 
definite edge to the jet, but that this edge becomes more diffuse 
after wall impingement. The picture with swirl is not fully 
consistent since the rich contours are not entirely contained within 
the weak contours. This impossible result can only be explained by 
slight test to test differences in operating conditions such as 
injection rate or swirl, or in random turbulence effects, so the 
comparison is not valid. However, the picture observed, of a 
rich region upstream and a plume of weaker mixture carried downstream 
by the swirl appears to be a reasonable one.

The effect of Reynolds number as a similarity criterion is shown in 
Fig. 3.3 and Fig. 3.4. These diagrams illustrate the development 
of the jet in a swirling flow for two conditions; the progress of 
the piston down the injector pump is also shown indicating the rate 
of injection. The two conditions are such that injection rate, 
swirl rate and camera speed are doubled for Fig. 3.4 compared with 
Fig. 3.3, so the only relevant parameter altered is the Reynolds 
number. The results are so similar that they are indistinguishable 
from a repeat run of either test. This indicates that a change in 
Reynolds number of the order 2:1 has very little effect so that in 
comparisons between engine and rig, exact agreement of Reynolds 
number is not essential. This result is not unexpected since in 
turbulent flow it is usual for flow patterns to be relatively 
insensitive to Reynolds number. Lustgarten (70) reported a similar 
result. If the requirement for exact matching of Reynolds number 
is discarded, it follows that results can be analysed to represent 
a wider range of engine conditions. A test representing an injection 
period of 30 degrees on the basis of 2 degrees per frame of film can 
also represent an injection period of 15 degrees on the basis of one 
degree per frame (see equation 3.7). The only requirements for flow 
similarity are then given by equality of the parameters (p̂ and
derived earlier in equations 3.17, 3.18 and 3.19.
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The effect of increases in the parameter 4»̂  was, as expected an 
increase in the rate at which the jet was carried round the 
cylinder so increasing the volume mixed. However little appears 
to be gained in increasing (p̂ much beyond 360/n^ (i.e. 90 degrees 
for 4 holes) since the jets would overlap. For any given volume 
of <}>̂ a minimum value of (|)̂ is required to provide sufficient 
penetration to reach the wall. Increases in without a corres
ponding increase in resulted in a catastrophic reduction in 
mixed volume due to under penetration. This effect is shown in 
Figs. 3.4 and 3.5 for which the penetration parameter <|)̂ is constant.
The tests indicated that this underpenetration could be avoided if 
the value of was kept below about 400. In terms of the parameters 
(f)̂, (j)p, (j)ĵ similar results were obtained for four nozzle holes of a 
size scaled from those used on the engine, for four holes of half 
the standard diameter, or for two full size holes. For each 
configuration, relatively well matched flow patterns are given in 
Figs. 3.6, 3.7 and 3.8 together with the relevant parameters. The 
water model indicates that no benefit is to be obtained by these 
changes from standard. The standard hole size gives adequate 
penetration for any amount of swirl up to the value that causes the 
jet mixing regions to overlap. With smaller holes the swirl 
parameter may be increased but at the point shown in Fig. 3.7 the 
mixing regions already extend over the complete cylinder circumference 
with injection only half completed so the mixing regions will overlap 
subsequently. The use of small holes demands either increased injection 
pressure or results in a slower injection rate so the pattern shown in 
Fig. 3.6 for the standard holes is clearly preferable. Using only two 
holes, an increase in the swirl parameter is necessary to spread mixing 
round the cylinder. The increase in swirl demands an increase in the 
penetration parameter but this is automatically satisfied if the hole 
size is not changed. The mixing pattern shown in Fig. 3.8 could 
possibly give similar combustion performance to the standard case 
but at the expense of higher injection pressures and more difficult 
inlet port design for the required high swirl.

These comparisons only apply in detail to a specific engine condition
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defined in ref. 31. Due to the effect of air density on the scaling 
of the nozzle size given in equation 3.5, the penetration parameter 

reduces with increasing delivery pressure for a turbocharged 
engine.

3.3.1 Water Rigs Marks 2 and 3

The following sections describe work carried out by the writer in 
the development of two further versions of the water rig. It was 
intended to use these further water rigs to test swirl generation 
methods for a combustion rig and to provide further details of 
the jet mixing process and the swirling flow fields produced.

As mentioned previously swirl generation in the Mark 1 water rig 
was achieved by rotating a large tank to a known speed, then applying 
a brake to halt the drum yet leave the fluid in bulk motion (Fig. 3.1) 
In the Mark 2 rig the drum representing the combustion chamber walls 
was stationary and a radial vane provided the method of swirl 
generation. This arrangement is shown schematically in Fig. 3.9.
An outer, square, tank was constructed around the drum which, when 
filled with water, provided an undistorted side view.

In many details, namely flow visualisation technique and injection 
system, the Mark 2 rig was identical to the Mark 1 and a series of 
tests (see ref. (75)) at various swirl rates were performed (details 
may be found in Table 3.1). As before, each test was filmed so that 
the effect of the vane on the mixing process could be examined and 
the geometry compared with that obtained with the original water rig.

It was intended that if the vane technique of swirl generation proved 
successful then a combustion rig using the same swirl generation 
method would be built. Fuel injection in such a rig would be timed 
so that the fuel jet under observation would be least affected by the 
vane motion. However from the film taken of tests on the Mark 2 rig 
it became obvious that, particularly at the higher swirl rates, the 
vane was causing a considerable and highly undesirable disturbance
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in the flow superimposed on the required forced vortex motion. Due 
to the practical necessity of a small clearance between the rotating 
vane and the stationary drum walls a complex trailing vortex was 
formed in the wake of the vane and this seriously interfered with the 
jet mixing process. As a result of these observations it was 
decided not to pursue the idea of using a radial vane for swirl 
generation.

Several other approaches to the mechanical generation of swirl were 
then considered, including :

1) shorter length vanes (agitator-type arrangement), rather than 
the original full radius vanes,

2) small vanes driven at the periphery of the chamber by 
outriggers (Fig. 3.10),

3) drum rotating within the main chamber (Fig. 3.11).

Suggestion (1) was tried on the Mark 2 rig and proved to be 
completely unsatisfactory. After further consideration it was 
decided not to try suggestion (2) in the belief that it too would 
not produce the required swirl motion.

Suggestion (3) was pursued further as a more likely solution to the 
problem. A third water rig, the Mark 3, was built using many of 
the components from the Mark 2 rig, and a range of tests was 
conducted to investigate the system performance; details of these 
tests are given in Table 3.2. From the films taken it seemed that 
the Mark 3 rig produced satisfactory results and would provide the 
basic design concept for the combustion rig. Various nozzle hole 
configurations could be fitted to the Mark 3 injector; 2-, 3- and 
4-hole nozzles were tested, and a typical 2-hole jet growth diagram 
from the Mark 3 rig is presented in Fig. 3.12. This may be compared 
with Fig. 3.13 which was obtained from the Mark 1 rig under similar 
conditions. The similarity of the jet patterns should be noted.
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3.3.2 Velocity Survey In the Mark 3 Water Rig

As the Mark 3 water rig was not only an experimental apparatus in 
its own right but also an analogy of the combustion rig, it was 
thought worthwhile to inviestigate the velocity distribution throughout 
the volume encompassed by the rotating drum.

This would provide an insight into the effectiveness of the swirl 
generation method and the type of velocity distribution to be 
expected in the combustion rig.

The methods employed to determine the velocity distribution involved 
the use of a pitot-static rake and a yaw-head (the latter for 
velocity direction). The results of velocity distribution obtained 
could then be compared with those obtained from a photographic 
technique.

3.3.3 The Pitot-Static Rake

The first pitot-static rake is shown in Figs. 3.14 and 3.15. The 
critical dimensions of the probes were as close to the optimum (as 
outlined in BS 1042 Part 2A) as possible, with due regard to the 
limitations of the tank geometry and ease of manufacture.

The apparatus consists of 6 pitot-static tubes mounted equi-distant 
on a radial arm. The radial arm is suspended from a pipe passing 
out through the lid of the water rig, there to be held by the simple 
traversing gear shown in Fig. 3.16. The flexible connections from 
the pitot-static tubes pass through the inside of the smoothed cowl 
and up through the support pipe to be connected to a multiple 
manometer.

However, after some initial tests it was decided that since the 
frontal area of the rake was greater than 3% of the flow area formed 
by a radial cross-section of the drum then the blockage effects of the 
rake could induce significant errors.
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A second pitot-static rake was designed and produced and this is 
shown in Fig. 3.17. This design is different in concept in that 
the total and static tubes are no longer concentric but 
alternately positioned. This rake therefore relies upon the 
ability to interpolate the static and total pressure fields across 
the radius of the tank. This technique has been successfully used 
to make velocity measurements in the wake of aerofoils.

This design concept does produce a far slimmer rake less prone to 
inducing blockage errors and was designed to be compatible with the 
original support pipe and traversing gear produced for the first 
rake.

3.3.4 The Yaw-Head

The yaw-head and its use in measuring incidence angles and vortex 
strengths was based upon one used by J.W. Flower at Bristol 
University as described in ref. (76). The yawhead is shown in
Fig. 3.15 and Fig. 3.18. Fig. 3.18 is a diagrammatic
representation of the yawhead and the special manometer it uses. 
The calibration method for the pitot-static rake and the yaw-head 
will now be described.

3.3.5 Calibration of Pitot-Static Rake

The pitot-static rake was calibrated in a low-speed wind tunnel 
against an NPL standard pitot-static probe.

The pitot-static rake and the NPL standard were connected to an 
inclined multi-manometer containing methanol. The rake and the 
standard probe were positioned near the centreline of the wind 
tunnel in a region with a flat velocity profile. The wind tunnel 
produced maximum air velocities of the order of 25 m/s. This 
figure is useful as a basis for comparison between the flow 
conditions in the wind tunnel and those in the water rig. For 
this purpose Reynolds numbers are compared.
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The Reynolds numer of a flow is defined as the ratio of inertia 
to viscous forces and may be used to compare flows providing there 
is geometric similarity.

It is defined as

Re = 3.20

where V is velocity, d a chosen characteristic length and v the 
kinematic viscosity of the fluid.

The chosen characteristic dimension used for comparing wind tunnel 
and water rig flow was the diameter of the rake tubes (i.e. approx. 1mm)

The maximum air velocity achieved in the wind tunnel (approximately 
25 m/s) gave a Reynolds number of Re^^^ = 1600, with the kinematic 
viscosity of air being taken to be that at the test condition.

The maximum theoretical water velocity to be expected in the water
rig was based upon the assumption that the rotating drum creates pure
forced vortex flow. With this assumption the maximum tangential
velocity occurs at the drum periphery at the maximum drum rotational
speed of 10 rad/s. With a drum radius of 0.27 m the maximum
theoretical water velocity is 2.7 m/s. This gives a Reynolds number
of Re ^ = 2700.water

U'' U t,l W C Û--
This is obviously much higher than the 'air' Reynolds number however 
from simple photographic observation of the fluid motion it was obvious 
that the rotational speed of the fluid body was much lower than that 
of the drum which indicated that the Reynolds' numbers would, in 
practice, be comparable.

3.3.6 Calibration Method

Throughout all the tests the direction of the NPL standard probe 
was maintained directly into the wind tunnel flow. Initially the



61

pitot-static rake was also positioned such that the probes met the 
flow perfectly. The wind tunnel air velocity was increased to 
maximum and the heads produced by both the NPL probe and the rake 
noted. To compare the performance of the rake with the NPL probe 
and thus calibrate the rake involves the definition of a pressure 
recovery coefficient. This defined as the ratio of the total 
head produced by the rake total tubes to the "ideal" head produced 
by the total tube of the NPL standard i.e. :

In the following tests the rake was yawed horizontally at 
increments of 5® to a maximum deflection of 15® either side of its 
zero incidence position. Similarly the rake was yawed vertically 
at increments to a maximum vertical deflection of ± 15® from zero 
incidence. Finally a series of combinations of vertical and 
horizontal yaw positions were tested. All the yawed tests were 
performed to assess the effects of flow incidence on the performance 
of the rake.

Altogether 714 conditions were monitored and the overall results 
including all the incidence tests are presented in Fig. 3.19. Ideally 
the pressure recovery coefficient should equal unity however with 
increasing incidence it would be expected that the pressure recovery 
coefficient would fall. Despite the problems introduced by 
incidence Fig. 3.19 shows that the vast majority of the readings 
produced pressure recovery coefficients in the range 0.9 to 1.0. 
Considering the effects of incidence on the rake performance in more 
detail are Figs. 3.20 to 3.24 which depict pressure recovery 
coefficient versus percentage occurrence for zero 5®, 10®, 15® and 
combined 15® incidences respectively. Figs. 3.20, 3.21, 3.22 and 
3.23 are thus for yaw in either horizontal or vertical plane only 
whereas 3.24 shows the effect of combined horizontal and vertical yaw. 
From a consideration of figures 3.20 to 3.24 the effect of increasing 
incidence on the rake performance is obvious. To determine whether 
the rake would be subjected to incidence problems it was necessary
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to measure flow angles in the water rig. To do this the yaw-head 
was used, its calibration will now be described.

3.3.7 Calibration of Yaw-Head

The yaw-head arrangement is shown schematically in Fig, 3.18. Before 
starting the calibration or any subsequent tests the levels in all six 
manometer tubes were equalised, this involved opening the tap in the 
transfer tube (Fig. 3.18). Having equalised the levels the tap 
must be closed. If the yaw head is exposed to flow at zero 
incidence the liquid levels in tubes 1,2,5 and 6 should be depressed 
equallyjraising levels 3 and 4 equally. However when incidence is 
introduced then the pairs of outer tubes will respond differently 
producing a head difference between tubes 3 and 4 (AH as shown in 
Fig. 3.18). To obtain a calibration for the yaw-head it was placed 
adjacent to an NPL standard pitot-static probe in the wind tunnel 
test section. The dynamic head in the section (as measured by the 
standard probe) was then maintained constant and the yaw-head yawed 
± 80® from the zero incidence condition in the vertical plane. The 
head, AH of Fig. 3.18, was noted at each incidence angle. The ratio 
C^, where

C - head, AH, of yaw-head  ̂ 22
K dynamic head in test section

may then be plotted against incidence angle. This produced the 
characteristic shown in Fig. 3.25. Having thus obtained the 
characteristic it might be used in one of two ways :

1) maintaining the yaw-head position constant and with a knowledge 
of the dynamic head of the flow the ratio may be determined 
and the incidence angle obtained from the characteristic.

2) alternatively the yaw-head may be inclined in the flow until 
AH is the zero incidence head.

When this occurs the yaw-head is perfectly aligned into the flow 
and the flow angle equals the yaw-head inclination.

In the water rig the first method was employed to initially determine
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whether any significant flow angles (i.e. not perpendicular to the 
drum axis) existed. Such flow incidence would produce a AH away 
from the zero incidence AH. If flow incidence were discovered 
then method 2 would be used to determine the flow angles.

3.3.8 Results of the Velocity Survey

Initially the yaw-head was traversed axially through the rotating 
flow in the rig at various radii to determine whether any significant 
flow incidence existed. Despite traversing at three radial positions 
(near the centre, half-radius and near the drum) and at drum speeds 
up to 120 r.p.m no such incidence was detected.

It therefore remained to use the pitot-static rake to measure flow 
velocities. As no flow incidence had been detected the corresponding 
correction factor (from Fig. 3.20) was used in analysing the results.

Total and static pressure distributions across the tank were obtained 
by running the drum at a known rotational speed and traversing the 
rake axially down through the rotating flow. A typical distribution 
for a drum speed of 120 r.p.m is shown in Fig. 3.26. From such 
distributions the dynamic head and hence the velocity at any radius 
could be inferred.

Velocity distributions at drum speeds of 60,90 and 120 r.p.m are 
presented in Figs. 3.27, 3.28 and 3.29 respectively, in each case with 
the ideal forced vortex distribution. The discrepancy between the 
ideal and actual flows is to be noted. A probable major contribution 
to this shortfall in velocity which has important implications for the 
flow in the proposed combustion rig is that the upper surface of the 
fluid is not free as in the case of the classical forced vortex but is 
constrained by a stationary lid, inducing significant drag losses. 
Another implication from this is that more efficient swirl generation 
could be obtained by reducing the slip between the rotating drum and 
the flow.



Test Run _  ̂
N o .

Injection  
Pressure (psi)

Injection 
Time (sec.)

A .F .R .
Swirl Speed 

( r .p .m .)

4 2 2 .5 .7 9 80 0 .7 4 .7 40

5 2 2 .5 .7 9 80 0 .6 9 5 .4 2 40

6 2 2 ^ .7 9 80 0 .6 8 6.71 40

7 2 2 .5 .7 9 82 0 .6 7 9.71 40

8 2 2 .5 .7 9 85 0 .6 6 14.83 40

9 2 2 .5 .7 9 82 0 .6 8 31.31 40

10 2 3 .5 .7 9 80 0 .6 8 4 .2 7 0

11 2 3 .5 .7 9 80 0 .6 9 5 .3 3 0

12 2 3 .5 .7 9 78 0 .7 6 .1 3 0

13 2 3 .5 .7 9 78 0 .6 9 7 .8 3 0

14 2 3 .5 .7 9 80 0 .6 8 11.27 0 Camera didn't 
operate

15 2 3 .5 .7 9 80 0 .6 7 18.79 0

16 2 3 .5 .7 9 80 0 .6 9 5 6 .3 7 0

17 2 4 .5 .7 9 82 0 .6 7 4 .4 0

18 2 4 .5 .7 9 80 0 .6 8 5 .3 0

19 2 4 .5 .7 9 80 0 .6 7 6 .6 0

20 2 4 .5 .7 9 76 0 .7 8 .5 0

21 2 4 .5 .7 9 80 0 .6 7 T2.3 0

22 2 4 .5 .7 9 77 0 .7 2 3 .5 0

23 2 5 .5 .7 9 80 - 4 .4 40

24 2 5 .5 .7 9 80 0 .6 8 5 .2 40

25 2 5 .5 .7 9 82 0 .6 7 6 .4 40

26 2 5 .5 .7 9 82 0 .6 7 8 .3 40

27 2 5 .5 .7 9 80 0 .6 8 12.3 40

28 2 5 .5 .7 9 84 0 .6 6 2 4 .5 40

29 2 5 .5 .7 9 80 0 .6 8 141.0 40

TABLE 3.1 TESTS WITH VAWE-TYPE Ri(r
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Test Run  ̂ Injection Iniection . _ _ Swirl Speed _ ,
K, Dote o '  f -\ r -  / X A .F .R . ,  ̂ . RemarksN o . Pressure (psI) Time (sec.) ( r .p .m .)

30 2 9 .5 .7 9 80 0 .6 9 4 .4 20

31 2 9 .5 .7 9 80 0 .6 9 5.1 20

32 2 9 .5 .7 9 82 0 .6 9 6 .3 20

33 2 9 .5 .7 9 80 0 .6 9 8 .3 20

34 2 9 .5 .7 9 80 0 .6 9 11.7 20

35 2 9 .5 .7 9 80 0 .6 9 21 .7 20

36 2 9 .5 .7 9 80 0 .6 9 9 3 .9 20

37 3 1 .5 80 0 .6 9 4 .4 20

38 3 1 .5 .7 9 80 0 .6 9 5 .2 20

39 3 1 .5 .7 9 80 0 .7 6 .6 20

40 3 1 .5 .7 9 80 0 .6 9 8 .5 20

41 31_J.79 80 0 .6 9 12.8 2 0

42 3 1 .5 .7 9 80 0 .7 23 .5 20

43 3 1 .5 .7 9 80 0 .6 9 140.9 20

44 1 .6 .7 9 80 0 .6 9 4 .3 60

45 1 .6 .7 9 80 0 .6 9 5 .0 60

46 1 .6 .7 9 80 0 .6 9 6 .3 60

47 1 .6 .7 9 80 0 .6 8 8.1 60

48 1 .6 .7 9 80 0 .6 9 11.7 60

49 1 .6 .7 9 80 0 .6 9 2 1 .7 60

50 1 .6 .7 9 80 - 141.0 60

51 4 .6 .7 9 80 0 .7 4 .4 60

52 4 .6 .7 9 80 0 .6 9 5 .3 60

53 4 .6 .7 9 80 0 .7 6 .7 60

54 4 .6 .7 9 80 0 .7 9 .1 60

55 4 .6 .7 9 80 0 .6 9 13.4 60

56 4 .6 .7 9 80 0 .6 9 2 8 .2 60

TABLE 3.1 COiOTlfJUED



Test Run 
N o . Date Injection Injection  

Pressure (psi) Timing (sec.) A .F .R . Drum Speed 
( r .p .m .)

1 2 8 .2 .8 0 63 0 .8 2 5 .2 2 20

2 2 8 .2 .8 0 70 0 .8 2 7 .0 0 20

3 2 8 .2 .8 0 74 0.81 10.44 20

4 2 8 .2 .8 0 78 0 .7 6 18.79 20

5 2 8 .2 .8 0 80 0 .7 6 56 .37 20

6 2 9 .2 .8 0 80 0 .7 3 5 .3 2 40

7 2 9 ^ .8 0 - - - -

8 3 .3 .8 0 82 0 .7 6 4 .3 4 40

9 3 .3 .8 0 82 0 .7 6 5 .0 3 40

10 3 .3 .8 0 80 0 .7 5 6 .2 6 40

11 3 .3 .8 0 74 0 .7 9 a .5 4 40

12 3 .3 .8 0 70 0 .8 14.09 40

13 3 .3 .8 0 64 0 .8 5 3 1 .3 2 4 a

14 4 .3 .8 0 76 0 .7 9 5 .1 2 60

15 4 .3 .8 0 80 0 .7 8 6.41 60

16 4 .3 .8 0 80 0 .7 5 8.81 60

17 4 .3 .8 0 80 0 .7 6 13.42 60

18 4 .3 .8 0 80 0 .7 6 3 1 .3 2 60

19 5 .3 .8 0 80 0 .7 6 5 .1 2 80

20 5 .3 .8 0 80 0 .7 6 6.41 80

21 5 .3 .8 0 80 0 .7 7 9 .0 9 80

22 5 .3 .8 0 80 0 .7 6 14.09 80

23 5 .3 .8 0 80 0 .7 7 3 5 .2 3 80

24 6 .3 .8 0 80 0 .7 7 5 .0 3 100

25 6 .3 .8 0 78 0 .7 7 6.41 100

Valve

Damage

t a b l e  s . l  TESTS WITH DRUM-TYPE aiCr



(continued)

Test Run 
N o .

Dote
Injection  

Pressure (psi)
Injection 

Timing (sec.) A . F . R .
Drum Speed 

( r .p .m .)

26 6 .3 .8 0 78 0 .7 6 8 .54 100

27 6 .3 .8 0 78 0 .77 13.42 100

28 6 .3 .8 0 78 0 .7 6 28.19 100

29 6 .3 .8 0 82 0 .75 5 .0 3 120

30 6 .3 .8 0 78 0 .7 7 6 .2 6 120

31 6 .3 .8 0 80 0 .7 6 8 .05 120

32 6 .3 .8 0 78 0 .7 7 11.74 120

33 6 .3 .8 0 80 0 .7 5 25.62 120

34 7 .3 .8 0 80 0 .7 5 5 .3 2 0

35 7 .3 .8 0 80 0 .7 6 6 .5 5 0

36 7 .3 .8 0 80 0 7 5 9 .0 9 0

37 7 .3 .8 0 7 9 0 .7 7 14.09 0

38 7 .3 .8 0 78 0 .7 7 31.32 0

TABLE 3.2 CONTINUED
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CHAPTER 4

The Combustion Bomb.
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CHAPTER 4

THE COMBUSTION BOMB

4.1 Introduction

The combustion bomb is of novel design and is intended to reproduce 
finely controlled conditions of high gas pressure, high gas 
temperature and high swirl comparable to the end of compression 
conditions occurring in a small to medium sized direct injection 
diesel engine.

It has been designed to produce swirl motion in the range 
0 to 20,000 r.p.m (considered to be solid-body rotation), pre
combustion pressures and temperatures of up to 60 bar and 1000 K 
respectively.

The combustion bomb design philosophy resulted from a series of 
tests and modifications performed on various water rigs (see 
Chapter 3), the swirl generating mechanism being that of a 
rotating drum within a constant volume chamber. In connection with 
the combustion bomb a single-shot fuel injection system and a 
dedicated data acquisition and control system have also been 
designed and developed.

The complete experimental arrangement thus consists of three 
major sub-systems viz:

1) The combustion chamber and drive assembly.

2) The single-shot fuel injection system.

3) Data acquisition and control system.

Each of the above will now be described in detail and the complete 
arrangement is shown in Fig. 4.1.
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4.2 Combustion Chamber and Drive Assembly

4.2.1 General Introduction

As the heading to this section suggests the assembly may be 
divided into two independent sub-assembles viz :

a) the high pressure chamber with optical or calibrating head, 
swirl generating drum and heating system, and

b) high pressure seal and bearing assembly (gas bearing and radial 
ball bearing systems).

The manner in which the two sub-assemblies combine to form the main 
assembly may be seen in Fig. 4.2 which is the general arrangement 
drawing for the rig with gas bearings.

If Fig. 4.2 is considered the system consists of a high pressure 
chamber (item 32) within which are contained insulation and heating 
coils (items 28 and 26 respectively). Table 4.1 contains a
complete list of all detail drawings produced for the rig. Shown 
bolted to the chamber is the optical head (item 23) containing 4 
'Spectrosil' tapered fused silica windows (item 24) giving excellent 
illuminating and visual access. Pressure sealing between the 
head and the chamber is by means of a re-usable silver-plated 
corruplus seal (item 21). A central recess is machined in the 
head to accept an instrumented C.A.V. 'S'-type injector.

Air swirl generation is achieved by means of a rotating drum (item 22) 
driven by a shaft (item 1) running in a bearing system. Pressure 
sealing of the rotating shaft is by means of pressure-backed labyrinth 
seals (to be described later). A signal generating wheel for a 
magnetic tachometer system is situated on the shaft extension at the 
rear of the outer seal assembly housing (item 30). The shaft is 
connected via a Turboflex flexible coupling to a 1.1 kW Router 
motor capable of rotational speeds up to 27,000 r.p.m.

The major components of the two sub-assemblies will now be 
discussed in more detail, starting with the combustion chamber and 
heads.
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4.2.2 Combustion Chamber and Heads

These components are exposed to very arduous working conditions 
and are designed to withstand safely the high pressures and 
temperatures (both steady state and transient) envisaged for the 
operating conditions of the rig. The detailed stress calculations 
for these components were made by E.R. Karimi adopting 'ASME Boiler 
and Pressure Vessel Codes' and are presented in ref. 76.

Considering the optical (or viewing) head first, this is manufactured 
from stainless steel EN58B and is depicted in Fig. 4.3. EN58B was 
chosen for its good strength characteristics at elevated temperatures. 
The optical head incorporates a central hole to accept an 
instrumented C.A.V. 'S' type injector, and a tapped hole in which 
a vibrometer cooled piezo-electric transducer is fitted. The head 
also has four tapered holes to accommodate the fused silica windows 
through which the combustion space is illuminated and the 
experimental events are recorded. The windows are tapered to give 
maximum optical access and to ensure that when the rig is pressurised 
they are securely retained in the head. This design avoids the use 
of cumbersome flange-type mountings (for details of stress 
calculations see ref. 76).

'Spectrosil B ' fused silica was selected for its fine optical 
properties over a wide range of wavelengths (80% transmission, or 
greater, for wavelengths from 0.18pim to 1.2im - see Fig. 4.4). This 
property is of great importance in view of the fact that it was origin
ally intended to use laser techniques as part of the experimental 
program. Spectrosil B also has good strength and thermal properties 
which make it ideally suited to its role in the combustion chamber.

The calibrating head is shown in Fig. 4.5 and consists of a thick 
stainless steel disc with tapped access holes at selected radii to 
accept a traversing gear, of which more later.

Moving now to the combustion chamber it too is manufactured from 
EN58B and its detail design and stressing are discussed in ref. 76,
The chamber is shown in Fig. 4.6.
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The heads are held down onto the chamber by 8 bolts which pass 
through the chamber into captive nuts welded to a split mounting 
plate attached to the rig framework (Fig. 4.1). Pressure sealing 
between head and block is effected by a re-usable silver-plated 
corruplus seal.

4.2.3 Swirl Generating Drum

This component probably suffers the worst working conditions of any 
in the rig :- high rotational speed, high temperatures and pressure 
and thermal shocks following combustion. For these reasons 
Nimonic 80A was chosen as a suitable material. The drum can be 
machined into any axi-symmetric sectional profile (e.g. to simulate 
a hemi-spherical bowl), however for the prototype a simple drum 
configuration was chosen. Initially sixteen internal splines 
were machined into the drum's central boss in order to transmit the 
drive from the shaft. However this was found to introduce 
concentricity problems and the splines were machined away. In 
their place a shouldered spigot on the shaft now mates with a plain 
bore in the drum. A nut on the end of the shaft provides end-load 
against the drum ensuring the drive transmission.

4.2.4 Heating Coils, Insulation and Support Drums

Heat input to the rig to raise the chamber gas temperature is by 
means of single element heating cable supplied by Smith's Industries, 
It is wound around a drum support (item 20 of Fig. 4.2) manufactured 
from Nimonic 80A.

The heating cable has an outside diameter of 1.5 mm formed by its 
Nimonic sheath and is capable of working continuously at up to 980°C, 
The conductor is minerally insulated from the sheath by magnesium 
oxide. The total maximum heat input to the chamber is 850W. 
Encasing the heating coil is a layer of Triton Kaowool ceramic fibre 
insulating blanket contained within an outer support drum of stain
less steel EN58B. The annular gap between inner and outer 
supporting drums is capped and sealed with Cerastil CIO ceramic
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resilient cement. The swirl generating drum, inner Nimonic and 
outer stainless steel support drums are shown in as-machined condition 
in Fig. 4.7.

The heating control system is two-stage in nature. Maximum rated 
power is supplied until the coil temperature is within 10% of the 
desired value and then 25% rated power is used to achieve the 
required level and avoid overshoot. Coil surface temperature is 
measured by two thermocouples in good thermal contact with the 
coil. A detailed description of the heating control system will 
be found in ref. 77.

4.2.5 Chamber Pressurisation

Combustion chamber gas (nitrogen or air) is of high purity 
obtained from high pressure bottles through a finely controllable 
regulating valve and panel-mounted stop valve (see Fig. 4.1).
Supply pressure at inlet to the chamber is indicated by a panel- 
mounted Bourdon gauge and a variable reluctance pressure transducer 
(to be described later).

4.2.6 System Performance

The combustion chamber and optical/calibrating heads have caused very 
few problems in experimental use, the only major development effort 
having involved the fused silica windows. Initially it was 
believed that a sealing compound would be required between the 
windows and the stainless steel optical head to prevent leakage.
This approach was adopted using a hard-setting ceramic cement (Holt's 
"Firegum"). On cooling the head after its initial heating with the 
windows installed severe flaws appeared in the fused silica rendering 
the windows useless. As an interim measure, for the cold, pressurised 
proving tests, tapered acrylic windows were substituted. Two failure 
mechanisms are suggested for the windows :

1) high spots due to window/hole taper mismatch creating regions 
of excessive stress
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2) over-stressing of the material due to thermal expansion/ 
contraction of the head against rigidly fixed windows or a 
combination of the two.

In order to avoid these problems the respective tapers of windows 
and holes have been stringently checked and the windows lapped 
into place. Three grades of lapping paste were used : coarse, fine 
and a diamond fine paste.

The windows are now allowed to sit freely in their tapers, being 
restrained from falling into the chamber by high-temperature 
retaining circlips. Under hot, high pressure conditions the 
windows are able to move up the tapers to find their own equilibrium 
position. A free vertical movement of at least 2 mm seems desirable 
to avoid problems. After testing is completed and the chamber 
pressure relieved the heating temperature is increased over the test 
condition by 100°C. After 15 - 20 minutes the windows drop back on 
to their circlips and the heating current may be switched off.

To date the heating cable has only been operated at up to a maximum 
temperature of 550°C (at a maximum pressure of 65 bar) but has 
performed without incident. To avoid hot-spots the exposed heating 
cable leading from the chamber to the frame-mounted junction box has 
shim-finning applied to promote heat transfer to the air. Although 
the insulating material packed into the annular gap between the 
support drums has expanded slightly and discoloured no other 
degradation is apparent. As an approximate guide to the heating 
cable performance consider table 4.2 which indicates the time taken 
to achieve a demanded temperature (as measured at the support drum 
cable-side surface).

The combustion chamber is surrounded by an insulating blanket to 
promote rapid temperature rise and a cover is mounted above the 
chamber to protect the high-speed camera. Neither of these features 
is shown in Fig. 4.1.
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4.2.7 Bearing, Shaft and Seal Assemblies - General

The general requirement of the shaft-bearing system is to drive the 
swirl-generating Nimonic drum at rotational speeds of up to
25,000 r.p.m. with minimal pressure loss from the combustion 
chamber. To maximise longitudinal stiffness the shaft length has 
to be kept to a minimum yet satisfy the sealing requirement.

Initially it was thought desirable to avoid the use of plain or 
rolling surface bearings due to possible problems with oil 
contamination of the combustion chamber and the high temperatures 
to which the bearings would be subjected. It was therefore 
decided to use gas bearings to support the rig shaft. However, 
these have suffered severe difficulties in development and so a 
radial ball bearing system was also developed. Both systems will 
subsequently be described.

To minimise gas leakage from the combustion chamber a practice widely 
employed in gas turbines was used - the labyrinth seal.

4.2.8 The Gas Bearing System - General Description

The gas bearing system consists of two gas bearings, three housings 
(incorporating the labyrinth seals) and the driven shaft. These 
major components are shown in Fig. 4.8 and a diagrammatic cross 
section through the system is presented in Fig. 4.9. If Fig. 4.9 is 
considered the 'modus operandi' of the system may be described. The 
gas bearings provide both journal and thrust support for the shaft. 
Journal support is hydrostatic relying on the specified radial gap 
and supply pressures being maintained. Thrust support results from 
the air bleeding from the journals and passing through small axial 
clearances between the shoulders of the shaft and the bearing faces 
(regions marked 'T'). Pressure supplies to the bearings are 
marked 'P^'. The labyrinth seals are clearly shown; pressure 
supply Pg2 provides back-up pressure intended to reduce chamber 
leakage and Pg2 supplies extra thrust support by acting on thrust 
face F^. Exhaust ports are marked X. The tacho-generating wheel 
incorporates the outer thrust face.
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These components will now be described in more detail together with 
the development experience with the system.

4.2.9 The Gas Bearings

The gas bearings selected are of the Aerostatic Series A journal 
type suitable for use in a "bleed-thrust" arrangement. They are 
of the slot-feed type and may be operated at any supply pressure 
between 4 and 60 bar (air or nitrogen) providing the geometric and 
dimensional requirements, specified by the manufacturer, are complied 
with. These requirements are quite stringent and demand that the 
shaft-bearing radial clearance be 0.025 mm and the concentricity mis
alignment of the bearings for the shaft span be less than 0.06 mm.
In order to satisfy these the dimensional tolerances of the bearing 
and intermediate housings had to be very severe.

4.2.10 Bearing and Intermediate Housings

These three housings, comprising inner, intermediate and outer 
seal housings (items 14,11 and 6, of Fig. 4.2, respectively) 
provide bearing support and alignment and contain the labyrinth 
seals. The alignment of the housings is achieved by a spigot 
arrangement using the intermediate housing as a datum and thus 
avoiding the need for dowelling. To be effective this approach 
demands high quality manufacturing skill. All housings are 
manufactured from stainless steel EN58B ensuring thermal expansion 
compatibility.

The labyrinth seals originally consisted of "seal packs" comprising 
a set of EN58B washers with alternating bore sizes to create the 
labyrinth. The reasoning for this method of construction was to 
facilitate easy replacement of individual washers. However, after 
encountering difficulties in manufacture (due to the tight tolerances 
required) subsequent labyrinth seals have been of one piece 
construction and in future will be manufactured from graphite. 
Graphite is to be used so that should a shaft-seal rub occur there 
would be no damage to the shaft.
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The detail design of the housings was the responsibility of the 
writer and provided a challenging exercise in balancing tolerance 
requirements against manufacturing practicalities. As an example 
of this a typical housing detail drawing is presented in Fig. 4.10. 
The dimensional and geometric tolerances should be noted. The 
assembled housings are shown in Fig. 4.8.

4.2.11 The Driven Shaft

The driven shaft, item 1 of Fig. 4.2, is a critical component 
required to run within tight geometric tolerances at speeds up to
25,000 r.p.m. and maximum material temperatures approaching 400®C.
Again to ensure compatible thermal expansion with surrounding 
components the shaft was manufactured from EN58B. Initially a spline 
arrangement was used to transmit the drive from shaft to swirl drum. 
However, this resulted in a drum concentricity problem and a plain 
sliding fit was substituted. The main, central, thrust collar is 
a shrink-fit assembly, this being the most suitable method of 
assembly, demanded by the shaft-bearing arrangement, and enabling 
shaft balance to be maintained.

The complete gas bearing assembly is attached to the combustion chamber 
by six stainless steel bolts and is sealed by two corruplus pressure 
filled silver plated stainless steel 'O' rings (item 9) (as shown in 
Fig. 4.2).

4.2.12 Gas-Bearing System Performance

The commissioning of the gas bearing system has provided a severe test 
of patience and caused considerable delay in the experimental programme 
Only a brief review of some of the major development work will be 
described here.

As mentioned before the bearing alignment is critical to the success
ful operation of the system and such alignment is difficult to achieve 
with the three component arrangement of housings demanded by the seal 
and thrust back-up systems. Initially satisfactory alignment proved
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almost impossible to achieve and despite repeated re-examination of 
the detail design and finished components no obvious contributory 
factors could be found. However, on examination of the bearings, 
as supplied by the manufacturer, it was discovered that some of the 
fixing screws were standing proud of the bearing face by up to 0.1 mm 
thus preventing the bearings from seating squarely. This is a 
typical example of the minutiae causing problems with the system.

Having achieved satisfactory alignment such that it rotated freely the 
shaft was driven, by the Router motor, only to seize subsequently.
Upon dismantling scuffing of the shaft journals was discovered. 
Despite checking that journal clearances were correct scuffing became 
a repeated mode of failure. After discussions with colleagues in the 
School of Material Science it was determined that the shaft material 
(EN58B) and bearing material were incompatible (this despite the 
design having been originally submitted to the bearing manufacturers 
for approval). To overcome this problem the shaft was plasma flame- 
sprayed with Metco 505 self-fusing high-molybdenum blend coating.
This material has excellent non-scuffing properties up to the 
reasonably high temperature of 345°C and was applied to a depth of 
0.25 mm and ground to finished size. To date no further scuffing 
of the shaft journals has occurred.

However, having overcome the problem of scuffing on the shaft 
journals it then occurred on the thrust faces. It being impossible 
to metal-spray successfully on these surfaces another solution was 
sought. This was found in the form of phosphor-bronze thrust collars 
which were shrink-fitted onto the shaft and have proved satisfactory 
in recent, limited, use.

The transmission of drive from the motor to the shaft has also 
created problems. It was discovered that the turbo-flex coupling was 
producing excessive side thrust on the shaft due to its spring design. 
To overcome this a simplified coupling was produced consisting of two 
discs, one driving, the other driven, with two pegs in the driving 
disc engaging in two peripheral slots in the driven. This simple 
coupling allows torque transmission with complete axial freedom for 
the driven shaft.
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Experimentation with an air turbine-drive arrangement was also 
attempted. This was to avoid the use of a motor and coupling 
by mounting an air turbine (of a simple Pelton-wheel type) on the 
tail of the driven shaft. This only met with limited success and 
is described more fully in ref. (7 7).

At present the gas bearing system is free running, driven by the 
electric motor via the simple coupling described above. However, 
it has yet to be installed in the chamber to drive the swirl 
generating drum.

Although originally only intended as an interim measure a drive 
system based upon radial ball bearings has been designed and developed 
and this system is installed at present will now be described.

4.2.13 The Radial Ball-Bearing System

The ball-bearing system is shown in cross-section in Fig. 4.11 and the 
major components are depicted disassembled in Fig. 4.12 ani assembled, 
fitted to the chamber in Fig. 4.13. If Fig. 4.11 is considered the 
system may be seen to consist of the driven shaft (item 13) running 
in two extra-light series RHP 6002 radial ball bearings (item 3) 
housed in a main housing (item 8) and retained by inner (item 1) 
and outer (item 7) caps. The inner cap has a built-in labyrinth seal 
and pressure back-up to reduce combustion chamber pressure loss 
(marked P). Exhaust ports are marked 'X* and pass escaping gas 
and gas/oil mist to the oil reservoir. Three oil supply ports in 
both inner and outer caps (marked 'L') supply lubricating oil which 
is directed by fine jets onto the inner tracks of the bearings.
The jet holes were produced by electro-chemical machining and are 
0.8 mm in diameter. The system operates with the shaft vertical 
and lubricating oil from the top bearing is forced by positive gas 
pressure from the labyrinth bleed past the housing weir through the 
lower bearing where it combines with oil from the lower bearing to be 
thrown by the oil slinger (item 4) to the walls of the sump (item 6). 
The oil is then forced through the outlets (marked D) and returns to 
the oil reservoir. If the combustion chamber and seals are un
pressurised an electric scavenge pump is provided to effect the return
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of oil. Oil supply is provided by a Petter pump, the main supply 
circuit incorporating an oil bypass valve to enable variation of 
the supply rate. Attached to the end of the shaft is the signal 
generating wheel (item 5) retained by locknuts (item 11),
Provision is made for the monitoring of bearing outer track 
temperature via two Thermoelectric MTS-10163-K-150 thermocouples 
(item 10) retained by sealing glands (item 9). The list of detail 
drawings for the system is contained in table 4.2.

All design calculations for the ball-bearing system were based upon 
the guidelines presented in "RHP Standard Bearings Technical 
Handbook, 1977" published by RHP General Bearings Division. A 
detailed description of the bearing calculations is unecessary since 
it is part of standard design practice. However, the salient 
performance capabilities of the system will be outlined.

The normal limiting speed of the bearings selected is 28,000 r.p.m 
with oil lubrication. Due to the high axial to radial load ratio 
this is reduced to 25,200 r.p.m. In all performance calculations 
the axial load is assumed to be that due to 50 bar chamber pressure. 
Under such conditions the basic rating life associated with 90% 
reliability (acceptable design level for normal engineering 
applications) is 58 million revolutions. This basic life is the 
maximum to be expected and will be reduced when the bearings are 
exposed to high temperatures. At high temperatures oil is 
required more for cooling than lubricating purposes. Under the 
maximum temperature permissible for the bearings (225®C) and for 
maximum loading the Bearing Applications Dept, of RHP suggested an 
oil flow rate of 30 litres/hour per bearing using either Shell 
Vitrea 220 or a quality Multigrade (15W/40) engine oil (the latter 
is in fact used).

The expected bearing life at various temperatures and speeds at the 
maximum axial load was calculated as recommended by RHP; the results 
are presented in Fig. 4.14. As expected Fig. 4.14 shows that as 
bearing temperature increases at a given speed so life expectancy 
falls. For example, at 25,000 r.p.m. minimum and maximum 
expected lives are 55 and 112 hours for the maximum and minimum
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operating temperatures. Fig. 4.14 illustrates that within the 
envisaged operating conditions the bearings should return a 
reasonable working life before needing replacement (which is, in 
any case, inexpensive).

All load calculations were based upon the conservative assumption 
that only one bearing would support the total. Even with this 
assumption the predicted loadings are within the bearing's capacity, 
viz : -

a) maximum axial load capacity of bearing (continuous) = 1255N
maximum axial pressure load (neglecting short-lived

combustion effects) = 1060N

b) maximum radial load capacity of bearing (continuous)= 2510N
maximum radial load due to chamber pressure = 530N

(neglecting out-of-balance forces)

To avoid out-of-balance problems the swirl generating drum and shaft 
system were balanced to 0.054 gram at 50 mm radius.

The ball bearing system has, to date, been used in all 
experimentation requiring swirl generation. All components were 
originally manufactured from mild steel, however, for hot tests a shaft 
of stainless steel EN58B has been produced. To cool the bearings 
during rig heating and between injections it has been sufficient to 
supply workshop supply air at 2 bar to the seal pressurisation inlet 
(marked 'P ' in Fig. 4.12). A complete description of rig operation 
will appear later in this chapter.

4.3 The Single-Shot Fuel Injection System 

General

This system is required to supply a known quantity of fuel as a 
single injection into the combustion chamber and to be easily 
interfaced with the controlling micro-computer. Two systems were
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considered, the CAV 'Sofredi' solenoid-servo injector and a 
modified in-line pump. Although not selected for the combustion 
rig a Sofredi system is available and will be briefly described 
together with the reasons for its rejection; a detailed description 
of the current modified in-line pump system will then follow.

4.3.1 The Sofredi System

The Sofredi injector is an experimental injector occasionally used 
by CAV in engine research. A block diagram of the system is 
shown in Fig. 4.15.

High pressure fuel at 300 bar is supplied to both the control 
valve inlet and accumulator inlet. When the electromagnet is 
passive, fuel is fed to the hydraulic actuator via the control valve 
and lift rate control valve. The fuel above the actuator is 
therefore pressurised and the differential area between this and 
the nozzle .{constantly pressurised), plus nozzle spring force, results 
in the nozzle remaining closed.

When the electromagnet is energised the armature is raised, thus 
closing the control valve supply and opening the drain. The volume 
above the actuator depressurd ses, the fuel flowing through the lift 
rate control valve to drain. The nozzle needle opens under the 
action of 300 bar fuel pressure overcoming the nozzle spring.

The nozzle remains open until the electromagnet is de-energised.
When this occurs the volume above the actuator is re-pressurised, and 
the nozzle closes. Delivery from the injector is determined by the 
lift rate control valve (which controls the initial rate at which 
the needle rises), duration of the electronic pulse applied to the 
electromagnet, supply pressure, and nozzle hole area.

This system is clearly highly compatible with micro-computer control. 
However, experience at CAV has shown the unit to be somewhat temper
amental. More importantly, it does not produce injection character
istics identical to an engine system and is also far more bulky, 
precluding its use on the combustion rig due to observational 
interference.
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4.3.2 Modified In-Line Pump System

To clarify the operation of this system it is necessary to
describe briefly the operation of an in-line fuel pump.

A schematic diagram of such a pump is presented in Fig. 4.16a.
High pressure fuel, supplied by a reciprocating plunger-pump, is 
delivered via small-bore steel pipelines to the engine injectors. 
Vertical movement of the plunger is achieved by camshaft, tappet 
and return spring, the camshaft having a single lobe for each 
plunger and being driven at half engine speed (for a four-stroke
engine). Each plunger delivery is, of course, synchronised to
occur at the correct moment in the combustion cycle.

Fuel quantity delivered is controlled by a metered area cut into 
the plunger (Fig.4.16b) to form a control helix and vertical 
groove. The close-fitting steel barrel in which the plunger moves 
is locked into position, and an inlet and spill port in it communicate 
with a fuel gallery fed either by a low pressure fuel pump or by 
gravity feed. With the plunger at bottom dead centre (B.D.C) fuel 
enters via the inlet and spill ports to fill the space above it, and 
the relieved portion around it.

On the delivery stroke, while the ports are covered, fuel is forced 
upwards through a delivery valve (in the head of the pump cylinder) 
into the delivery line. Once it is uncovered by the relieved 
portion of the plunger fuel is able to flow out of the spill port, 
and delivery to the injector ceases. Thus, partial rotation of 
the plunger will alter the point on the delivery stroke at which 
the helix uncovers the spill port, varying the fuel output per stroke. 
With the vertical slot on the plunger in line with the spill port no 
fuel will be delivered, despite the continued pump operation.

Plunger rotation is controlled by a sliding quadrant at its lower 
end (Fig. 4.16b) which engages a control rod (the "fuel rack") running 
the length of the pump. Longitudinal motion of the rack causes the 
quadrant and plunger to rotate, and so vary pump output. Thus fuel 
output is dependent on rack position, and can be set to zero with the 
pump running when the rack is said to be set against the "zero fuel 
stop".
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The pump is modified for single-shot use by disabling all but one 
pumping element and running the pump with the rack in the zero fuel 
setting. With suitable timing a high power solenoid attached to 
the fuel rack may be used to open and close rapidly the fuel rack 
permitting a single pump event to occur. This is the basis of 
the system used on the combustion rig.

4.3.3 Mechanical Elements of the System

Fig. 4.18 is an exploded diagram of the system and 4.17 shows it 
assembled. It is seen to be a compact and self-contained unit.
In brief, the system consists of a modified in-line fuel pump 
(item 1 of Fig. 4.18) supplying an instrumented injector (item 5), 
driven at constant speed by an electric motor (item 4) via a V-belt. 
Rack actuation is achieved by means of a high power solenoid (item 7) 
controlled by the combustion rigs microcomputer through a solenoid 
switching circuit. The single shot system is chassis mounted 
(item 2) and the chassis, in turn, is mounted on the combustion rig 
frame, supported by vibration isolators. The major components of 
the single shot system will now be detailed.

4.3.3a The Fuel Pump

The fuel pump is a CAV 'Minimec' 6-element in-line type loaned by 
Lucas-CAV Ltd. The pump was modified by having four of its six 
pumping elements disabled, the two operational elements being of 
9 mm and 9.5 mm bore, providing one means of varying the pump output 
characteristics. All governor and other throttle linkages were 
removed allowing free movement of the rack independent of pump speed. 
An extension bar was fitted to the rack to permit control from 
outside the pump. The pump is supplied with a constant head of 
fuel from a header tank 1.75 m above rig level.

In order to avoid a large speed fluctuation during a pumping stroke 
a flywheel is fitted to the pump drive shaft (item 3 of Fig. 4.18). 
The flywheel incorporates a stud protruding from its pump-side face 
which induces a signal in an Orbit magnetic pick-up and serves as a
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reference event for the control system. A circumferential groove 
is machined in the flywheel to accept the V-belt drive.

4.3.3b The Fuel Injector

The fuel injector is a CAV 'S'-type fitted with a needle lift 
transducer and connected to the fuel pump by a standard high- 
pressure fuel-line incorporating a fuel-line pressure transducer 
(both transducers will be described later). Three special 
nozzles have been supplied by Lucas-CAV. These are unusual in 
that the included angle between nozzle-hole axes is 180 degrees with 
the axes perpendicular to the axis of the injector, thus with the 
injector mounted vertically in the combustion rig the injected sprays 
have horizontal centrelines. The three nozzle types differ in 
nozzle hole size, details of which are presented in Fig. 4.19.

4.3.3c Motor and Drive System

The choice of a V-belt drive system was made in the belief that it 
would result in a compact arrangement and that, using a flywheel, it 
would provide adequate torsional damping. In addition, by changing 
the motor pulley size, a discrete range of pump operating speeds is 
available. On the present system three pulley sizes are available 
providing pump speeds of 750,1150 and 1420 r.p.m corresponding to 
four-stroke engine speeds of 1500,2300 and 2840 r.p.m.

Pump drive power is provided by a 0.19 kW single phase induction 
motor (item 4 of Fig. 4.18).

4.3.3d Rack Actuation Solenoid and Mounting Slide

The rack actuation solenoid (item 7 of Fig. 4.18) was supplied by 
Lucas-CAV and is of a dual winding 25/2.5 Amp 12V d.c. type with 
25 mm travel (sufficient for a full rack opening). Initial 
evluation tests showed that the solenoid produces accelerations up 
to 60g and a maximum velocity of 2.5 m/s. The solenoid 
incorporates a limit switch which de-energises the primary winding
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(25 amps) and energises the secondary, holding, winding (2.5 amps) 
thus minimising power use.

The solenoid is connected to the extended rack bar by an adaptor 
which also serves as the zero-fuel stop (butting against the pump 
body when the solenoid is de-energised) and as a reference for 
measuring rack opening. With the solenoid normally de-energised 
the rack is held closed by a coil spring. For calibration purposes 
the rack is held open (with the pump stationary) and a pump-mounted 
linear position transducer used to measure rack opening.

Variation in rack opening is achieved by means of the solenoid 
mounting arrangement. This consists of a sliding base traversed by 
a lead screw and clamped by retaining bars, clearly visible in 
Fig. 4.17. Limits to rack opening are thus provided by the 
connecting adaptor (zero fuel) and the position of the solenoid.

4.3.3e Chassis and Mounting on Combustion Rig

The chassis (item 2 in Fig. 4.18) is a high-stiffness, box section 
arrangement and is mounted onto the combustion rig main-frame via 
three vibration isolators. This was done to avoid the transmission 
of vibration to the combustion rig itself and prevent possible 
blurring of the photographic image. The final arrangement was such 
that the isolators' natural frequency was 3.7 Hz giving 85% vibration 
isolation under the worst operating condition (78).

The integration of the system into the combustion rig and its 
performance will be described in the following sections.
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4.4 Combustion Rig Instrumentation, Data Acquisition and 
Control

General

A schematic diagram of the complete combustion rig showing all the 
major features of the system is presented in Fig. 4.20 and its 
attached descriptive table. This complete arrangement may be sub
divided into four areas viz:

1) Combustion chamber, bearings and motor

2) Single-shot fuel injection system

3) Instrumentation: including transducers, high-speed camera
and hot-wire anemometry

4) Data acquisition and control system: including the
Commodore PET microcomputer.

Areas 1) and 2) have already been described in sections 4.2 and 4.3 
of this chapter. Areas 3) and 4) will now be discussed.

4.4.1 Instrumentation

Included within this category are the various electronic transducers, 
the high-speed cine camera and illumination system and the hot wire 
anemometry equipment.

4.4.1a Transducers

The various transducers utilised on the combustion rig are shown in 
Fig. 4.21 which should be referred to in the following discussion. 
Calibrations of all transducers will be presented in section 4.5.

Chamber Transient-Pressure Transducer

A piezo-electric transducer is used to measure transient pressure 
changes in the combustion chamber. This type is selected due to its 
desirably-high natural frequency response of 100 kHz. It is a
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Vibroraeter QPSOOa water-cooled type and is shown mounted in the 
optical head, with cooling pipes attached, in Fig. 4.22. To avoid 
blockage due to deposit formation distilled water is supplied for 
cooling purposes at a rate of over 20 litres per hour from a self- 
contained unit incorporating a pump running on mains electricity. 
Signals from the transducer pass via a co-axial cable to a charge 
amplifier and thence to the data acquisition interface.

Chamber Supply Pressure Transducer

Supply pressure to the combustion chamber is measured by a variable 
reluctance transducer connected to the supply line. The trans
ducer is an NEP Type 1028 and its output is conditioned by a carrier 
amplifier (± 15 V supply) wired in half-bridge configuration. The 
output is displayed on a panel mounted digital voltmeter giving a 
reading proportional to pressure. As an additional measure of 
supply pressure a bourdon-type gauge js fitted at the same position 
in the system.

Injector Needle-Lift Transducer

To obtain information on the operating characteristics of the fuel- 
injection system the fuel injector is fitted with a needle-lift 
transducer. This is an induction-type transducer with a soft iron 
core fitted to the top of the injector needle moving within a coil. 
The injector is an otherwise standard 'S'-type and the extension 
housing the coil may be seen in Fig. 4 22. The system is completed 
by an oscillator and an FM aplifier (± 15 V supply) from which the 
signal is passed to the data acquisition interface.

Fuel-Line Pressure Transducer

The fuel-line pressure transducer is a strain-gauge type of CAV 
supply and is fitted adjacent to the injector union. It has a 
maximum pressure capacity of 1000 bar and forms one leg of a half 
bridge incorporated in a D.C. amplifier (± 15 V supply). Once 
again the amplified signal is passed to the data acquisition 
interface.
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Swirl-Drum Speed Measurement

This is achieved via a six-segment wheel fitted to the shaft driving 
the drum which induces signals in an 'Orbit' magnetic pick-up.
The signas are conditioned by an 'Orbit' digital tachometer which 
displays the rotational speed directly in revolutions per minute. 
Speed control is through a 'Variac' between the mains supply and the 
driving motor.

4.4.1b The High-Speed Camera and Illumination

Normal cine cameras move the film intermittently, taking pictures 
only when the film is stationary. This method can only be used at 
low speeds, as film is not strong enough to withstand high 
frequency intermittent motion. Special cameras have been developed 
in which the film passes through continuously at speeds up to 80 m/s, 
and the image from the camera lens is made to move at the same speed 
as the passing film. This is usually achieved by rotating a glass 
prism between the lens and the film. Many such cameras use gear- 
driven film sprockets and prism shafts but backlash and other 
imperfections in the gearing (particularly through wear) result in 
unsteady, poor quality pictures. However the Hycam camera, used 
on the combustion rig, employs only one moving part. The rotating 
prism, the shutter and the film sprocket are mounted on a common 
shaft. This results in steady, well-defined pictures comparable 
to those from a normal-speed high-quality cine camera.

The Hycam camera used on the combustion rig is a "100 Foot" model 
using 16 mm film with a capacity of 125 feet of 0.005 inch thick 
estar-backed film. For monochromatic work (ie. non-combusting) 
the preferred film stock is Kodak RAR 2498 and for colour records 
Eastman Ektachrome 7250 Video-News High-Speed Tungsten reinforced 
film is recommended. The RAR 2498 comes in a 125 feet length on 
daylight-loading spools whereas the colour film is 100 feet long.

The camera optical system is shown in Fig. 4.23. The objective lens 
of the camera forms a virtual imagg at the aperture mask which is then
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passed through two relay lenses and onto the film. The first relay 
lens is divided into two parts termed the first and second field 
lenses. The first field lens collects the light passing through 
the aperture mask and passes it via a right-angle prism through 
the multi-faced rotating prism in a near parallel beam, through the 
second field lens and another right-angle prism. The light is
then collected by the relay lens, passed through a "U" prism and 
the image formed on the film itself. The system carries a 
segmented shutter disc between the aperture mask and first field 
lens which sets the frame exposure. Two shutters of aperture ratios 
1:10 and 1:25 are available at present with the 1:10 shutter fitted.

By the use of a flat film-gate, and the elimination of any gearing 
between film sprocket and rotating prism, picture weave and bounce 
are avoided, definition is excellent and the frame is exposed 
evenly across its area.

Before the film reaches the film gate it passes two lamps 
(NE2J neons) which enable timing marks to be added to the film edge. 
The calibrated timing light generator can be selected to produce 
pulses at 10,100 and 1000 Hz and is powered by a 40 V D.C. supply.
For all films taken on the combustion rig the timing marks are 1 ms 
apart. With timing marks on the film the real time of the event 
and the camera framing rate may be determined.

For camera speeds from 100 to 9000 frames per second an external
variable transformer is inserted between the mains electricity
supply and the camera power input. By varying the input voltage
the frame rate is changed as shown in Fig. 4,24. It is to be noted
that in the higher speed range the maximum framing rate is achieved
only after a considerable footage of film has been exposed. The
figures periodically written over each speed curve indicate elapsed
time for the given footage. At present the Variac used to control
the camera has a maximum output- of 275 V (approximately) giving an
effective peak framing rate of 7000 to 8000 frames per second.

I

To ensure that the camera is close to maximum speed when the injection 
occurs use is made of the camera event synchroniser. The event
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synchroniser is controlled by a knurled knob situated between the 
film compartments in the camera and allows the event signal to be 
produced when any amount from 0 to 80 feet of film has been used.
The knurled knob controls the position of a microswitch the roller 
of which rests on the film of the full spool. As the film runs 
through the camera so the microswitch arm moves towards the spool 
centre until the switch closes marking the "event". The footage of 
the film used before the event is signalled is thus determined by 
the position of the microswitch. The event synchroniser is used as 
the initiating signal in the injection control sequence described 
later in this chapter.

The camera is focussed through the lens by replacing the finder 
prism with a similar unit containing a prism with a ground face 
marked with cross-wires. The eye piece lens is first focussed on 
the ground glass cross-wires, and then the objective image is 
focussed on the ground glass plane with the objective lens. The 
normal finder prism is then replaced. When the 1:2.5 shutter is 
fitted it is possible to see the full field of view, however, with 
the currently fitted 1:10 shutter this is not possible. The field 
of view is then determined by rotating the shutter from one extreme 
to the other. This can be done by rotating the sprocket wheel.
The knob to the right of the eyepiece may be used to rotate the 
sprocket with the camera door closed.

It is imperative that after every run with the camera its 
compartments are thoroughly cleared of film debris and the finder 
prism and film gate removed to clean their sliding surfaces.

The camera is mounted above the combustion chamber on an extension 
bolted to the main framework. The camera mount permits full three- 
dimensional movement for camera alignment.

It has been found from analysis of the exposed films that the 
maximum framing rate of the camera with the present Variac is about 
7500 frames/second. With the 1:10 shutter filter this produces 
an effective exposure of ^/75000 seconds and this requires a great
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deal of light to produce a satisfactory image. After a certain 
amount of trial and error it was found that three 250 Watt lamps 
(24 Volt supply) provide sufficient illumination and these may be 
seen mounted in their protective mild-steel shields in Fig. 4.22. 
The injection and combustion processes are photographed through 
the remaining window. It is unwise to leave the lamps energised 
for longer than necessary for the experiment, since the high 
current consumption tends to melt the solder joints. The lamps 
are powered by two 12 V accumulators connected in series and 
controlled by a high-power spring-loaded switch. The accumulators 
are frequently re-charged to ensure maximum illumination power.

4.4.1c Hot Wire Anemometry

The combustion rig has included within its equipment a complete 
single channel hot-wire anemometer capable of being used to measure 
gas velocity (in anemometer mode) or gas temperature. The basic 
principles of constant temperature hot-wire anemometry were 
discussed in Chapter 2 and will not be further enlarged on here.
All the equipment is of Thermo-Systems Inc. manufacture and the 
complete inventory is as follows :

a) one model 1051 monitor and power supply
b) one model 1053B constant temperature anemometer
c) one model 1056 variable decade module.
d) one model 1052 linéariser
e) one model 1057 signal conditioner
f) one model 1040 temperature and switching module
g) various single-wire probes

These major components will now be briefly described but for full 
details, including operating instructions and circuit diagrams, 
reference should be made to the Thermo-Systems Inc. manuals 
accompanying the equipment,
a) Monitor and Power Supply

This provides power to the anemometer and accessory modules.
The unit supplies ± 25 V, -6 V and + 30 V lines for power and 
displays, in analogue form, the output of the anemometer. The 
output may also be passed to a digital voltmeter or to the data 
acquisition system.
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b) Constant Temperature Anemometer

In simple terms the anemometer consists of an amplifier and a 
5:1 resistance ratio Wheatstone bridge circuit and is shown 
schematically in Fig. 4.25. The transducer itself is a small 
resistance element which is heated and controlled at an elevated 
temperature. The amount of electrical energy dissipated in the 
sensor is a measure of the cooling effect of the fluid flowing 
past the heated sensor. This cooling effect depends on both 
the mass flow and temperature difference between the sensor and 
the fluid. The relationship between bridge voltage and mass flow 
or mass flux is as follows :

where :

A,B = constants depending on fluid and type of sensor
Variables include thermal conductivity, viscosity and 

Prandtl number

p = density of the gas or liquid (kg/m^)

V = velocity (m/s)

n = exponent (close to 2)

t^ = sensor operating temperature (®K)

te = fluid or environmental temperature (®K)

R = sensor operating resistance

R^ = resistor in series with the sensor (usually 40 ohms)

E = bridge voltage

Since the bridge is operated in the balanced condition, the 
value of R is ^/5 the value of the control resistance (5:1 bridge, 
also see Fig. 4.25). The value of the control resistor is 
selected to operate R at a high enough resistance to achieve the 
required operating temperature. The sensor is a resistor with a 
high temperature coefficient so its temperature varies with 
resistance while the other resistors in the bridge have very low
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temperature coefficients. If the sensor temperature is much 
higher than the fluid temperature, the signal will be 
relatively insensitive to temperature but very sensitive to 
velocity.

In practice, when the anemometer is switched to "RUN" current 
flows through the bridge which is balanced at the zero velocity 
condition. If the sensor is cooled by flow the resulting 
bridge imbalance is sensed by the amplifier and the bridge 
voltage is increased to re-heat the sensor and restore balance. 
Thus a change in flow results in a voltage change in the 
anemometer.

c) Variable Decade Module
This module enables the required operating resistance of the 
probe (determining its operating temperature) to be set and 
is represented by the "control resistor" in Fig. 4.25.

d) Linéariser
This is designed to linearise the output of the constant 
temperature anemometer and to serve as a general purpose 
function shaper. It does this by approximating the data curve 
with a fourth degree of polynomial. The flexibility of this 
approach permits its application to either linearise or generate 
a wide variety of curves, in addition, it will give directly an 
accurate square, cube or fourth power of the input voltage as 
well as serve as a linear amplifier. If a linearised signal is 
required it is passed from the anemometer through the 
linéariser and then onto the signal conditioner before final 
output at the monitor and power supply.

e) Signal Conditioner
This unit has several features, the most important of which are 
the output filters. Both low-pass and high-pass output filters 
are included to exclude frequencies above or below the range of 
interest. The filter circuits provide sharp, calibrated cutoff 
and an attenuation rate of 12 db/octave.
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f) Temperature Switching Module
This system consists of a bridge circuit and amplifier in an 
open loop configuration so that the anemometer probe may be 
used as a resistance thermometer. The zero and gain are 
adjustable as with a normal resistance thermometer so the 
output reading on the meter is directly proportional to 
temperature.

g) Single Wire Probes
Initially one probe was supplied with the equipment, this 
being a TSl 'ruggedised' probe with a single 6 micron platinum- 
iridium wire capable of operating at up to 750°C. Unfortunately
this probe proved unreliable in service with frequent breakage.
It was decided to manufacture a set of simple rugged probes and 
this was done with great success. The "in-house" probe is 
shown in Fig. 4.26 and consists of a 180 mm length of 4.8 mm 
outside diameter stainless steel tubing forming the probe 
support. The prongs of the probe are No.8 embroidery needles with 
the point ground back to form a small flat of approximately 0.25 mm 
upon which to weld the sensor wire. The needles are annealed and 
the connecting leads soldered. The needles are set in araldite 
in the end of the tube ensuring separation and electrical 
insulation; the output leads are also araldited at the output end 
of the tube providing support. The araldite also provides a 
pressure seal. The sensor wire is ten micron tungsten which, 
although limited in maximum operating temperature (around 300®C), 
has good strength characteristics. For high frequency response 
(e.g. in turbulence orientated research) smaller wire diameters 
are desirable. However, resistance to damage was the chief 
requirement. The wire was welded to the prongs using equipment 
in the Mechanical Engineering Department of King's College,
London. The assistance of King's College in this matter was 
greatly appreciated and enabled the production of ten probes at 
extremely low cost.

Traversing Gear and Calibrating Head

To enable a velocity survey of the flowfield in the rig to be made
using hot wire anemometry a calibrating head and probe traversing
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gear were produced. These are shown in Fig. 4.5 with the 
traversing gear mounted on the head. The general arrangement 
and details of the traversing gear are presented in 
Figs. 4.27a,b and c.

The calibrating head is a 180 mm diameter stainless steel disc 
400 mm thick with 6 tapped access holes at selected radial positions. 
When not in use these holes are plugged with annealed copper seals 
retained by threaded stainless steel studs. The traversing gear 
simply screws into the desired radial position.

The traversing gear (see Figs. 4.27a,b and c) consists of a 
stainless steel seal body (item 10) which screws into the calibrating 
head and contains the seal components preventing gas leakage from the 
combustion chamber. The hot wire probe (item 3) is clamped by a 
yoke (item 5) which is traversed and guided by means of a lead-screw 
spindle (item 6) and guide rod (item 9) arrangement. The probe 
passes through a high temperature seal (item 13) which is retained 
by two seal rings (item 12) which in turn are sealed against their 
pressure faces by two seal washers (item 11).

The seal and seal washers are manufactured from Vespel SP211 which 
is a polyimide material impregnated with graphite, PTFE and moly- 
disulphide and produced by Du Pont. It is capable of continuous 
operation at up to 350®C. Great care is necessary when manufacturing 
and assembling these components; however, when complete the seal 
performance is excellent. The guide rod (item 9) is graduated so 
as to indicate the traverse level of the probe.

4.4.2 Data Acquisition and Rig Control 

General

Fuel injection, mixing and combustion under diesel engine conditions 
is an extremely rapid event occupying a matter of milliseconds.
The desire to maximise the amount and quality of data from the single 
shot combustion rig and the need to synchronise and accurately 
control several high speed functions (fuel injection, high speed camera,
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data acquisition) inevitably led to the decision to utilise 
microprocessor control. This also has the advantage of flexibility 
in changing experimental control parameters with ease. In order to 
capitalise on the considerable expertise within the School of 
Engineering in the use of Commodore PET computers, a PET was 
selected as the computer for the combustion rig system.

The basic requirement of the system is to use a high-speed cine 
camera and three electronic transducers to record fuel injection, 
mixing and combustion. The three transducers used to measure 
injector needle lift, fuel line pressure and combustion chamber 
pressure, and the high-speed camera were described in section 4.4.1. 
Further requirements of the system are that the camera should be 
at, or approaching, maximum frame speed when the event occurs, 
that fuel injection is finely controllable and that the data 
sampling frequency should be maximised, but with the ability to 
control the start of data acquisition and vary its rate easily.

These requirements are clearly summarised in the form of a timing 
diagram. Fig. 4.28, which presents the desired sequence of events 
against time. If Fig. 4.28 is considered, the camera accelerates 
to its maximum speed at which point it sends an event signal to the 
PET (the camera event marker was described in section 4.4.1). The 
PET then waits for the next pump marker signal to arrive indicating 
that the reference point in the pump cycle has arrived. On 
receipt of this information the PET simultaneously initiates the 
injection delay (i.e. the solenoid actuation delay) and the delay 
in reading data. The solenoid acuation delay is used to vary the 
injection characteristic, as described later, and the data read delay 
prevents the recording of meaningless data before the event occurs. 
Upon completion of the solenoid delay the solenoid is energised 
for a pre-selected period, during which fuel injection occurs. 
Meanwhile the data read delay has expired and the data acquisition 
system collects the conditioned and amplified transducer outputs 
which are then stored in the PET memory. As soon as the data 
acquisition phase is completed the results held in PET memory for 
channel 1 are displayed on an oscilloscope converted to present the
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information in digital form as a series of dots. Channels may be 
selected at will and scanned back and forth to examine the results.
A schematic block diagram of the major components of the system 
is presented in Fig. 4.29. If the results are satisfactory they 
are transferred to magnetic tape (cassette) which is taken to a 
second PET modified to communicate with the University's main-frame 
computer, a Honeywell Multics System. The data is transmitted to 
the author's directory where it is analysed and the final results 
produced and plotted.

The detailed design of the electronic hardware and the PET software 
were produced by Mr. P.H. Prest and Mr. D. Barker, respectively, 
from the author's specification, their excellent work and enlightening 
assistance in the design and development of the system is greatly 
appreciated.

The main components of the system will now be discussed in more 
detail.

4.4.2(a) The Combustion Rig Microcomputer

This is a Series 2 Commodore PET computer (6502 microprocessor) 
originally of 8K memory but with a memory expansion board increasing 
its capacity to 32K and fitted with a "Toolkit" for diagnostic 
purposes. The computer communicates with the data acquisition and 
control system via a mother board at the rear of the instrumentation 
rack.

4.4.2(b) The Data Acquisition Card (Fig. 4.30)

The data acquisition card consists of an Analogic MP6812 analogue to 
digital converter (A-DC) and a 6522 versatile interface adapter (VIA) 
The VIA is used to control the A-DC in terms of sampling rate, number 
of samples and number of channels. The VIA is used to control 
sampling because to use the PET microprocessor directly would be too 
slow and result in the A-DC over-running and failure of the system.
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Therefore the two timers, T1 and T2, in the VIA interface 
adaption are utilised; T1 is loaded from the PET with the required 
sample interval, in practice this has been found to have a minimum 
value of 14 usee. T2 is loaded from the PET with the total number 
of samples on all channels. The number of channels selected is 
loaded from the PET into PB0 to PB3 of the VIA adaptor (maximum 
4 channels). The 6812 A-DC has been hard-wired for short-cycle 
operation in an 8 bit (i.e. single precision) unipolar (positive 
only) mode. This means that the 6812 A-DC automatically cycles 
through the channels selected upon receiving a strobe from T1 of 
the VIA. The channel being sampled is represented in binary on 
19T-22T of the 6812 A-DC.

The method of operation is as follows :- With the sample interval,
number of channels and total number of samples loaded into the
locations described above, the system is ready for action. A
signal indicating the attainment of maximum framing rate is output
from the high-speed camera. This signal passes through a 7414
Schmitt trigger which inverts and sharpens the signal. The control
line is normally held high by the +5V power line but the arrival
of the camera signaland its passage through the Schmitt presents a
negative-going edge to control line CA2 (on the VIA). Before the
system is fully activated, however, is requires another signal from
the pump reference marker and a further signal from the solenoid
control card. These too are passed through Schmitt triggers for
cleaning and inversion. On receiving the actuating signal on
control line CBl the VIA starts timer T1 counting down at a
frequency of 1 MHz until the sample interval is counted out
(e.g. 15 jisec). On counting out T1 strobes the A-DC thus initiating
the start of conversion procedure. The pulse from Tl also decrements
timer T2 by one. The 6812 starts by sampling channel 0 (i.e. the
first channel) and presents the data in binary on pins 29T to 32B (i.e. 8 bit]
with 29T holding the most significant bit (MSB). When all the data is
presented on the pins, the end of conversion flag (EOC) is set on 27B
of the 6812 setting control line CAl on the 6522. As soon as the PET
"sees" the EOC on CAl it looks at the registers PA0 to 7 on the VIA
holding the sample data. Having received the data the PET automatically
clears the EOC flag, simultaneously the channel count is incremented by
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one on 19T-22T of the 6812. The value held on these pins is then 
compared with the maximum number of channels to be sampled set on 
registers PB0 - PB3 of the VIA. This comparison is made by the 
exclusive - or 7455 gate and when the values match a 'clear' signal 
is sent to 25B of the A-DC re-setting the channel number to zero.

Providing timer T2 (total number of samples) has not counted out 
the process is repeated with timer Tl continuously presenting a 
strobe pulse at the sampling frequency. When timer T2 does count 
out an interrupt is sent to the PET and the sampling ends.

4.4.2(c) The Solenoid Control Card and Switching Circuit

The solenoid control card (Fig. 4.31) uses a 6522 VIA and a 6840 
chip containing three 16 bit timers. The VIA timers 1 and 2 are 
used to control the data read delay. The required delay input on 
the PET is set on timer 2 and on receiving the signal to start, 
timer 1 sends out 1 MHz pulses counting down timer 2. When timer 2 
is counted out the data acquisition system is activated. The control 
of the solenoid delay and energise times is achieved with the 6840.
On receiving the signal to start on gate 1 (Gl) from control line CA2 
of the VIA, Gl allows pulses at 1 MHz to be output from 01. Timer- 
counter 2 (C2) has been armed with the solenoid delay time and receives 
iMHz pulses from 01 thus counting down the delay. On counting out 
the output from 02 (again IMHz pulses) is sent to timer-counter 3 (C3) , 
as soon as C3 receives a signal output from 03 is sent to the solenoid 
switching circuit and the solenoid energised. When C3 counts out the 
solenoid switching circuit is de-energised and so is the solenoid.

The solenoid switching circuit has to provide responsive switching of 
the high current to the solenoid controlled by a low current pulse from 
the solenoid control card. This is achieved by using a Schmitt 
stabilised "Darlington" pair trigger (Fig. 4.32). This is opto- 
isolated from the low current control side to prevent feedback of 
noise from the high current switching.
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4.4.2(d) The Oscilloscope Output Card (Fig. 4.33)

This consists of 3 main circuits controlling the x-co-ordinate of 
the data, the y-co-ordinate and the z-mod bright-up pulse. Upon 
instruction from the PET the output card's VIA input-output register B 
(lORB) presents the digital representation of the data sample to a 
ZN425E digital to analogue converter (DAC). The x-co-ordinate is thus 
presented to the oscilloscope. X has to be presented before y .

Likewise input-output register A (lORA) presents the y-co-ordinate.
The type 531 amplifiers are used to act as both amplifiers and buffers.

Having set the x- and y-co-ordinates of the data sample it only remains 
to brighten it with the z-mod pulse. The z-mod circuit may be split 
into two sections. The activating bright-up pulse from control line 
CA2 of the VIA is only 1 ^second in duration which is too short to 
produce a bright enough spot and so two 555 chips are used to enable 
a delay and pulse-width variation to be incorporated producing a 
brighter image. The second section of the circuit is required to 
make the bright-up pulse compatible with differing oscilloscopes. 
Oscilloscopes require either a negative- or positive-going slope to 
activate the bright-up and the z and z outputs present such outputs 
respectively.

4.4.2(e) PET Software

The control and data acquisition program for the rig ("Combust 2-C") 
is stored on cassette and a back-up disc is held in the 
Instrumentation Dept. When the program is run it asks for the mode 
required, either "calibration" or "run". To select calibration 
mode key "c" is pressed. In this mode the 4 output channels are 
displayed continuously (whether in use or not) allowing the outputs 
to be checked and the amplifiers adjusted. To exit calibration mode 
the "OFF/RVS" key is selected, this returns the program to the 
"calibration or run" level and depressing any key other than "c" 
enters the "run" mode. A table of parameters if then displayed 
enabling the control of fuel injection and data acquisition. The 
following parameters are displayed and in each case a default valve
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is shown which may be altered by the user:-

1) solenoid delay time (milliseconds)

2) solenoid energise time (milliseconds)

3) delay before data acquisition begins (milliseconds)

4) number of data channels (maximum 4)

5) number of samples per channel (present limit 999)

6) sample interval (microseconds)

The limit on the number of samples per channel is purely one of 
convenience and the actual physical limit is set by the amount of 
available RAM in the PET. With the present arrangement the shortest 
sample interval has been found to be 14 iisecs, giving a data 
acquisition rate of 71.4 kHz.

Having selected and accepted the required parameters the message 
"start camera when ready" is displayed and the system is ready to run. 
Having completed the test the experimental data from channel one is 
displayed on the oscilloscope screen and may be scanned by pressing 
the "<" and ">" keys. Channels are selected for display simply by 
pressing the key bearing the required number. If the results are 
satisfactory they may be saved to tape by pressing the "s" key.
The program then asks for an identifying file number and the date.
If the results are not to be saved the "R" key is selected and the 
program returns to the initial mode-selection state. For 
completeness ref. (118) contains the listing of the Basic and 
machine code programs (written by D.J. Barker) and a simple flowchart 
is presented in Fig. 4.34.

The development and performance of the data acquisition system has 
formed the basis of a publication, see ref (116).

4.4.2(f) PET to MULTICS Link

It was felt desirable to analyse the combustion rig experimental 
data on the University mainframe computer (Honeywell Multics)
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allowing access to sophisticated plotting and library routines.
This was achieved by modifying a series 4 PET to communicate with
the mainframe using a modified Kingston Computers NETKIT installed 
in one of the empty ROM ports in the PET. The NETKIT is based on 
the 6551 Asynchronous Communications Adapter Chip (ACIA), and has 
approximately 2 Kilobytes of software providing a wide range of 
new commands in SERIAL BASIC. For full details of the capabilities 
of the NETKIT consult reference (78).

The PET is connected to MULTICS via a MODEM interdriver and the 
NETKIT is initialised with the SYS command SYS 40960. Having thus 
powered the NETKIT the PET may be used either as a MULTICS terminal,
a normal PET or to transfer data from the PET to MULTICS (and vice
versa). It is possible to move from one mode to another with a 
simple single word command.

To transfer experimental data from the PET to MULTICS the following 
procedure is adopted

1) Power-up PET and initialise NETKIT

2) Load data-transfer program (see ref. (118).

3) Log-in to MULTICS directory and enter editor

4) Exit MULTICS (press "run stop" key)

5) Load data tape into cassette player

6) Run data transfer program on PET

The experimental data will now be transferred to the MULTICS editor 
in the user's directory from where it can be written to a suitable 
file.

Three programs were written by the author which analyse and plot the 
combustion rig data; these will be described later in this chapter.
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4.4.2(g) Operating Instructions for Rig

The major steps in operating the combustion rig are listed briefly 
below :

1) Check all power connections and instrumentation leads.

2) Power-up instrumentation at least two hours before tests
to allow it to stabilise.

3) Ensure that lighting and solenoid accumulators are fully
charged and the flood-lights operating.

4) Ensure that the cooling air supply (1 bar gauge) and
piezo-transducer cooling water supply are operative before 
starting heating.

5) Set heating coil control to operating temperature for at least
one hour before test to allow rig to "soak".

6) Ensure that protective shields are in place and extraction fans
working.

7) Check camera focus and aperture and operation of event
microswitch.

8) Check that camera variac is at required setting.

9) Load program into PET.

10) Select calibration mode.

When rig has stabilised at operating temperature :

11) Check transducer output and adjust if necessary.

]2) Set timing light generator and check operation of neons.

13) Load film into camera in subdued light.

14) Periodically lubricate bearings with 20 second bursts of oil,
(particularly immediately before test).

15) Immediately before test increase scavenge pressure to equal
pre-combustion chamber pressure.

16) Start fuel injection pump.

17) Exit calibration mode and enter run mode on PET.

18) Set up test parameters on PET.
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19) Run swirl drum up to test speed.

20) Pressurise chamber to required level.

21) Switch on flood-lights.

22) Start camera.

The fuel-injection/combustion and data acquisition will
now occur.

23) Switch off camera and flood-lights.

24) Stop swirl drum.

25) Close main pressure supply and reduce scavenge to 1 bar
gauge to cool bearings.

26) Open combustion chamber release valve and flush with fresh
gas; close release valve.

27) Unload exposed film in subdued light; seal film into can;
clean camera.

28) Examine experimental results on the oscilloscope and if
satisfactory save to magnetic tape.

NOTE A : If further tests are to be carried out return to
step 10 and repeat.

NOTE B : If the rig is to be shut down increase coil temperature
to 50°C above the maximum pre-combustion temperature
and allow the windows to drop in their tapers.
Select 0®C on the heating control and switch off 
instrumentation. Maintain cooling air supply to 
bearings and cooling water to the piezo transducer 
until the coil temperature is less than 150°C.

4.5 Calibration and Results

4.5.1 Calibration of Transducers and Instrumentation 

4.5.1a Needle Lift Transducer

Before calibrating this transducer it is important to ensure that the 
needle extension is moving in the active part of the coil. This is
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ensured by examining the brass upper body of the injector where a 
circular aperture will be found (see Fig. 4.22). Within this an 
aluminium body with peripheral indentations will be seen, the 
identations should be cross the aperture at its diameter to ensure 
correct location of the coil with regard to the needle extension.

To calibrate, the transducer is connected as if to inject into the 
combustion rig, with the PET set in calibration mode. By 
slackening the locking nut at the top of the injector the aluminium 
coil body may be rotated and the signal change noted on the 
respective channel output of the PET. The rotation of the coil by 
one identation represents a needle movement of 0.05 mm. The needle 
lift calibration is thus obtained in mm/bit. The current calibration 
value is 0.0012 mm/bit.

The F.M. amplifier settings should be : gain = 20 and filters "out".

4.5.1b Fuel Line Pressure Transducer

This is calibrated against a dead-weight tester and has a maximum 
capacity of 1000 bar. The output from the bridge amplifier is 
again displayed on the PET (or DVM) and a calibration curve produced. 
The calibration for the current transducer is presented in Fig. 4.35. 
The amplifier settings are gain = 40 and filters "out".

4.5.1c Combustion Chamber Pressure Transducer

The transducer is fitted into a block also containing a pressure 
inlet, a calibrated static pressure transducer and a rapid release 
exhaust ball-valve. The calibrating system is shown in Fig. 4.36. 
The transducer block is supplied with Nitrogen at pressures up to 
150 bar which is monitored on the DVM connected to the carrier 
amplifier. The nitrogen is released suddenly by rapidly opening the 
ball valve and the subsequent transducer output caputred on a storage 
oscilloscope. In addition the rig data acquisition system may be 
used to capture the transient for analysis. Whichever method is 
used a plot of voltage output against pressure drop is produced
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from which the calibration constant is obtained in terms of bar/bit. 
The calibration plot is shown in Fig. 4.37. The charge amplifier 
should be grounded before a calibration test to nullify amplifier 
drift.

4.5.Id Combustion Chamber Steady-State Pressure Transducer

This transducer is of the variable reluctance type and is calibrated 
against a dead-weight tester. The voltage gain of the carrier 
amplifier is adjusted to give 10 volts output at a steady gauge 
pressure of 100 bar with zero output at zero gauge pressure. The 
amplifier output is very linear and is always zeroed before tests. 
N.B. The voltage gain potentiometer should only be adjusted when 
calibrating.

4.5.e Calibration of Hot Wire Anemometry Probes

The expression describing the performance of a hot wire sensor was 
discussed in section 4.4.1, but is repeated here

_1
^ —  = (A + B(pV)^ (ts-te) 4.1
(R+R̂ )"

where : A,B = constants depending on fluid and type of
sensor.
variables include thermal conductivity, 
viscosity and Prandtl number.

p = density of fluid

V = fluid velocity

n = empirical exponent

ts = sensor operating temperature

te = fluid temperature

R = sensor operating resistance

R3 = resistor in series with the sensor

E = bridge voltage.
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In the first instance the operating temperature of the wire has to 
be decided. For measurements in air the wire temperature has to 
be at least 200®C greater than that of the air to provide 
reasonable sensitivity to velocity and insensitivity to air 
temperature changes. Having selected the operating temperature 
the wire operating resistance is given by

R = Rc [1 + a(ts - te)] 4.2

where Rc = resistance of sensor at reference (cold) temperature 
a = temperature coefficient of resistance of the wire

the ratio R/Rc is known as the overheat ratio. Typical values 
of temperature coefficients and operating temperatures for various 
wire materials are presented in Table 4.3. The wires used by 
the in-house probes are 10 micron tungsten and it was decided that 
for cold work the wire operating temperature should be 250®C giving 
a reasonable overheat ratio.

To determine the cold resistance of the sensor it is first 
necessary to measure the resistance of the probe support i.e. the 
connecting cables, prongs and BNC connector with a shorting bar 
across the prongs at the wire position. After this the sensor wire 
is welded into position and the resistance of the probe measured again, 
The sensor resistance is thus obtained by simple subtraction assuming 
that the shorting bar has negligible resistance. The wire operating 
resistance may then be set on the variable resistance decade module - 
detailed operating instructions will be found in the TSl manuals.

The probe is calibrated against a standard NPL pitot-static probe in 
the low turbulence potential core flow of an Airflow Developments 
Mark 5 calibrating blower. The resulting output bridge voltage (E) 
is plotted against the square root of the unit momentum flux (/pV), 
the calibration of the probe used in the velocity survey of the rig 
is shown in Fig. 4.38. The quantity /pV is used to account for 
density variations due to pressure change (but not temperature 
variation). As Fig. 4.38 shows the calibration is linear in the 
measured range up to a /pV of 25, giving a relationship of
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V = -  [0.172E" - 2.367]" 4.3P

enabling a mean flow velocity to be determined given p and bridge 
voltage.

The velocity survey of the combustion rig will be discussed in 
section 4.5,2.

4.5.If Calibrating the Data Acquisition Card

The Analogic 6812 is set-up such that each bit output to the PET 
represents 40mV i.e. a maximum amplifier output of lOV is 
represented by 250 in the PET memory. To achieve this the following 
procedure is adopted r

1) The PET is set in calibration mode

2) A lOV Model 2004 Calibrator is connected to one of the channel
inputs and an output of OV selected. The card is 
adjusted such that the selected channel displays zero on 
the PET screen.

3) 20mV is selected on the calibrator and the card adjusted so
that the PET display flickers between 0 and 1.

4) Select 10.02 on the calibrator and adjust the card such
that the display flickers between 250-251.

5) This procedure is iterative in nature so steps 2) - 4) are
repeated until the conditions are satisfied.

4.5.2 Combustion Rig Velocity Survey

To measure the flowfield in the combustion rig the calibrated hot 
wire probe was used together with the calibration head (see Fig. 4.5) 
To obtain a comprehensive picture the probe was inserted at each 
radial access point in turn, the region of main interest being that 
of the injection plane. The probe was traversed in the axial 
direction being aligned into the flow to maximise the output 
signal. The survey produced a flat velocity profile from within
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2 mm of the calibrating head surface. All results presented in 
this section were taken at or near the injection plane and for all 
initial tests the maximum drum speed was limited to 8000 r.p.m.

The output from the anemometer was monitored on a DVM (as well 
as the equipment's own analogue scale) and sets of data were 
captured by the rig data acquisition system (in "run" mode), the 
flow being statistically stationary. The data acquisition system 
was set to record 500 samples at 0.5 msec intervals. The resulting 
information was stored on magnetic tape and transferred to the 
Multics system (as described in section 4.4.2f). The data was then 
analysed by the program "velocity fortran" which is detailed in 
ref. (118).

Measurements were made at 3 drum speeds of 2000, 5000 and 8000 r.p.m 
and 3 pressures r- ambient, 15 bar gauge and 30 bar gauge. Typical 
examples of anemometer records as obtained by the data acquisition 
system and processed by "velocity fortran" are presented in Figs. 4.39 
and 4.40. Both records depict tangential velocity during the data 
capture period and were obtained at a chamber pressure of 15 bar.
Fig. 4.39 shows tangential velocity traces at drum speeds of 2000,
5000 and 8000 r.p.m, (in ascending order), at a radius of 35 mm.
Fig. 4.40 depicts the tangential velocity at chamber radii of 15 mm,
35 mm and 45 mm at a drum speed of 5000 r.p.m. Both examples 
exhibit not only the predictable trends of increasing velocity with 
increase in radius and drum speed but also the high turbulence levels 
produced in the mixing field. If Fig. 4.39 is considered the mean 
turbulence fluctuation expressed as a percentage of the mean velocity 
appears to be around 20%, however, near the centre of the chamber the 
flow is more unstable as Fig. 4.40 shows. The velocity trace at a 
chamber radius of 15 mm and a drum speed of 5000 r.p.m (the lowest 
trace) exhibits a turbulence fluctuation of around 50%, whereas at 
radii of 35 mm and 45 mm the fluctuation has dropped to near 20%. 
Turbulence fluctuations of around 20% are typically found in engines 
near TDC on the compression stroke (see ref. (26)).

Of more immediate interest is the overall mean velocity distribution 
as this will influence the spray mixing on a macroscopic level.
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Fig. 4.41 shows the mean velocity distributions at the three drum 
speeds and three pressures. The similarity of the profiles is quite 
marked but with no specific trend with increased pressure discernable 
The prominent undulations in the curves are most noticeable at the 
higher drum speeds, possibly indicating the increasing influence of 
the stationary head surface in distorting the flow. The tangential 
velocity near the periphery seems to decrease with increasing 
pressure though theoretically it should approach the drum surface 
speed. Unfortunately the flow can in no way be described as forced 
vortex in nature as Fig. 4.42 shows. In this diagram the measured 
distributions are compared with those to be expected if the flow 
were of a forced vortex type. This velocity shortfall is probably 
due to the drag exerted on the flow by the presence of the 
stationary head. If the reduced velocity is expressed as a 
percentage of the forced vortex value than at a radius of 15 mm the 
measured tangential velocity is only 15-18% of the corresponding 
forced vortex value. This percentage improves with increasing 
radius to 30-32% at 35 mm and 40-45% at 45 mm. The higher levels 
of turbulence near the flowfield centre reflect the greater energy 
dissipation and correspondingly lower mean velocities.

After completing the tests the probe calibation was checked for 
drift. If the calibration has altered the first action is to 
measure the probe cold resistance. If this is unchanged then the 
variation is probably due to wire contamination and the wire may be 
cleaned by immersing it in a strong organic solvent.

Of more concern in the discussion of these results is the fact that 
the probe response at pressures different to its calibration pressure 
is always open to some doubt due to the unknown effects of density 
variation on the wire performance. It has been assumed that the 
calibration defined in expression 4.3 (section 4.5.le) is valid at 
any density. The problem can be avoided only by the use of a 
measuring method independent of the fluid properties, the obvious 
choice being laser anemometry. A laser anemometer has been 
obtained and is currently undergoing commissioning before being 
applied to the combustion rig.
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4.5.3 Performance of the Single Shot Injection System

The detailed mechanical design of the system has been described in 
section 4.3. The system has many variables, each of which may be 
individually adjusted and each of which will, to a greater or lesser 
extent, influence the injection quantity and quality. These 
variables are ;

1) diameter of injector pump element (9.0 or 9.5 mm)

2) injector nozzle hole size (0.3, 0.28 or 0.32 mm)

3) rack opening delay (controlled by data acquisition system)

4) rack opening duration ( " " " " )

5) rack opening (set manually before tests)

6) pump speed (750, 1150 or 1420 r.p.m)

7) injector needle-lifting pressure

8) fuel pipe bore and length.

The complete calibration of a system with so many degrees of freedom 
is an enormous task and is under way at present. It should be 
emphasised at this point that the experimental results presented in 
this chapter are in no way intended to be an exhaustive and complete 
set but rather an indication of the capabilities and potential of 
the combustion rig. The non-combusting and combusting tests 
described in the following section 4.5,4 were, however, executed 
with a known injection quantity determined during the preliminary 
injection system calibration now described.

A limited series of tests was performed to determine the variation 
in the injection characteristic with varying pump speed, rack opening, 
rack opening delay and duration and injector pump element. The 
injector nozzle used in all these tests and subsequent experiments 
with the combustion rig was of 0.32 mm hole size set to open at a 
fuel pressure of 215 bar. To measure fuel mass injected the fuel 
output was collected for 100 successive injections at the test 
condition.
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It was found that to achieve optimum injection (in terms of 
maximum injection duration without secondaries) the rack opening 
had to be completed at the last possible moment before the start 
of the pump injection stroke. This may be explained by considering 
the recharge section of the pumping cycle. If the rack is in the 
zero fuel position when the pump element is moving down its barrel 
to recharge, then the spill port is open to the vertical slot in 
the fuel gallery and fuel is free to flow in (see Fig. 4.16). Thus 
recharging has already partly occurred by the time the pump element 
reaches bottom dead centre (BDC) uncovering the inlet port proper.
On the other hand if the rack is set to some intermediate position 
then the spill port is covered for at least some of the element 
retraction and the majority of recharge has to occur at BDC, reducing 
the efficiency of recharging.

At a constant pump speed, as rack opening increases then the rack 
motion has to begin earlier (i.e. reduced delay) so as to complete 
its movement before the start of the pumping stroke thus closing the 
spill port for longer portions of the retraction stroke. To 
illustrate this one should consider Fig. 4.44 which shows the 
required solenoid delay for maximum output at a given rack opening 
and a pump speed of 1150 r.p.m. Similar relationships will be found 
at the other pump speeds. Consequently as rack opening increases 
recharge losses become more significant and the output per stroke has 
a decaying slope characteristic as Figs. 4.44 and 4.45 show.
Fig. 4.44 presents the maximum fuel output per shot as a function of 
pump speed and rack opening for the 9 mm bore pump element and 4.45 for
the 9.5 mm element. Figs. 4.44 and 4.45 indicate that as pump speed
decreases so does the effect of rack motion on recharge efficiency.
It was found that there exists a minimum rack opening at which no 
injection occurred; this was at an opening of 4 - 5 mm.

As a result of these preliminary tests it seemed that a pump speed 
of 1150 r.p.m. in conjunction with the 9.5 bore element would give 
the optimum range of injection quantity.

The injection characteristics, i.e. fuel-line pressure and needle
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lift diagrams, are captured by the data acquisition system and 
transferred to the MULTICS mainframe computer (as previously 
described) where they are analysed by the program "rig-test".
This program is detailed in ref. (118) and typical results are 
presented in Figs. 4.46, 4.47 and 4.48. The red trace represents 
fuel line pressure and black the needle lift. The needle lift 
diagram has no ordinate but has a maximum value of 0.3 mm. These 
diagrams graphically show the effect of rack opening delay on the 
injection characteristic and are indicative of the variation in 
recharge efficiency. All three tests were performed at the same 
pump speed and rack opening, the only variation being the rack 
opening delay. Fig. 4.46 represents the optimum condition (delay 
of 12 ms) while Figs. 4.47 and 4.48 show the characteristics at 
shorter (7 ms) and longer (15 ms) delays respectively. At the 
optimum condition (Fig. 4.46) the needle is open for 1 ms with 
minimum secondaries and a peak pressure of 555 bar, whereas at the 
shorter delay (Fig. 4.47) the needle is open for 1.2 ms with 
significant secondaries and a peak fuel line pressure of 600 bar. 
At the longer delay the needle opens for 0.8 ms (Fig. 4.48) and a 
peak pressure of 406 bar. This shows how at a constant rack 
opening the injection characteristic may be varied by changes in 
solenoid energisation delay.

4.5.4 Presentation of Preliminary Non-Combusting and Combusting 
Test Results with the Combustion Rig

4.5.4.1 General

The essential reason for building the combustion rig is to be able 
to compare theoretical models with experimental results obtained 
under controlled conditions. In particular knowledge of the effects 
of swirl (together with chamber pressure and temperature etc.) on 
spray development, ignition delay and heat release is essential if 
the spray mixing and combustion models are to be validated. Such 
validation is a long term objective and the intention of the 
preliminary tests described in this section was merely to operate 
the rig over a limited range of non-combusting and combusting 
conditions. These tests are therefore not be considered as an
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exhaustive experimental investigation but rather as a proving 
exercise to determine the capabilities and limitations of the rig. 
Initially it was decided to limit swirl drum speeds to 8000 r.p.m. 
and pre-injection chamber pressure and wall temperature to 60 bar 
and 650®C respectively. Simultaneously computer programs have been 
developed by the author to analyse the information captured by the 
data acquisition system. The experimental progression was as 
follows :

1) injection into cold (i.e. - 20°C) atmospheric air and
pressurised nitrogen, both quiescent and swirled
(i.e. non-combusting)

2) injection into hot, pressurised nitrogen, quiescent and
swirled (i.e. non-combusting)

3) injection into hot, pressurised air, quiescent and swirled
(i.e. combusting)

The cold tests were recorded on monochrome film and a selection of 
the combustion tests on colour film. A complete list of the 
successful films to date is presented in Table 4.4. Through all 
the tests the injection characteristic was identical and a 
typical recording is presented in Fig. 4.49.

The dip in the fuel pressure corresponds to the instant at which the 
injector needle starts to lift and fuel flow begins. There is no 
scale for the needle lift since, (providing the injection pressure 
is sufficient to overcome the needle spring load), the needle will 
always rise to its maximum lift. The data was captured by the data 
acquisition system running at a sample interval of 15 ^isec (i.e. 30 lisec 
between samples on each channel) and a total of 150 samples per channel 
are presented. The data was analysed and plotted by the program "rig- 
test" (see ref. (118)) and the resulting clarity and resolution are 
worthy of note.

4 . 5 .4.2 Non-Combusting Tests

The initial non-combusting tests were performed to determine
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satisfactory lighting levels and camera aperture settings to 
ensure a reasonable film record of the injection event. On 
advice from John Hadland (PI) Ltd. (experts in high-speed 
photography) Kodak RAR 2498 monochrome film was used together 
with 750 W of lighting intensity for illuminating the chamber.
A series of films was exposed at different apertures, all having 
the 1:10 shutter fitted and the camera running at maximum speed.
As a result of these tests the optimum aperture setting for 
monochrome work was determined to be f3.2. As a means of comparison 
Fig. 4.50 and 4.51 should be considered, these show the initial frames 
after injection, while Table 4.4 shows the test conditions. Fig. 4.50 
is from film 'TESTS' and 4.51 from film 024. Each frame represents 
an exposure of 13 jisecs and successive frames are separated by 0.13 msecs, 
Although not at identical conditions the difference in visibility of 
the spray is very marked. The aperture for Fig. 4.50 was f4 and that 
for 4.51 was f3.2. In both Figures the fuel injector is obscured in 
the top right corner of each frame with injection proceeding from the 
top frame. In Fig. 4.51 the spray is seen striking the drum and 
spreading as a wall jet. In both Figures, as in all other films 
exposed to date it is impossible to distinguish individual droplets 
although in Fig. 4.51 the general form of the spray is well detailed 
showing eddies shearing from the edge of the spray.

After the initial quiescent tests a series of films was taken of 
injection into cold nitrogen at pressures up to 20 bar and drum 
speeds of up to 6000 r.p.m. Intuitively little effect on the spray is 
to be expected since no significant evaporation will have occurred and 
the spray will be extremely dense, and indeed this was the case.

In the next series of tests the heating coils were used to heat the 
nitrogen. Initially the ball bearing assembly and swirl generating 
drum were removed and a blanking plate used to seal the shaft aperture, 
reducing the possibility of leakage from the chamber to a minimum.
Three films were taken of injection with a wall temperature of 400°C 
and nitrogen pressures of 1 bar, 15 bar and 25 bar (Films 017,018 and 
019 respectively). On each of the films the evaporation of the spray 
was evident from the spray's faint image compared to that obtained
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from cold tests. As the chamber pressure was increased so the 
rate of growth of the spray increased and correspondingly its rate 
of propagation reduced from an approximate mean velocity of 150 m/s 
at 1 bar to 80 m/s at 25 bar (velocities estimated from the films).

The natural progression was then to non-combusting, hot, high 
pressure swirling conditions and for these tests the ball bearing 
system and swirl drum were reinstated (Films 020-024). The most 
extreme condition in this series of tests was a chamber pressure of 
15 bar, wall temperature of 300®C and a drum speed of 8000 r.p.m.
The first few frames of this injection have already been presented 
in Fig. 4.51. If Fig. 4.51 is considered it is obvious that unlike 
the quiescent, heated tests described earlier very little spray 
vaporisation is apparent and so, despite the high drum speed no 
noticeable deflection of the spray occurs. This rather surprising 
result was found to be repeated in the remaining non-combusting, hot, 
swirling tests.

4.5.4.3 Combusting Tests

As with the non-combusting tests the initial combusting tests were 
performed to determine the best camera operating condition as the 
colour film used (Eastman Ektachrome 7250) has a different sensitivity 
to the monochrome. The same level of lighting as for monochrome was 
used (750W) and the camera set to run at its maximum speed. As a 
result of these tests the optimum aperture was found to be between 
f2.8 and f3.2 at which both the flame and the initial fuel spray are 
visible. A frame sequence from one of these test films is presented 
in Fig. 4.52, (taken from FILM 030). The exposure time for each frame 
and the separation between successive frames are the same as for the 
monochrome film (13 usees and 0.13 msecs respectively).

There followed a further series of injections into quiescent air at 
pressures ranging from 25 to 60 bar and with wall temperatures from 
450®C to 650®C. A typical series of results for the 60 bar initial 
pressure case is shown in Figs. 4.53, 4.54 and 4.55 for wall 
temperatures of 450°C, 550°C and 650°C respectively. These figures
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are the graphical output of the analysis program "rig-test" (see 
ref. (118). The fuel line pressure and needle lift traces
are difficult to distinguish at this scale; however, the chamber 
pressure trace distinctly shows the effects of combustion in the 
form of a rapid pressure rise. The pressure trace is magnified by
a factor of ten to aid clarity. It is interesting to note the
difference in the shape of the chamber pressure trace as the wall 
temperature increases. At the low temperature condition.
Fig. 4.53 (450®C) the pressure rise is slow and smooth and rounded 
in shape, whereas at the 650®C wall temperature. Fig. 4.55, the 
initial pressure rise occurs after a much shorter ignition delay and 
is far more rapid. The peak of the pressure curve is also quite 
jagged.

At the highest temperature condition of 650®C and at 60 bar.
Fig. 4.55, the point of ignition moves to just within the needle 
opening period as Fig. 4.56 shows. Fig. 4.56 represents the 
first 2 ms of the test shown in Fig. 4.55 on an enlarged scale.
This result indicated that the two important phases of burning, i.e. 
pre-mixed and diffusion, may be obtained with the combustion rig.

The effect of initial chamber pressure and wall temperature on ignition 
delay may be seen in Fig. 4.57. In this figure the experimental 
results may be compared with the classical work of Wolfer (98) who 
produced a correlation for ignition delay based upon chain reaction 
theory. Wolfer's experimental arrangement was very similar to the 
present rig, a hot-wall bomb; however, as Fig. 4.57 shows, there is a 
marked difference between the results of the present experimental work 
and Wolfer's prediction in terms of the effects of pressure on 
ignition delay. Wolfer's correlation is

, 0.44 4650  ̂ ^
' — 9P

where d = ignition delay (ms)
p = absolute pressure before injection (bar)
T = air temperature (°k)

The results obtained with the present rig were analysed using the
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method of Wolfer (although with wall temperature rather than air 
temperature) and the following correlation obtained

- • T O  ^P

The significant difference between the correlations is in the 
reduced influence of pressure on ignition delay. The predictions 
obtained with expression 4.5 agree with experimental results to 
within an average difference of less than 5% over the range tested 
and are also presented in Fig. 4.57.

The effects of pressure and temperature on peak cycle pressure are 
shovm in Fig. 4.58.

The pressure data may be further analysed by a series of programs 
written by the author to calculate apparent heat release rates by 
a method suggested by Krieger and Borman (79). The pressure data 
captured by the data acquisition system is digital and when plotted 
by "rig-test" (e.g. Fig. 4.53) this digital nature results in the 
pressure trace appearing as a series of steps. This 'stepped' 
data cannot be used directly in the heat release calculation since it 
is extremely sensitive to the first derivative of pressure with 
respect to time. Hence the data has to be smoothed. The data 
smoothing routines and heat release routines written by the author 
(data-fit, fit-plot, heat-release and hrplot) are described in 
ref. (118).- The smoothing routine uses a bi-cubic spline fit and 
calculates the first derivative of the smoothed results. This smoothed 
information is then used to calculate the apparent heat release on a 
fuel mass basis. The importance of a smooth pressure data fit on the 
calculations of burning rate is discussed in ref. (118). .

Figs. 4.59 and 4.60 are typical burning rate diagrams at a pressure of
60 bar and at wall temperatures of 450°C and 650®C respectively.
The peak burning rate at 450°K is 0.013 kg/s and at 650°k it is
0.295 kg/s. The cumulative mass burnt calculated is 0.054g at 650°K 

Oand 0.47g at the 450°K condition, this compares to a measured mass 
of 0.09g. The cumulative mass fractions burned for the two temperature
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cases presented are shown in Figs. 4.61 and 4.62. In all the tests 
analysed to date the calculated cumulative mass lies between 50 and 
72% of the measured mass. The higher the temperature and pressure, 
and hence burning rate, the closer the agreement. In Fig. 4.63 the 
effect of initial temperature on maximum burning rate is presented.
A burning rate envelope is presented since at low temperatures, pressure 
has little effect on maximum burning rate and at the higher temperatures 
the calculated maximum burning rate is extremely sensitive to the smooth 
data fit. At the higher burning rates minute changes in the pressure 
gradient have a large effect on the peak burning rate calculated but 
little or no effect on the cumulative mass burned since the duration 
of the high rate is so short.

A second, limited series of tests were conducted with the bearing 
assembly and swirl drum re-instated and the solid head substituted 
by the optical head. This series involved both quiescent and low 
swirl conditions and was recorded on colour film. For these tests 
chamber pressures were varied from 20 to 25 bar only and wall 
temperatures restricted to the range 400°C to 470°C. An immediate 
observation from this series was that injection into swirling 
conditions did not always result in combustion, with about 50% of the 
tests showing no pressure rise. Injection into quiescent conditions, 
even at wall temperatures as low as 350°C, will always produce combust
ion. In order to compare the two series of tests consider Fig. 4.64 
which is a comparison of quiescent and swirled tests at 25 bar and 
450°C wall temperature. In the swirled test the drum speed was 
2000 r.p.m. Two features are quite obvious in Fig. 4.64. The peak 
pressure of the swirled test is much lower than the quiescent, and the 
ignition delay of the swirled test is much longer than that of the 
quiescent test (6.25 ms and 3 ms respectively). The rate of fall of 
pressure is also much higher in the swirled test.
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4.6 Discussion, Conclusions and Recommendations for Future Work

4.6.1 Discussion and Conclusions 

Cold Tests

Having established satisfactory photographie conditions the 
excellent spray visibility enabled the effect of chamber pressure 
on spray growth and penetration to be observed. As is to be 
expected increasing chamber pressure results in increasing spray 
cross-sectional area growth and reduced velocity (although no 
detailed quantitative assessment of the results has been attempted 
yet). The effect of swirl on spray trajectory, even at high 
pressures, is minimal due to the spray maintaining its density 
throughout its passage of the chamber.

Hot Non-Combusting Tests

In the hot tests conducted with the bearing assembly removed and 
substituted by a blanking plate the effect of pressure and 
particularly temperature was most marked. In the three films 
taken (017 - 019) spray evaporation is shown by the much fainter 
image of the spray compared to that obtained in cold gas under the 
same photograph conditions. In addition as pressure increased so 
the spray velocity dropped from a mean value of 150 m/s at 1 bar to
80 m/s at 25 bar, together with a significant increase in area
growth.

It was anticipated that when the swirl drum was reinstated and fuel 
injected into hot, swirling pressurised nitrogen then significant 
spray deflection would occur. However, even at a drum speed of 
8000 r.p.m. and a chamber pressure and wall temperature of 15 bar and 
300°C respectively (Film 024) no major deflection was evident. The 
spray area rate of growth was greater than for injection into similar 
cold swirling conditions (Film 016) but no significant curvature of 
the spray could be seen. What was significant, however, was that
the spray image on the film was quite strong, in contrast to the
earlier quiescent hot tests and this indicated that the spray 
evaporation rates were low. This suggested that the nitrogen temper
ature was not as high as anticipated, a suspicion later confirmed in 
the second series of combustion tests.
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Combustion Tests

The first series of combustion tests with the bearing and swirl drum 
assembly removed demonstrated the ability of the rig to reproduce 
"diesel-like" combustion. The results exhibited the expected trends 
of reducing ignition delay and increasing burning rate with increasing 
temperature (in particular) and pressure as Figs. 4.53, 4.54, 4.55,
4.57, 4.59, 4.60 and 4.63 show. At the minimum ignition delay 
condition. Figs. 4.55, 4.56, the heat release analysis revealed the 
classical burning phases of the pre-mixed and diffusion control.
Fig. 4.60. The cumulative mass fraction result of this test.
Fig. 4.62, reveals that around 90% of the fuel injected is burned within 
the first 0.1 ms, the other 10% is consumed in a mixing controlled phase 
at a much lower rate. At the low temperature condition, e.g. Fig. 4.53, 
the ignition delay is greatly extended so that by the time ignition 
occurs the fuel and air are well mixed and a chemically controlled 
reaction occurs, i.e. a pre-mixed type combustion. This combustion I 
is at a lower rate over a longer time than the high temperature 
combustion as Fig. 4.59 shows. If Figs. 4.59 and and 4.60 are 
compared, it will be seen that burning rate for the high temperature 
case is around 20 times larger than the low temperature rate. The 
dramatic increase in burning rate as the initial temperature is 
increased is also demonstrated in Fig. 4.63. At the lower tempera
tures, where burning rates are low, pressure has little discernable 
effect. At the high burning rates the maximum burning rate varies 
considerably and is a function of the extremely steep pressure 
gradients which occur. Under such conditions, variation in the 
maximum rate has little effect on the final calculated cumulative mass 
burned.

At the short ignition delay conditions. Figs. 4.54, 4.55, the pressure 
curve is seen to have a very uneven peak. This uneveness worsens as 
the ignition delay reduces and it is suggested that this is due to a 
lack of good mixing in the diffusion-burning phase.

An important result of the work presented is the ignition delay 
correlation :

0.029 3750 , ,
= -oTITs —  '>■5p
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This is significantly different to Wolfer's correlation (98) in 
which the pressure term is far more significant. The analysis 
used to produce such a correlation is based upon the theory of 
chain reactions (98) and as such makes no allowance for the 
effects of physical factors, e.g. air motion, injection 
characteristics. It is suggested, and this cannot be confirmed 
from the available literature that Wolfer's injection equipment may 
have operated at lower pressure than that of the work reported here. 
If this were the case then chamber pressure would have an important 
influence on the degree of atomisation and spray formation, and 
subsequent mixing and combustion. It may be that a limit of 
injection pressure may be reached beyond which the effect of chamber 
pressure on spray formation and hence ignition delay is negligible, 
although as yet, there is no experimental data to fully validate this, 
However, a more complete correlation for ignition delay would 
probably take the form

Cld = —  exp —  . f 1. f 2. f 3 4.6n TP

where f1, f2 and f3 are parameters reflecting the influence of 
injection characteristics, air motion and fuel characteristics.
The discrepancy between the calculated fuel mass burned and the 
measured mass of fuel injected under cold conditions may be due to 
any or all of several factors viz:-

a) the fuel has an extremely long residence time in the hot 
hot injector nozzle between injections. The residence time 
is of the order of minutes whereas in an engine running at 
2300 r.p.m injections occur every 52 ms. The extra heating
of the fuel may result in some decomposition reducing the mass 
available for burning.

b) there may be some reduction in mass injected due to the higher 
pressures into which the fuel is injected. The original mass 
calibration was performed at atmospheric conditions.

c) the heat release model uses simplifying assumptions to 
simulate the combustion process and a chemically simple fuel 
(as described in ref. (118).
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d) experimental errors inherent in any test situation 
(e.g. transducer-amplifier errors, rounding errors in 
the data acquisition system and analysis programs).

e) gas leakage during combustion when the bearing system is 
installed is inevitable, even if the chamber pressure is 
accurately balanced by the back-up pressure before 
combustion. This will inevitably affect the rate of 
pressure rise and produce lower values than under truly 
constant volume conditions.

The suspicion of high leakage rates with the bearing system 
installed is confirmed by Fig. 4.64. The swirled condition 
produced an increase in ignition delay, contrary to the expected 
result. In addition the peak pressure of the swirled test was 
much lower and its rate of pressure fall higher. The chamber 
pressure is automatically "topped up" by the pressure regulator 
if it falls below the required value. Due to the high leakage 
past the bearing seals this "topping-up" introduces cold air to the 
chamber reducing the overall air temperature and increasing delay. 
Similarly the leakage reduced the peak pressure and increased the 
rate of pressure drop. This problem, in particular, will have to 
be resolved.

However, the results obtained with the high speed camera illustrate 
the exceptional visual access of the combustion rig giving detailed 
information of spray growth, ignition centres and flame structure 
and propagration. The combustion rig has demonstrated that, with 
some modifications (outlined in the next section), it could provide 
a wealth of detailed information enabling both qualitative (high
speed photography) and quantitative analysis (high-speed data 
acquisition and analysis programs).

4.6.2 Recommendations for Future Work

The following suggestions form an outline of work which the author 
feels will improve the performance of the combustion rig and provide 
greater control of certain experimental parameters. The suggestions
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may be divided into modifications to the mechanical arrangements 
and necessary experimental work required to improve the calibration 
of the system.

4.6.2.1 Rig Modifications

1) the present motor drive to the swirl drum has insufficient 
power to achieve speeds greater than 10000 r.p.m under 
operating chamber pressures. Additional power input is 
required to raise the drum speed capability to 20000 r.p.m. 
Bearing cooling should also be increased and lubrication 
changed from full oil flow to oil mist. The reason for 
increasing bearing cooling is to prolong the bearing life 
under the higher temperature operation envisaged for future 
work. The full flow oil lubrication has proved more than 
adequate for the task and in fact on occasion provides too 
much oil for the bearing requirements. An oil mist system 
would be preferable.

2) the "topping-up" inlet air to the chamber should be pre
heated (up to maximum of 500°C) to overcome the temperature 
problems due to leakage. This would have the added 
advantage of enabling the use of different wall and air 
temperatures (e.g. to simulate cold starting or an 
"adiabatic" engine).

3) the temperature of the fuel injector nozzle under rig 
operating conditions needs to be investigated and cooling 
incorporated if required.

The above modifications should be implemented as a first priority.

4.6.6.2 Experimental Work

The following additional experimental work is envisaged in the 
immediate future : -

1) an accurate temperature survey of the chamber air under a
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variety of operating conditions. This could be done by 
using the hot wire anemometer probe as a resistance 
thermometer.

2) velocity survey of the flow field using laser doppler 
anemometry. This is particularly desirable when the 
chamber air is heated since the extrapolation of the "cold" 
hot wire calibration to hot conditions is always prone to 
error.

3) an accurate calibration of fuel mass injected under more 
representative conditions is required.

4) the leakage from the rig chamber with the bearing assembly 
installed needs to be determined and an assessment made of 
its effects on heat release calculations.

The above recommendations should be implemented before any further 
extensive experimental work is conducted. However, future 
experimental work could then investigate :

1) the effects of air pressure, temperature, swirl and injection 
characteristics on spray mixing and combustion. This would 
enable direct validation of developed theoretical models.

2) the use of alternative fuels and their effect on the spray 
mixing and combustion process.

3) the effect of the retention of combustion products on 
ignition delay and heat release (under quiescent conditions). 
This is the equivalent process to exhaust gas recirculation.

4) the effects of unusual operating conditions on combustion 
(e.g. cold starting, "adiabatic" operation).

5) the completeness of the ignition delay correlation, 
expression 4.5 and its possible extension to the form shown 
in expression 4.6.



122

TABLE 4.1

Combustion Rig Detail Drawings.

DRAWING NO, DESCRIPTION

CRl
CRll
CRl 2
CRl 3
CR14
CRl 5
CR16
CRl 7
CR18
CR19
CR20
CR21
CR22
BBl
BB2
BB3
BB4
BBS

General Arrangement of Combustion Rig 
Intermediate Seal Housing (Air Bearings) 
Outer Seal Housing "
End Cap
Inner Seal Housing 
Labyrinth Seals 
Seal Retaining Caps 
Seal Retaining Inserts 
Shaft 
Collars 
Chamber 
Optical Head 
Insulating Supports
General Arrangement (Ball Bearing System) 
Shaft
Outer Cap " " "
Main Housing " " "
Sump

TOOl 
TOO 2 
TOO 3

Probe Traversing Gear General Arrangement 
Probe Traversing Gear Details 
Probe Traversing Gear Details
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TABLE 4.2 HEATING COIL PERFORMANCE

Wall Temp. Time (secs) to achieve wall temperature from 20°C 
°C

100 14
200 31
300 60
400 110
500 242
550 525
600 1200
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TABLE 4.4

TEST FILMS TO SEPT. 1982

Film
No.

Pressure
(bar)

Wall
temp
(K)

Drum
Speed
(rpm)

Gas Camera
Aper
ture

Camera
Shutter

Max.
Film
Speed

Mono
chrome or 
Colour

test A ambient ambient 0 air f5.6 1:2.5 7500 M
test B ambient ambient 0 air f4 1:10 7500 M
002X 13.3 ambient 3000 nitrogen f4 1:10 7500 M
003 20 ambient 6000 II

004X 20 ambient 3000 II f3.2 II

009 15 ambient 2000 II II

016 30 ambient 8000 II It II

017 ambient 673 0 II II II

018 15 673 0 II II

019 25 673 0 It II

020 15 553 4800 II II II

021 ambient 573 0 II II II

022 ambient 573 4800 II II

023 ambient 573 8000 II II It

024 15 573 8000 II II

025 20.4 693 0 air II C
026 20.8 693 0 f4 c

027 19.8 693 0 f5.6 c

030 25 743 2000 f4 c
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Comparative ultraviolet and infra-red transmission data for ail optical grades

100 100

for clarify all 
four lines are 

displaced by about 
IX  from each other

O

■o

a SPECTROSIL A & B _____
b VITREOSIL IR ...................
c SPECTROSIL W F ................
d VITREOSIL 055 & 066 — .

0 15 0 20 0 350 25 0 30 2 520 4 03 5
Wavelength (/sm)

R E F R A C T IV E  IN D E X

Refractive Index values* for all grades at 20“C.

Wavelength (^im) Refractive index

0 200 1-551
0 220 1-528
0-240 1-513
0-260 1-502
0-280 1-494
0-300 1-488
0-320 1-483
0-340 1-479
0-360 1-475
0-380 1-472
0-400 1-470
0-420 1-468
0-440 1-466
0-460 1-465
0-480 1-464

‘Calculation: n ' = 1  ^
0-696A»

Wavelength (/tm) Refractive irxfex

0-500 1-462
0-520 1-461
0-540 1-460
0-560 1-459
0-580 1-459
0-600 1-458
0-650 1-457
0-700 1-455
0-750 1-454
0-800 1-453
0-900 1-452
1-000 1-450
2-000 1-438
3-000 1-419

0-408A» 0 897 A'
where A is expressed in /im.

A'-0  0047 A»_0 0135 A^-97 934

(Ref. I. H. Malitson J. Opt. See. Amer. 55 (10) Oct. 1965)
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1- Fuel injection pump
3- Flywheel
5- Injector
7-Solenad & traverse 
9-Solenoid return spring

2-Chassis
4-Motor & mounting plate
6-Linear position transducer 
8^daptor/instrumentation flag
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N A M E

Combustion Chamber 
Seal & Air Bearing Assy 
High-Speed Motor 
Fuel Pump

Pump Motor
High Speed Camera
PET Interface

PET

Fuel Injector

Pump Drive Belt 
Flywheel/Timing Wheel

Tachometer readout 
Timing Wheel (Comb. Rig) 
Flexible Coupling 
Carrier Amp 
Digital Voltmeter

Temperature Controller 
and heating circuit
Timer Counter Chip
Solenoid Actuation 
circuit
Charge Amp
FM Amp and oscillator
D.C. Amp and signal con
ditioner
Fuel Line
Fuel line Press. Trans. 
Needle lift transducer 
Transient Press. Trans 
Steady state Press. Trans

COMME N'l’S/DESCR IPTION

Manufacture Completed 
Manufacture Completed 
Stanley Router Motor
Minimec in-line pump, only 2 elements 
operational supplied by CAV

Hycam 16 mm cine camera
Consists of analogic 6812 data acquisition 
system (modified to increase speed) and a 
6522 via.

'S' type with specially manufactured 
nozzles; supplied by CAV
Fenner Supply
Incorporates 60 tooth wheel and single tooth 
output

Manufacture Completed 
Supplied by Turboflex

For readout of pre-test steady state chamber 
pressure

Type 6840
Manufacture Completed

Supplied by CAV

Strain gauge type lOOO bar supplied by CAV
Inductive type. Supplied with injector
Cooled QP500a Piezo-electric, calibrated
Variable reluctance type to be protected 
by valve in combustion chamber supply line.
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Selector switch 

Variac
Mains supply 
Power supply 
12V 25A supply

Rack Solenoid

'I’he  r in o c o u p  1 e

Supplied by Orbit Controls 
29a - Rig Shaft Speed 
29b - Pump Speed 
29c - Marker Signal
To enable 29a and 29b to be read on same 
Tacho. If not possible two Tacho's will 
have to be used
To control rig motor speed
Via Variac to motor
To heating Coil circuit
To provide short burst of power to the rack 
solenoid. Car Battery.
Supplied by CAV.
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CHAPTER 5

Mathematical Modelling of Fuel-Air Mixing and Combustion 
in Direct-Injection Diesel Engines.
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CHAPTER 5

MATHEMATICAL MODELLING OF FUEL-AIR MIXING AND COMBUSTION 
IN DIRECT-INJECTION DIESEL ENGINES

5.1 Introduction

The use of engines in experimental work intended to improve the 
understanding of diesel combustion is an expensive and time- 
consuming process involving successive changes of the many 
parameters involved. The combustion rig described in the previous 
chapter enables important parameters (temperature, pressure, swirl, 
injection characteristic) to be varied easily; however, the 
ultimate aim of any such investigation should be to produce a 
realistic, general mathematical model. Such a model should 
simulate the processes of fuel injection, evaporation, mixing and 
combustion, reproducing the effects observed under the controlled 
conditions in the combustion rig and thus be applicable to engine 
conditions. Such a model, incorporated in a comprehensive cycle 
simulation program, enables the effect of design and parameter 
changes to be quickly and cheaply assessed.

Mathematical modelling of diesel combustion faces three major 
difficulties inherent in the physical process itself, viz:

1 ) the heterogeneous nature of the combustion process as 
compared to spark ignition engines with homogeneous 
mixtures.

2 ) the time dependent nature of the diesel combustion process 
as compared to steady state combustion in, for example, 
gas turbines, furnaces etc.

3) the auto-ignition phenomenon inherent in diesel 
combustion.

Heterogeneous, time-dependent combustion modelling involves the 
consideration of the complex jet-mixing processes occurring during 
and immediately after fuel injection. Liquid fuel injected into 
the combustion chamber forms a jet as a result of atomisation.
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evaporation and air entrainment. Due to the elevated compression 
temperature, which promotes evaporation, together with air 
entrainment, conditions favourable to ignition occur locally within 
the jet. At this point, it is generally accepted that chemically 
controlled combustion predominates, rapidly consuming the mixture 
prepared up to the time of ignition. Following this fuel-air 
mixing is the controlling parameter and diffusion burning 
predominates.

There are two distinct approaches to diesel combustion modelling :-

a) multi-dimensional models, and

b) phenomenological models.

The former requires detailed finite-difference formulations of 
partial differential equations describing the conservation of mass, 
momentum and energy applied to the cylinder charge and injected fuel 
together with mathematical descriptions of the turbulent energy 
state and chemical state of the system. The solution yields equally 
detailed information of the spatial and temporal distributions of, 
for example, velocity, temperature and species concentration.

Phenomenological modelling, in its fullest sense, is formulated 
around simplified quasi-steady ordinary differential equations 
describing the individual processes of fuel injection, atomisation 
and droplet distribution, air entrainment, mixing, combustion and 
heat transfer. The simplified equations are often characterised 
by controlling parameters derived from engine design and operating 
variables. The simplified process equations are arrived at from 
engine experiments, or, more desirably, from fundamental 
theoretical and experimental studies of particular processes such 
as jet entrainment and mixing. The study of jet mixing forms the 
basis of the theoretical work described later in this thesis.

A synthesis of the equations describing the various process 
mechanisms in conjunction with simple expressions for energy and 
mass conservation yield values of air entrainment and mixing rates, 
cylinder pressure, rate of heat release, emissions etc.
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The theoretical work detailed later in this thesis is of the 
phenomenological type and no attempt at multi-dimensional 
modelling has been made by the author. However, a complete and 
general multi-dimensional model does offer the prospect of fine 
detail of the process and so a brief review of the current state 
of the art is now included.

5.2 Multi-Dimensional Modelling

The most widely reported and probably most advanced application of 
this approach to the direct injection diesel engine is that of 
Gosman et al (82, 83, 84, 85).

Gosman's approach, known as the "RPM" method, is to solve the 
differential conservation equations for mass, momentum, energy 
etc. by an implicit finite-difference technique on a flexible 
computing mesh. The mesh lying within the piston bowl is fitted 
to its contours and translates with it, while the remaining grid 
between the top of the bowl and the cylinder head expands and 
contracts with the piston motion. For reasons of economy and 
convenience axial symmetry is assumed in which case the differential 
equations have the general form :

£

 ̂ (r-7^ aPcJ) II- ) = + Sa 5.1
9^2 ^2 ^^2 3

where # is a general dependent variable; and are
general orthogonal curvilinear co-ordinates and associated metric 
coefficients in a plane containing the symmetry axis; £q E 
and r is the distance from this axis, u and v are the local fluid 
velocities in directions and respectively, relative to the 
moving co-ordinate frame; and p, Fcj) and a are the local density, 
diffusivity and volume fraction of the gas. The quantities Sfj, and 

are sources containing additional terms associated with the gas 
and liquid phases respectively. The dependent variables of this
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equation and all quantities which depend on them are regarded as 
ensemble-averaged and density weighted and is defined as a 
"turbulent" or "eddy" diffusivity.

The model consists of two major, inter-reacting sections; one 
describing spray evaporation, motion and interaction, the other a 
four component combustion model. The spray evaporation calculations 
involve the use of heat and mass transfer coefficients and a drag 
coefficient. The work of Savery and Borman (91) indicated that the 
coefficients calculated by Gosman underestimate evaporation rates 
by around 50%. At present this problem has been overcome by 
arbitrarily doubling the transfer coefficients, although work in 
this area is continuing.

The combustion model consists of two expressions each of which is 
used depending on the prevailing conditions. The first is an 
Arrhenius-type expression used when the combustion is thought to be 
chemically controlled(i.e. premixed phase), the second is a semi- 
empirical turbulence related expression proposed by Magnussen and 
Hjertager (85), used during the diffusion burning phase. The 
Arrhenius expression is of the form

Rfu = -Ap^ mf^ m^^ exp (-E/RT) 5.2

where : Rf^ = fuel consumption rate
p = local density 

A,E = empirical coefficients 
mfu/iHox = mass of fuel, mass of oxidant 

R = universal gas constant 
T = temperature

Its use introduces two significant error sources into the 
solution. The first is due to the use of the empirical coefficients 
which are not universal but need to be individually tuned. The 
second error source is associated with the use of ensemble-averaged 
concentration and temperatures in eq.5.2, this implies that the
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instantaneous and ensemble-averaged values of these quantities 
are identical. This can only be true if the reaction time scale 
is very much longer than that of the turbulent fluctuations, which 
is not the case in engine circumstances. The Magnussen and 
Hjertager expression for fuel consumption rate also contains two 
highly influential empirical coefficients, the values of which 
have been found to vary by up to 800%.

The Gosman model has proved satisfactory, albeit requiring tuning 
of empirical coefficients, in its prediction of global 
characteristics such as cylinder pressure, although burning tends 
to continue for longer than observed in engines. At present, 
however, the accuracy of the extremely fine detail cannot be 
assessed due to the lack of detailed in-cylinder experimental 
measurements.

Groups of workers elsewhere are also developing multi-dimensional 
methods, reference (85) contains an extensive review of such work 
and should be consulted if further details are required.

5.3 Phenomenonological Modelling

Early attempts at such modelling emphasised the calculation of an 
apparent heat release rate. A typical example is the "burning 
law" proposed by Lyn (86) in which the apparent heat release rate 
was empirically correlated to fuel injection rate and used in a 
thermodynamic cycle calculation to obtain cylinder pressure. Fuel- 
air mixing was completely ignored with combustion assumed to take 
place in a uniform mixture. This approach was adopted by many 
workers resulting in so-called "single zone" models assuming an 
homogeneous fuel/air mixture. Probably the most notable of these 
is the Whitehouse-Way model (95), which has proved most useful for 
practical purposes. However such models are insensitive to local 
variations in air availability and other such detailed conditions 
and so improvements were sought.

In order to improve the fine detail another widely adopted approach 
was to base the model on droplet evaporation and combustion (87,88,89)
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This partially accounts for the heterogeneous nature of diesel 
combustion but only met with limited success. In a survey 
relating to the combustion of liquid droplets, Williams (90) 
reported that in the combustion of dense fuel sprays the normally 
held assumption that an evaporating or burning droplet is immersed 
in an infinite quantity of gaseous oxidiser is not generally valid. 
Evidently the theories of multiple droplet evaporation and 
combustion are, at present, unable to account for the effects of a 
limited air supply surrounding droplets. Moreover at supercritical 
conditions droplet evaporation follows quite a different pattern to 
that suggested by classic film theories. Experimental evidence of 
Savery and Borman (91) supports this view. The behaviour of a 
liquid jet near the thermodynamic critical region is discussed by 
Newman and Brzustowski (92) who also presented a theoretical analysis 
in which the two phase spray is treated as a submerged jet.

This similarity between a diesel fuel spray and a turbulent sub
merged jet is discussed by Melton (32,69) and prompted Adler and 
Lyn (35) to adopt the classical jet theory of Abramovich (59) to 
model the diesel spray-mixing process, without combustion. Lyn (8 6 ) 
emphasised the importance of air entrainment effects in any 
combustion model. Indeed, Shipinski (87) amongst others, 
discussed the shortcomings of his model arising from the lack of 
detailed air-entrainment calculations and excessive reliance on 
droplet-evaporation dominated concepts. A partially successful 
attempt at basing a combustion model on jet theory was made by Grigg 
and Syed (94) although no attempt was made to describe the spatial 
fuel-air distribution.

The use of a jet mixing model as a basis for a combustion model has 
become the most widely used and certainly the most successful 
approach in phenomenological modelling. Several such models have 
been produced in recent years, amongst the most notable being those 
of Whitehouse and Abughres (51), Chiu, Shahed and Lyn (93),
Hiroyasu and Kadota (96), Meguerdichian and Watson (10) and Dent 
and Mehta (97), although none has been completely satisfactory in 
the treatment of the swirled condition. The combustion models
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incorporated are normally of the multi-zone type subdividing the 
jet and its surroundings into zones of air, air and products, 
combustion and fuel and products. The jet mixing model provides 
the general framework on which the zones are based and the 
important details of air entrainment and mixing. Droplets are 
not normally included in such models and are often considered 
to have vaporised at or near the fuel nozzle exit. Newman and 
Brzustowski (92) showed experimentally that a liquid jet near the 
thermodynamic critical condition behaves as a gaseous jet with 
droplets shattering as their surface tension approaches zero near 
the critical point. Burt and Troth (6 8 ) and Chiu et al (93) 
concluded from their spray evaporation experiments that at 
typical engine conditions the evaporation of the injected fuel 
is immediate and that a model of the vaporised fuel spray represented 
as a turbulent gaseous jet is reasonable.

From the foregoing discussion it would appear that a comprehensive 
phenomenonoligical model of diesel engine combustion should consist 
of two major components :

1) a realistic and detailed entrainment model based on jet-
mixing theory, and

2 ) a detailed multi-zone combustion model.

The jet-mixing model should provide information on air entrainment 
and mixing which are crucial to the overall performance of the 
model. In addition it should be capable of predicting the 
distributions of velocity, temperature and concentration. In 
order to do this the concepts of conservation of mass, momentum 
and energy are utilised. The model should be sensitive to and 
accurately reflect the effects of changes in local parameters such 
as swirl, temperature, pressure and injection conditions. Normally 
such models are truly steady-state but may be modified to represent 
transient phenomena in a "quasi-steady" form. This will be 
discussed more fully in the next chapter.

The combustion model should consist of at least four zones as 
depicted in Fig. 5.1. The jet is divided into four main regions



133

based on the jet-mixing analysis. The regions are :

1 ) a volume containing vaporised fuel and products of
combustion (very rich)

2 ) a burning volume between pre-defined weak and rich
limits of flammability.

3 ) a volume containing air and combustion products
(very weak), and

4 ) a region of pure air external to the jet.

These main regions may be further subdivided within themselves. 
Normally a semi-empirical correlation for ignition delay is 
included, e.g. Wolfer (98) or, more recently, Hardenberg and 
Hase (99). This delay together with the calculated air entrainment 
into the "burning zone" enables the magnitude of the premixed 'spike' 
of the heat release diagram to be calculated. After the premixed 
phase of burning, which is chemically controlled, diffusion burning 
predominates (physically controlled by rate of mixing) in diesel 
combustion and the burning rate may be calculated from the rate at 
which entrained air reaches the burning zone.

In recent years the main interest in deisel combustion within the 
Thermal Power Group of the School of Engineering at Bath University 
has been in the effect of swirl on mixing and combustion with 
particular reference to the high-speed direct-injection engine.
Early experimental work by the late Richard Way (31) using the 
first water rig (described in Chapter 3) promoted the development 
of a simple jet penetration and trajectory model by Aggarwal (73). 
This model made no attempt to simulate the mixing process or 
calculate entrainment rates but merely reproduces the global jet 
patterns observed in the water rig. From this a swirl parameter 
and a penetration parameter were defined and an attempt made to 
determine optimum relationships between them (see ref (31) and 
Chapter 3 of this thesis). Horner (74) used the experimental 
results from the water rig to synthesise air motion patterns in an 
engine, upon which the motion of non-evaporating and evaporating 
droplets was superimposed. Again no attempt, was made to calculate



%
134

mixing rates, concentration or temperature distributions, all of 
which are essential to a comprehensive combustion model. However, 
Horner's work provided a substantial physical insight into certain 
of the physical processes lending further support to the jet mixing 

approach to spray modelling. Fig. 5.2 (from (74)) depicts the 
synthesised air jet pattern in an engine obtained, via suitable 
correlations, from the water rig results. The progression of the 
jet in both real time and degrees of crank angle is shown. Into 
this, evaporating fuel droplets of various initial diameters were 
injected. The resulting evaporation and trajectory histories of 
droplets of initially 20 jim, 50pm, 100 pm and 500 pm are shown 
in Figs. 5,3 to 5.6 respectively (from (74)). It is apparent 
that the 20 pm droplet, which may be considered a typical size for 
high pressure injection conditions, disappears very rapidly whereas 
the relatively enormous 500 pm droplet fails to evaporate completely 
and reaches the wall, leaving the air jet envelope. This tends to 
suggest that providing droplets are initially of the order of 20 pm 
diameter (or less), then under typical engine conditions the vapour- 
into-gas jet hypothesis is valid.

As a preliminary exercise the author implemented the Adler-Lyn 
spray mixing model as this seemed to offer the details of 
temperature, concentration and velocity distributions required by a 
comprehensive combustion model. In the following sections the 
Adler-Lyn model will be briefly described and typical results 
presented. Its performance and certain important limitations will 
also be discussed.
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5.4 The Adler-Lyn Spray Mixing Model

5.4.1 Notation

b spray width. Fig. 3.1 (m)
C concentration i.e. fuel/air ratio, mass basis (dimensionless)
C, deflection coefficient (dimensionless)de
C specific heat of the gas at constant pressure (kJ/kg®K)

specific heat of fuel vapour at constant pressure (kJ/kg°K)

-- <^L- (kJ /kg)

S 2 ' Pmo 'kg/m' )
spray growth coefficient (dimensionless) 
specific heat of liquid fuel (kJ/kg°K) 

d^^ diffusion coefficient of fuel-air system (mf/s)
d mean droplet diameter (m)
F^ centrifugal force acting on spray element (N)
F deflecting gas force on spray element (N)
H latent heat of vaporisation (kJ/kg)
h height of spray cross-section (m)

I E / f f dC
cp /  c p£

L
L

I E I f f f dr
vcp I V c p ^

i :
"v T p S  '  /  " v  " t  " p  "cp

/"vvp '  /  <"v> ' "p

/ .
I E / f f dS

vp I P ^
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/./ f. dC 
—  1

k heat conductivity (W/mK)
m mass (kg)
m^ mass of air trapped in cylinder (kg)
m^ mass of liquid injected (kg)
p local static pressure (N/m^)

local total pressure (= sum of partial pressures)(N/m^) 
R specific gas constant of air (kJ/kg®K)
R^ specific gas constant of the vapour (kJ/kg°K)
r radius, see Fig. 3.1(m)
r^ radius of cylinder (m)
T temperature (®K)

temperature of a mean droplet (®K) 
equivalent temperature (®K)
boiling temperature of fuel at a given pressure (°K)

AT T-T (°K)eq
t time (sec)
u swirl velocity, tangential (m/s)

equivalent swirl velocity (m/s)
V velocity within spray in centre-line direction (m/s)
AV E v-u (m/s)eq
X co-ordinate, see Fig. 3.1 (m)
y co-ordinate, see Fig. 3.1 (m)

a E U /Veq mo
3 angle defined in Fig. 3.1

0 angle defined in Fig. 3.1
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E T /T mo eq
X evaporation function
Ç normalised y co-ordinate, i.e. ^/b
p density of mixture (kg/mf)
p mean spray density (E p 1/2) (kg/m^)s mo p
(f) spray property function

Subscripts

c relating
g relating
L relating
m being on
T relating
V relating
0 being at

Superscripts

0 being at the initial cross-section
( ) being an algebraic mean between values

relating to air and values relating to fuel vapour.
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5.4.2 Introduction

The program "SPRAYl" implemented by the author, is based upon the 
non-combusting diesel fuel-spray mixing model proposed by Adler 
and Lyn (35) and (36). In this approach the phenomenon is treated 
on a continum mechanics basis so that the classical differential 
equations of continuity, momentum, energy and diffusion may be 
applied. This necessitates the introduction of a differential 
volume element (much larger than the individual droplets) in the 
mixing zone. This element has a mass equivalent to the total 
mass of gas, liquid droplets and liquid vapour contained within it.
The element is completely characterised by its concentration and 
an "evaporation function". The evaporation function is defined 
as the ratio of the mass of yet unevaporated droplets to the 
total mass of the liquid plus vapour contained in the element.

To avoid attempting a partial differential time dependent 
treatment (necessary for a truly transient phenomenon) Adler and 
Lyn searched for ways of simplifying the model. They studied large 
numbers of high-speed Schlieren films of fuel injection and 
combustion and noticed that the envelope of the mixing region 
(i.e. the spray boundary) propagating in the flow field followed 
an almost fixed shape with respect to time. They also observed 
that the spray tip merely propagates along a centre-line based 
on this steady envelope. Such effects have also been observed at 
Bath in water rig experiments (described in Chapter 3). These 
observations led Adler and Lyn to assume that the transient phenomenon 
could be treated on a steady-state basis. In this way the position 
of the spray centre-line may be determined by treating the elemental 
sections of the spray as quasi-solid bodies held in equilibrium 
between the inertia and drag forces in the flow field.

Adler and Lyn extended the similarity between boundary layer flow 
and the flow of a straight jet or spray to the case of a curving 
spray. Thus the established techniques used in boundary layer 
problems were adopted to describe the detailed structure of the 
spray as a function of the centre-line. Similarity profiles are 
assumed for the velocity, concentration and temperature
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distribution inside the spray and a powerful integral method may 
be used, replacing the partial differential equations with a set 
of ordinary differential equations with distance along the spray 
centre-line as the independent variable. Providing the boundary 
conditions at the spray edge are satisfied then the exact nature 
of the profile is not very critical in terms of the final 
solution obtained. This was well demonstrated by Schlichting (100),

To simplify the formulation further Adler and Lyn replaced the 
experimentally observed spray cross-sectional deformation (i.e. the 
contra-rotating vortices producing the well-known "kidney" shape) 
by a rectangular cross-section with a constant height to width ratio, 
The two-dimensional similarity profiles are superimposed upon this 
simplified cross-section.

5.4.3 General Plan of the Mathematical Model

The simplified physical model described above is represented in 
Fig. 5.7. The known input conditions are :

1 ) the point of entry and initial direction of the spray
2 ) the initial spray diameter
3) the injection pressure
4) the assumed similarity profiles within the spray
5) the flow field external to the spray is defined in terms

of pressure, temperature and velocity distribution.

The unknowns solved are :

1 ) the values of the evaporation function along the centre
line

2 ) the width of the mixing zone
3) the values of the velocity along the centre-line
4) the values of the temperature along the centre-line
5) the values of the concentration along the centre-line
6 ) the position of the centre-line r = r(6 )

The position of the centre-line is solved in polar co-ordinates but
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all the other quantities will be solved in the orthogonal 
co-ordinates x, y based on the centre-line (Fig. 5.7).

To solve the six unknowns above six equations are set up:

1 ) the differential equation of the evaporation function
(actually comprising 3 simultaneous differential 
equations)

2 ) the differential equation of the growth of the spray
(based on Prandtl's mixing length theory)

3) the integral equation of momentum conservation
4) the integral equation of injected material conservation
5) the integral equation of energy conservation
6 ) the differential equation of the centre-line (based on

equilibrium consideration of the differential spray 
element in the flow field).

The method of solution is as follows :

The equations outlined in (1) above, yield the evaporation 
function as a function of the distance along the as yet undefined 
centre-line. With the now known evaporation function equations 
(2)-(5), which are interdependent, are solved simultaneously 
producing the spray growth and the centre-line values of 
velocity, temperature and concentration. With all these 
details of the spray known equation (6 ) produces the centre-line 
trajectory. We may now consider the mathematical formulation 
in more detail.

5.4.4 The Evaporation Function

As mentioned in the introduction above one of the parameters 
characterising an elemental volume of the spray is the evaporation 
function. The evaporation function is defined as

^ _ mass of yet unevaporated liquid in the element 
total mass of liquid and vapour in the element
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It is assumed that the evaporation of a mean droplet in the spray 
may be used as the basis for calculating the evaporation function 
Three simultaneous differential equations representing the mass, 
heat and momentum transfer of an evaporating droplet moving in a 
gas stream are set up and solved. They are respectively :

dm^ TT d dgv

‘̂t P /pgv gv [A;]I    —  I Nu ̂ 5.3

Nu + — — —  5.4dt m Z - mC_ dtL e -1 L

"here " = mgv

and

The solution of equations 5.3, 5.4 and 5.6 gives the complete 
history of a mean droplet in the spray. As it is assumed that such 
a droplet is representative of all other droplets in the spray then 
it is possible to obtain the evaporation function as a function of 
time.

As previously stated the model is steady-state and the evaporation 
function is required as a function of distance rather than time.
At this stage a simplifying assumption is made about the external 
flow-field. It is assumed that the external flow-field may be
represented by an equivalent velocity defined as the ratio of the 
momentum flux to the mass flux of the undisturbed flow-field prior 
to injection, i.e.
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J pu' dr

°__________  5.7

/ pu dr

As the rate of change of relative velocity was obtained from 
equation 5.5 then the penetration of a mean droplet may be 
calculated from the expression :

/»•«,x = / ( V + u ) d t  5.8eq

and so the evaporation function is modified to become a function 
of distance rather than time.

5.4.5 The Spray Analysis

This section of the formulation produces information of the growth 
of the mixing region and the variation of velocity, temperature and 
concentration therein. The method of solution is based on the 
integral conservation conditions of momentum, heat content and 
injected liquid inside the mixing region, and on Prandtl's mixing 
length theory. The procedure is similar to the integral methods 
of solution employed for boundary layers along curved walls. As 
the mixing flow is turbulent in nature it is assumed that the 
momentum, temperature and concentration profiles of the spray have 
the same width. The solution is carried but in an orthogonal 
co-ordinate system, x,y, in which the, as yet unknown, centre-line 
is the axis of the zero ordinate (Fig. 5.7).

A further simplifying averaging quantity is introduced to simplify 
computation, namely the equivalent temperature of the external 
flow field. It is defined as the equilibrium temperature of an 
imaginary process in which half of the injected liquid is heated
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up by the gas to its evaporation temperature, evaporated, and then 
superheated to the equivalent temperature, i.e.

m e  T - im, (T -TL)C, - T C + H T ^ = g pg g l L ev l l ev pv J
^  m C + Jm Cg pg L pv

The spray analysis is not solved in terms of absolute values of
velocity and temperature, instead, the velocity difference
AV = V-u and temperature difference AT = T-T are introduced, eq eq
Concentration is in absolute terms as the concentration at the 
boundary of the spray is, by definition, zero.

As previously mentioned universal similarity profiles, which are 
functions of the normalised y co-ordinate Ç (where Ç = Y/b), are 
used to describe the variation of velocity, temperature and 
concentration, i.e.

AY
1m
V = 5.10a

^  5-lOb
m

= fp (Î) 5.10c
m

This makes possible a convenient formulation of the integral method. 
It should be noted that in reality such profiles in a deflected 
spray are not similar, and that similarity profiles are a simplifying 
approximation. The profiles used are due to Abramovich (59) and 
are

2f (C) = (1 - Ç V  5.11a
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3/2f^(C) = (1 - C 5.11b

f^(Ç) = (1 - C ^2) 5.11c

For convenience the parameters of the similar profiles are replaced 
by dimensionless quantities :

AV
= i fmo

AT
*?(%) = 5.12b

mo

C
(j>c (x) = ^  5.12c

mo

Like the parameters themselves these dimensionless quantities are 
function of x only.

To solve the four unknowns four equations are required. The 
condition of integral conservation of momentum gives

% 21 (1 w p

5.13

The integrals. I, defined in the notation, are a function of x,
as they contain the term f = . The density, , is aX. mo
function of both x and y and is an additional unknown of the 
problem. However, it may be expressed via the equation of 
state, in terms of the other unknowns :
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l-fc*cCmo% 1-f * c f (j) c (1-x)c c mo . c c mo „
1-f * C X l-f_*_C__x Vc c mo c c mo

'Teq+fT*TATmo'

f <(> C X c c mo

where x is defined in section 5.4.4.

5.14

The integral conservation of the injected matter gives

d) I p 4" i-a cpV VC

5.15

The integral conservation of heat content for the two-phase 
evaporating spray yields

^Tl ^mo ^ ^Tl *̂ mo a .
AT C vp AT C 1-a p mo mo mo mo

C p I ®   C p+ L mo V TpCp ^ L mo a ^
C C * 1-a TpCpmo mo

X  c + (l-x)C - C (j) d )  IPv Pg| V "C vcp

+ C’Yr + <1-X) - % 1 ^1-a

+ h p
AT (l-x) V  ' « *c %mo mo

-1

X. I, TpCp ' iTpCp 5.16
mo mo
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The final equation describes the growth of the spray. It is based 
upon Prandtl's mixing length theory as developed by Abramovich (59) 
and modified to cover the more complicated two-phase deflected 
spray phenomenon :

5.17

and \p are defined in the notation. A value of the growth
>efficient C, has to be a b

experimental observations.
coefficient C, has to be assumed to match the spray growth to b

5.4.6 The Spray Trajectory

Having obtained details of the mixing field in terms of the four
parameters V , T , C and b it only remains the predict the m m m
trajectory of the spray in the deflecting flow.

The calculation of the spray centre-line trajectory is based on 
the dynamic equilibrium of a spray element, dx (Fig, 5.7), which 
is assumed to be "quasi-solid". As it is assumed that the 
elemental cross-section are rectangular and that throughout the 
spray the cross-sections are geometrically similar 
(i.e. 2b/h = const) the formulation of the dynamic equilibrium of 
the three-dimensional spray is transformed into a two-dimensional 
form.

The forces acting on an element of the spray are the gas force 
exerted by the deflecting flow and the centrifugal force due to the 
spray curvature. Thus the condition of equilibrium of the spray 
centre-line is :

dF ± dF = 0 5.18g c

(where outward acting forces are positive).
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Equation 5.18 is developed into a convenient form based on the 
polar co-ordinate system of Fig. 5.7.

d"r
d8"

_ [r' + ^^^de ] r '̂ g u 2 sin'el
;  L ^  \  J

where from Fig. 3.1 6 = tan ^I ^—  I “ T  5.19
L ^

is a mean spray density and is defined in the notation. The 
deflection coefficient, is an empirical coefficient based upon
experimental observation of deflecting sprays.

5.4.7 Summary

The overall structure of the model and the relationship of the 
various sections outlined above is shown schematically in Fig. 5.8. 
A complete description of the computer program suite based upon the 
model will be found in (101).

5.4.8 Presentation of Sample Results

In this section a brief presentation of typical results from the 
model is made. The model is arranged to represent the 
combustion rig conditions. Three injections are presented 
differing only in the swirl rate of the air into which the fuel is 
injected. The air is assumed to rotate in a forced vortex 
fashion and the three swirl rates considered are 3,000 r.p.m:
6,000 r.p.m and 12,000 r.p.m. The other major parameters of the 
injection (which remain constant for each case) are :

air pressure = 6 MN m
air temperature = 800 K
cylinder diameter = 0.1 m
injection duration = 1.75 ms
nozzle hole diameter = 0.52 mm
initial fuel temperature (at nozzle

outlet) = 473°K
the injector is considered to have 

4 nozzles.mean droplet diameter 
in fuel spray = 18 pm
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It must be noted that no combustion effects are included in this 
model.

With respect to section 5.4.4 the evaporation functions of the 
three swirl cases are almost identical with respect to time. The 
time to evaporation of the mean droplet is approx. 0.49 ms 
(evaporation defined as that time at which the evaporation function 
passes below 0.01) in all three cases. This is to be expected 
since the evaporation phenomenon is dominated by temperature effects. 
However, the variation in swirl rate does have an effect on the 
penetration of the mean droplets. The penetration for the three 
cases being at 12,000 r.p.m. penetration = 23 mm

at 6,000 r.p.m. penetration = 12.9 mm
at 3,000 r.p.m. penetration = 7.7 mm

the increasing penetration with increasing swirl rate occurs as 
the droplet velocity is relative to the 'equivalent' velocity of 
the flowfield (equation 5.6) and so the higher the swirl the 
greater the penetration at a fixed droplet velocity decay.

Typical output of the evaporation analysis is presented in Figs. 5.9
to 5.12 for the 6,000 r.p.m. swirl rate case. In Fig. 5.9 the
droplet heating is depicted, this exhibits the expected temperature 
history of an evaporating fuel droplet. Fig. 5.10 shows the 
droplet penetration and Fig. 5.11 the relative velocity of the 
droplet as it enters the cylinder, illustrating the very rapid 
deceleration experienced. Finally, in Fig. 5.12, the evaporation 
function (section 5.4.4) is plotted.

The second part of the formulation is the spray analysis (see 
section 5.4.5) and the first major characteristic of note is that 
the lowest swirl rate produces the most rapid growth of the spray 
width with respect to penetration. If we consider the spray 
widths at a penetration of 40 mm we observe that

at 12,000 r.p.m. spray width = 4.5 mm
at 6,000 r.p.m. spray width = 6 mm
at 3,000 r.p.m. spray width = 7.5 mm
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However, if a "mean" time to penetration is considered, based on 
the mean jet velocity, then the jet growth can also be considered
on a quasi-time basis. If this is done the time to penetrate 40 mm
for the three cases is

at 12,000 r.p.m. time = 0.51 ms
at 6,000 r.p.m. time = 0.67 ms
at 3,000 r.p.m. time = 0.81 ms

which predicts that, on a time basis, the growth rate at the lowest 
swirl rate is slightly higher than at the highest swirl. Once 
again the output from the spray analysis section is presented for 
the 6,000 r.p.m. case. Fig. 5.13 shows the variations in the 
velocity, concentration and temperature functions with respect to 
penetration of the spray. The decay of the centre-line velocity 
of the spray is presented in Fig. 5.14. It is immediately 
apparent that the deceleration of the spray is not as violent as 
that suffered by the mean droplet. In Fig. 5.15 the increase in 
spray centre-line temperature is plotted. The initially rapid 
rate of temperature rise may be noted. Fig. 5.16 shows the rate 
of spray growth and Fig. 3.11 the variation of density on the spray 
centre-line.

The overall view of the mixing process is given by the trajectory 
analysis (section 5.4.6). In Fig. 5.18 the spray trajectory and 
growth for the swirl rate of 3,000 r.p.m is presented. Similar 
figures are presented for the 6,000 r.p.m. and 12,000 r.p.m. 
cases (Figs. 5.19 and 5.20 respectively). By comparing the 
figures the effect of increasing swirl rate is most marked. The 
figures also show two air/fuel ratio boundaries for each spray 
case. Any number of air/fuel ratio boundaries may be plotted but 
only two have been chosen, at ratios of 10:1 and 25:1, representative 
of rich and weak limits of combustion. Also shown, alongside one 
spray boundary for each case, are the centre-line temperatures 
(in ®K). It must be emphasised that the results presented are only 
an example and are in no way applicable to a particular engine 
combustion system.
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With this in mind, it will be seen from Fig. 5.18 that, for the
3,000 r.p.m. swirl rate, the spray strikes the cylinder wall 
before its rich core has been consumed by the mixing process.
Thus the majority of the injected fuel has not been prepared for 
burning before the wall is struck. In the 6,000 r.p.m. swirl 
rate case the situation is improved and more satisfactory mixing 
occurs (Fig. 5.19). However, at a swirl rate of 12,000 r.p.m. 
(Fig. 5.20), the spray is swept a long way around the cylinder 
and may be "over-swirled", a phenomenon observed in water rig 
experiments at Bath.

For each case the approximate time to spray impingement on the wall 
(based on spray centre-line velocity) is as follows:

at 12,000 r.p.m. time = 0.13 ms
at 6,000 r.p.m. time = 0.12 ms
at 3,000 r.p.m. time = 0.12 ms

The mass of air entrained, calculated assuming that the mass of 
fuel in the spray is conserved, is presented as a function of swirl 
rate in Figs. 5.21 and 5.22. In Fig. 5.21 the entrainment is 
plotted with respect to penetration and in Fig. 5.22 as a function 
of "mean" time. It is apparent that whichever basis for 
entrainment rate is chosen it decreases with increasing swirl.

5.4.9 Discussion and Conclusion

Initially the Adler-Lyn approach seemed to offer a satisfactory jet 
mixing model upon which to base a combustion model. At higher 
pressures and temperatures droplet evaporation increases and the 
higher the swirl the greater the deflection of the spray envelope. 
Unfortunately, the model does not accurately reflect the expected 
trends in entrainment. This is shown by the area growth results 
and entrainment results (Figs. 5.21 and 5.22). As stated earlier 
in this chapter the crucial quality of any jet mixing model is its 
ability to predict entrainment and mixing and its sensitivity to
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parametric changes, particularly swirl and injection conditions.
It is quite clear from Figs. 5.21 and 5.22 that the model fails in 
this respect. This major discrepancy is due to the severe 
simplifying assumptions made in the spray analysis section of the 
model. This is fundamentally that of a straight jet and the 
effect of increasing the swirl rate is to merely "stretch" the jet, 
through the concept of the equivalent velocity, which maintains a 
constant rate of entrainment with respect to time. The jet 
trajectory is not solved simultaneously with the spray analysis, 
as fundamentally it should, but merely takes the "stretched" jet 
information and bends it under the influence of the "equivalent" 
cross-flow, treating it as a solid body subjected to aerodynamic 
drag forces.

Having established the unsuitability of the Adler-Lyn model it was 
decided to develop a new jet mixing model. This development is 
described in the following chapter.
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MODEL FOR JET-MIXING IN A CROSS-FLOW.
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CHAPTER 6

A MODEL FOR JET-MIXING IN A CROSS-FLOW

6.1 Introduction

Phenomenological models of fuel-air mixing and combustion in 
swirled diesel engines require a sound sub-model of jet-mixing 
in a cross-flow. In the previous chapter the shortcomings of 
the Adler-Lyn model were discussed and the need to develop a jet- 
mixing model predicting realistic entrainment rates stated.
Before discussing modelling of the phenomenon it is worthwhile 
considering its physical nature. A schematic representation of 
the situation is presented in Fig. 6.1, this depicts a circular 
jet issuing into a free stream of arbitrary velocity distribution. 
An extensive discussion of this situation will be found in 
Abramovich (59), who, importantly, draws attention to the 
effects of the cross-flow on the jet cross-sectional shape. 
Experimental observations have shown that due to the momentum 
changes induced by entrainment the jet is deflected (Fig. 6.1).
Due to turbulent mixing developing on the periphery of the jet, 
the outer layers lose their momentum and are more easily deflected. 
As a result, the jet acquires a characteristic kidney shape. This 
progressive deformation is shown schematically in Fig. 6.2 and was 
experimentally investigated, in great detail, by Kamotami and 
Greber (102) who also observed the velocity distribution within 
the jet. As the jet is acted upon by the free-stream there is a 
central region of relatively shear-free flow of un-diminished 
velocity (and total pressure), which decreases steadily in size and 
eventually disappears at C in Fig. 6.1. This region, specified 
by the length OC in Fig. 6.1, is generally known as the potential 
core. As the ratio of cross-flow velocity to injection velocity 
increases so the enhanced entrainment and mixing reduces the length 
of the potential core, this was experimentally observed by Keffer 
and Baines (103).

From the end of the potential core, the jet suffers a large 
deflection and the jet cross-section deformation continues. In 
the kidney shapes shown in Fig. 6.2 the two ends consist of a pair
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of counter-rotating vortices connected by circulation-free fluid. 
Initially these vortices grow whilst maintaining their angular 
velocity, this is in the so-called zone of maximum deflection. 
Finally, the jet is characterised by a "vortex" zone (Fig. 6.1) in 
which the vortices continue to grow but their angular velocity 
decreases. The existence of these vortices has been established 
even at a distance of one thousand initial diameters from the 
nozzle. The majority of models reported in the literature are 
based on empirical expressions for the jet centreline obtained 
for a restricted range of conditions and include no consideration 
of entrainment.

Theoretical models employing an integral approach normally include 
important simplifying assumptions. Typical examples of such 
models may be found in the work of Keffer and Baines (103), Sucec 
and Bowley (104) and Bojic and Eskinazi (105). Two of the most 
important simplifying assumptions normally made involve two of the 
unknowns in the integral mixing-field prediction, namely

1) the assumption that similarity profiles may be used to 
represent property distributions within the jet. This is 
only approximately true for straight jets in a quiescent 
medium.

2) the assumption that the complex cross-sectional geometry 
described above may be represented by simple shapes such 
as rectangles (Adler-Lyn), circles and ellipses.

The experimental work of Kamotami and Greber (102) showed that the 
use of similarity profiles for a deflected jet is incorrect, in 
fact there is a high degree of "non-similarity", and models relying 
on similarity clearly fail to represent the jet adequately. With 
regard to the changing cross-sectional shape this was first 
theoretically predicted by Hsih-Chia Lu (106) in 1942. Lu distri
buted vortices around the jet periphery. The potential flow of 
the cross-wind induces velocities in the vortices which realistically 
simulates the distortion of the cross-section (this will be described 
in more detail in section 6.2.9). This approach was used by
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Margason (107) and Braun and McAllister (108) in their work on 
V/STOL (vertical/short take-off) aircraft although the concept was 
never extended to full jet mixing calculations.

The properties of lack of similarity and changing cross-sectional 
shape in the curved jet are closely associated with entrainment.
A complete model should thus incorporate an entrainment sub-model 
coupled to property change (i.e. velocity decay, temperature 
change, concentration distribution etc. ), cross-sectional shape 
change and an area growth expression. In jet modelling, area 
growth expressions are normally empirical and often include a 
fixed expansion cone angle. An improvement in this area is the 
approach of Tulin and Schwartz (109,110) who, in their work on 
chimney plumes suggest that under the influence of a cross-flow, 
local jet growth may be represented by the growth of a vortex pair.

Adler and Baron (111) used the ideas of Lu (106), Tulin and 
Schwartz (109,110) and the experimental results of Kamotami and 
Greber (102) to produce a model of an isothermal, isodense, three- 
dimensional circular jet in a constant cross-flow. This model thus 
incorporated three major improvements over previous models, namely

1) the jet area growth function is based on a combined straight- 
jet growth (Abramovich (59)) coupled to the growth of a 
vortex pair (Tulin and Schwartz (109,110)).

2) cross-sectional shape is not of an assumed simple 
geometry but is calculated by a modified version of the 
method of Lu (106).

3) velocity profiles are non-similar and three-dimensional, 
closely simulating the observations of Kamotami and Greber (102)

It was decided in the present work, to adopt the approach of Adler 
and Baron (111) and extend it to the general case of a jet 
incorporating temperature and concentration distributions subjected 
to an arbitrary cross-flow, thus making it suitable for
incorporation in a combustion model.
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6.2 The Full Jet Mixing Model

6.2.1 Notation

A - jet cross-sectional area (m^)
A^ - constant in area growth expression (6.34)

b - maximum jet width in x-direction (m)
c - concentration

- drag coefficient
C - specific heat P
Cf, - coefficients in finite difference solution

dr
du
dv
d . vel
dZ
Do

- elemental length defined in Fig. 6.3a (m)
- elemental velocity defined in equation 6.38 (m/s)

6.38 (m/s) 
6.37 (m/s)

- elemental length of jet centreline (m)
- initial jet diameter (ra)

Ejjj - entrained momentum (kgm/s)
Et - entrainment rate (kg/s)

FA - expression defined in equations 6.24a 
FB - " " " " 6.24b
FC - " " " " 6.24c
FD - " " " " 6.24d
FE - " " " " 6.24e
FF - " " " " 6.24f
FG - " " " " 6.24g
FH - " " " " 6.24h
FI - " " " " 6.24i
FJ - " " " " 6.24j
FK - •• " " " 6.24k
FL - " " " " 6.241

Abramovich constant used in area growth expression
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c
h>p
hv
H 4

lo

2

3

4

5

6
7

8 
9 

1

- maximum concentration excess
- maximum temperature excess
- maximum velocity excess
- distance from node zero to node j in finite difference

solution, expressed as a proportion of Ax or Ay

dA

dA

p Cp dA

j P Cp Uy Op dA

I p Cp dA
A
j  P Cp Up dA

K  V  "

/ P U dA
A  'f  /  A, ‘î*

I

K.

K,

- constant in area growth expression (6.34)

(6.34)

Lp - length of jet potential core (m)

M - "o/w

nr - number of rows in finite difference mesh
nc - number of columns in finite difference mesh

P - distortion parameter

Q - distortion parameter
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r - jet polar co-ordinate (m)
R - jet radius (m)
R - initial jet radiuso
R - R/r o

(0 < uc < 1 )

(0 < "t < 1 )

(0 < u
V

< 1 )

3 ̂  S 9  ̂S- auxiliary function satisfying = 1

t - time (secs)
T - temperature (°K)
At - time interval (secs)

u - jet velocity (m/s)
u - mean jet velocity (m/s)
U - concentration distribution functicc

- temperature distribution function 
U - velocity distribution function

w - cross-flow velocity (m/s)
wp - cross-flow velocity perpendicular to the centreline (m/s)

X - co-ordinate of jet cross-section defined in Fig. 6.3c (m)
Ax - finite difference mesh spacing

y - co-ordinate of jet cross-section defined in Fig. 6.3c (m)
Ay - finite difference mesh spacing

Z - co-ordinate of jet centreline (m)
Zp — Z/Ro
ZZ - distance from the jet centreline in the x-y plane (m)

a - constant in area growth expression
a* - variable in finite difference solution
6 - angle defined in Fig. 6.3a (rad)
Bo - injection angle (rad)
0 - polar co-ordinate of jet centreline (rad)
p - density (kg/mB)
r - circulation (mB/s)
(j) - velocity potential (m^/s)
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- turbulent dynamic viscosity 
w - swirl rate (rad/s)
6e - elemental mass entrained (kg)

X - variable in finite difference solution
P - variable in finite difference solution

Subscripts

a - property of entrained fluid 
0 - property at injection or initial condition
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6.2.2 General Description of the Model 

6.2.2a The Geometry of the Model

The jet geometry is shown in Fig. 6.3(a). The jet centreline,
which is defined below, is the z-co-ordinate and the instantaneous angle
between the cross-flow, w, and the centreline is defined as 3.
The origin of the jet is shown as 'O' and the polar co-ordinates of the 
centreline are defined by angle 0 and distance r. These definitions 
permit the establishment of the following co-ordinate relationships.

Consider Fig. 6.3(b), this represents an elemental length of the 
centreline. From this

dr = dZ sin3 6.1
d0 = dz cos3  ̂ _

— ; —

A typical jet cross-section is shown in Fig. 6.3(c). Its geometry 
is defined in terms of x- and y-co-ordinates as shown.

6.2.2b Assumptions Used in the Model

The model is developed on the basis of some simplifying assumptions, 
namely :

1) the jet centreline is defined as the locus of momentum 
centres of successive cross-sections. It is the independent 
variable in the solution.

2) the external flowfield is irrotational. This enables the 
use of Lu's model.

3) the flow is turbulent.

4) the flow is steady with respect to time.

5) velocities within the jet are parallel to the centreline.

6) the cross-sectional boundary of the jet is the surface at
which the velocity excess in the centreline direction vanishes 
or is smaller than a prescribed value.
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7) the boundary surfaces of velocity, temperature and 
concentration distributions coincide.

I 8) radial pressure gradients ignored 

6.2.2c Structure of the Model

The model consists of eight major equations, described in detail 
later in this chapter. There are five simultaneous ordinary 
differential equations describing the characteristic properties of 
the jet, two equations describing the change of cross-sectional 
shape and a further equation defining the two-dimensional, non
similar property distributions.

The five simultaneous ordinary differential equations are :

1) the conservation of momentum in the centreline direction :
resulting in equation 6.8.

2) the conservation of momentum in the direction perpendicular
to the centreline ; 
resulting in equation 6.15.

3) the conservation of energy :
resulting in equation 6.23.

4) the conservation of mass :
resulting in equation 6.31.

5) the area growth expression :
resulting in equation 6.36.

The equations describing cross-sectional shape change are due to 
Lu (106). The equation describing the non-similar, three dimensional 
distribution of velocity, temperature and concentration is a distorted 
form of the Poisson equation.

The model developed in this chapter extends the isothermal, isodense, 
constant cross-flow model of Adler and Baron (111) to a general model 
incorporating heat, mass and momentum transfer in a defined cross-flow.
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6.2.3 The Conservation of Momentum in The Centreline Direction 

An elemental control volume in the jet is defined in Fig. 6.4.

At any location within the jet the velocity in the centreline 
direction is given by

u = w cosB + U hV V 6.3

where U is the two dimensional, non similar distribution functionV
obtained from the distorted solution of the Poisson equation
(0 < < 1), and h^ is the maximum velocity excess. At any cross-
section w cos3 = constant, h = constant, U = variable.V V

In the centreline direction the following momentum conservation 
is assumed :-

axial change of momentum flux = (axial component of external flow) 
X (entrained mass over dZ)

df P
J A

p dA = w cos( dZ
I :

p dA 6.4

substituting for u (from 6.3) into 6.4 gives

/ :
—  I pw^ cos= 3 dA + / 2 pw COS0 U h dA -F / pU  ̂ h ^d Z f  V V d Z / ^ v v

^ A J A
dA

= w cos3
/■

d l  /  P“  dA +
J A

dA 6.5

the following integrals are now defined

p dAI
A

/ p  %

/ p  V

dA

dA

6.6a

6. 6b

6. 6c
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substituting 6.6a, 6.6b, 6.6c into 6.5 and expanding gives

^  2w cos^ B I - 2w^ cosB sin Bio ^  cos^ B —^dZ o dz dz

+ 2 cosB h I ^  - 2w sinB h I.^^+ 2w cosB hV 1 dZ V IdZ V dz

dh dh dl_
+ 2w cosp -Tz—  + 2h + h  ̂ ---dZ V  2 dz V  dz

cos^ B —^  + lo w cos^ B ^  sinB cosB lo ^  dZ q z q z

dll dh^
+ W COsB h — + w cosB I, —V dz 1 dZ 6.7

collecting terms and re-arranging 6.7 gives an expression for the 
change in the velocity excess function

(ŵ  cosB sinB lo + 2wsinB h (wcos^B lo + 2 cosBh )dw
' " dZ

dh
dzdZ

dl dl
- w cosB h 6.8dZ

6.2.4 Momentum Equation Perpendicular to the Centreline

Here surface forces and centrifugal body forces are equated to the 
momentum flux due to entrainment. Surface forces are calculated 
as a drag force acting on the jet envelope. The drag force on the 
element (Fig. 6.4) is :

= — J b p sin^ B dZ 6.9

The centrifugal force due to the centreline curvature is given by

F = c = 5 5 / p
dA. dz. ^  dz 6 . 1 0
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this expands to

F = [ŵ  cos^fi lo + 2w cosfl h I, + h  ̂ I_] c F K V  1 V  2 dZ dz 6.11

the rate of change of entrained momentum in the direction 
perpendicular to the centreline is given by

E = w sin# m dA dz 6.12

this expands to

m = w singjw c o s B ^  +
d d6 dh Xlo c o s B ^  - wsinBIo —  + |dz

6.13

for the jet to remain in equilibrium the entrainment flux momentum 
change plus the drag force must equal the centrifugal force; i.e.

E + F = F m D c 6.14

equating 6.13 plus 6.9 to 6.11 and re-arranging gives an expression 
for the rate of change of angle 3;

di. dhdw
dzpbw' sin* 3 + wsin3<cos3jdZ

6.15

6.2.5 The Entrainment Function

The mass entrainment rate for the element of Fig. 6.4 may be 
defined as

fi / » " dA dz 6.16
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expanding this gives

„ dw  ̂ dio\  = <1° cosB —  + wcosB —
dl. dh

+ I.dz V dz 1 dz dZ

6.17

6.2.6 Conservation of Energy

Consider Fig. 6.5. To satisfy the conservation of energy for the 
element shown the following balance is required

static enthalpy and kinetic energy leaving surface 2 = 
static enthalpy and kinetic energy entering through surface 1 
+ entrained static enthalpy and kinetic energy + radiative 
heat transfer to the element + heat generation in the element 
+ boundary friction - phase change (this neglects changes in 
potential energy).

In the following formulation the effects of radiation, heat 
generation, boundary friction and phase change are ignored.
The energy equation reduces to

(H + KE)_ - (H + KE). - (H + KE) = 0 2 1 e 6.18

the temperature distribution within the jet is defined in a 
similar way to velocity :

T = Ta + U^hy 6.19

and the reduced energy equation is

&  y p u  CpT dA + 1 1 ^  dA - ^  Jlu Cp T a a

1 ^  
2 dZ fpu dA w* = 0 6.20
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the following integrals are now defined

I. = /pCp U dA E /pU : dA 6.21a3 J  V 7 y  V
A A

I. = /pCp U U dA 6.21b4 J  ^ V T

E ^ C p  dA 6.21c
A

JpCP «TIg = /pCp U_ dA 6.21d
A

if 6.20 is expanded then the following is obtained 

i z [ ^ v  ^3 + *’v V 4  + "COS g wcos gigj

+ ^  ̂  < w^ cos^ 3  lo + 3w^ cos^ 3  h I- + 3wcos 3  h  ̂I + h  ̂I IdZ[_2( V 1 V 2 V 7 M

d r* ”] d Iŵ  ŵ I- —  ICp T WO O S  3lo + Cp T I h - —  —  cos 3 lo + —  I h =dz I ^a a a a 1 vj dZ [_2 2 1 vj

6.22

expanding 6.22 and collecting terms results in an expression for the 
rate of change of the temperature excess function :

dh, (FB)^ . (FC)dh
dZ

(FE)dlo
dz dZdz dz dZ

(FH)dl3 (FI)dl4 (FJ)dl5 (FK)dl6 (FL)dl7 ( /(FD)
dZ dz dzdZ dZ

6.23
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where :

3 3FA E cos3 T Ir + h cos3l, + —  w^cos^3lo + 3w cos^ 3h I, + —  cos3h  ̂ I_ a 5 T 6 2  V 1 2 v 2

- lo cos3Cp T - ^  w^ cos3lo - w I h 6.24aa a 2 1 V

FB = - ^  cos^3sin3w^ lo + 3w^ sin3cos3h I. + ^ wsin3h  ̂ I_12 V  1 2 V  2

1+ wsin3T I- + h wsin3l^ - wsin3Io Cp T - ~  sin3Io| 6.24b a b T  6 a a z I

PC E I  W'cos'gl^ + 3h^ "COSgl, + f

6.24c

FD E h + wcos3l, 6.24dV 4 6

_ w^ ŵFE = —  cos^3 - wcos3Cp^ - — cos3 6.24e

3 ŵFF = — w^cos^gh - h Cp T - —  h 6.24f2 V V ^a a 2 v

FG = ^  wcos3h  ̂ 6.24g2 V

FH E h T 6.24hV a

FI E h h 6.241T V

FJ = w c o s 3T^ 6.24]
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FK = wcosg . 6.24k

h 3
FL = 6.241

6.2.7 Conservation of Injected Material

If the injected material is considered to be fuel and the entrained 
material air, then concentration may be defined as c, where

^ ______________ mass of fuel___  ^ ^5
total mass of fuel and air

at any cross-section in the jet the concentration is defined as

c = h u (O < u < 1) 6.26c c c
(O < he < 1)

at any cross-section the fuel flux is conserved, i.e.

J'c p u dA = constant 6.27
A

substituting for u and c in 6.27;

yh U p (u h + wcosg) dA = constant 6.28c c V  V
A

and

h u P(u h + wcosg)dA = 0  6.29C C V V

defining integrals

Iq = /p u u dA 6.30a8 y  V C

Ig - J 'p dA 6.30b
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expanding 6.29, substituting the integrals and re-arranging results 
in an expression for the rate of change of concentration function

dh
dzdZ dZ dZdZ dZ

h + wcosgl

6.31

6.2.8 The Area Growth Expression

This is the only expression taken directly from the work of Adler 
and Baron (111).

It is assumed here that the jet cross-section area growth is a linear 
superposition of two mechanisms:

1) the growth of a straight turbulent jet in a quiescent
environment, and

2) the growth of a vortex pair, as suggested by Tulin and
Schwartz (109,110)

Although this seems to be an over-simplification, Adler and Baron 
found it gave acceptable results when compared to experiments.

For the straight jet growth the Abramovich (59) expression is 
assumed;

Abramovich suggests that G = 0.22 for turbulent jets. This 
equation, for a straight jet, was modified for a curved jet by Adler 
and Baron (111) to give

^   T 6.33dZ h + wcosB
V
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Tulin and Schwartz (109,110) suggested the following expression for 
the growth of a vortex pair

P P

Tulin and Schwartz achieved good agreement with experiments using 
aK^ = 0.38 and = 0.5. is a measure of the cancellation of
vorticity in the vortex pair tail. For A^ = 0 cancellation is 
complete. In the case of jets into crossflow cancellation is not
complete, thus A^>0. A value of

A- = exp [-2Z wsing /tt D u ] (M/6.2) 6.351 o o o

gives good results, though the generality of the expression is not 
verified.

If 6.33 and 6.34 are combined and re-written in terms of cross- 
sectional area then the following expression is obtained:

dA 2 / it  a
dz h + wcos(V

a K w sin
Gh + 6.36

Under quiescent conditions (i.e. w = 0) this expression reduces to 
the original Abramovich expression (6.32).

6.2.9 Jet Cross-Sectional Distortion

Having established expressions for the variation of the three excess 
functions h^,h^,h^, the jet trajectory 3 and the area growth, there 
remain two further major sections of the model. These are the shape 
distortion and the internal distribution of velocity, temperature 
and concentration. The shape distortion will now be considered and 
is based upon the work of Lu (106).

From potential flow theory it is well known that a vortex will acquire
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an induced velocity due to another vortex in its vicinity. This 
also the case with a vortex sheet with every vortex element on the 
sheet experiencing a change of velocity due to the influence of the 
other vortices.

This effect may be considered in terms of a closed curve, L,
covered by a vortex sheet (Fig. 6.6). If a vortex element on L at
A(x,y) is considered to have a circulation dF and another vortex
element A (x ,y ) in its neighbourhood with circulation dF, then A 1 X , i
will induce an elementary velocity in A (Fig. 6.6). The magnitude 
of this velocity is given by

dr^
-̂ vel = 2^  G-37

where in this instance R is the distance AA^.

This elemental velocity has components in the x- and y- directions 
of du and dV respectively. They are given by

^^1 - y
2 tt (x^-x)2 + (y^-y)2 6.38a

dFi - X
2 tt (x^-x): + (y^-y): 6.38b

In the above expressions a circulation in an anti-clockwise 
direction is defined as positive.

If 6.38a and 6.38b are integrated over the closed curve the u and v 
components of the induced velocity at A due to all the vortices on 
the closed vortex sheet are obtained :

_  - 1 ,  ...
2tt fix -x)2 + (y - J T\ n

2tt fix -x) + (y -J n n

dF 6.39ay)^ n

— ^  dF 6.39by) ' n
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The evaluation of expressions 6.39a and 6.39b enables the 
distortion of the vortex sheet with respect to time to be 
determined. An analytical integration of the expressions is 
impossible; however, if the distribution of vortices on L is 
considered to be discrete rather than continuous a method of 
successive approximation may be used as a means of solution.

This approach may be used in the situation of a jet in a cross- 
flow. The boundary of the jet is a closed surface of 
discontinuity between two streams which is equivalent to a vortex 
sheet.

In order to evaluate the integrals in 6.39a and 6.39b it is supposed 
that a finite number of points on the curve of discontinuity are 
laid over by vortex elements. At time t=0 the vortices may be 
considered to be either evenly spaced and of different strengths 
or of equal strength but, necessarily, unequally spaced. For 
ease of computation the former case is assumed. If the cross- 
flow velocity is w then the strength of a vortex element dF may be 
expressed in terms of w by the following consideration.

Consider Fig. 6.7, the velocity potential of a parallel flow 
around a circle is

(p = -w^ (ZZ + — ) 6.40

where R = radius of circle
ZZ = distance from centre of circle
W = cross-flow velocity perpendicular to the centreline 

( 5  wsinB in this model)

it follows that 

d((»
' ■ "p(" ■dZZ ■

introducing polar co-ordinates and defining
ictZZ = Re 6.42
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substituting 6.42 into 6.41 produces

^  = -w (1 - e 6.43dZZ p

-la , la -lot,= -w^ e (e - e )

ia -lotG " Gnoting that as a complex variable sin a = --- — ----

thus = -2i w e ^^sina 6.44dZZ p

and the modulus of isdZZ

d(()
dZZ = 2w sina 6.45

6.44 may now be used in the expression defining the circulation 
strength over an arc of the jet perimeter of length ds

r  = sina R da 6.46
ai

If there are N discrete vortex elements on the surface of
discontinuity then the angle include by one vortex element will
, 2t\be equal to —

Hence the strength of the n^^ element must be
2n+l 
~N ^

r = 2 w R /* sina. da = -2w R |cos — -ar - cos 6.47n p
-> /* J o F 2n+l 2n—1 ”13/ sina. da = -2w R cos  it - cos  irJ P [ N N J
2n-l 

N ^

i.e. r = 4Rw sin ^  sin 6.48n p N N

the u and v components of the induced velocity as expressed by 
equations 6.39 become
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u = -w R —  s in E ^^n 2n ^
P ^ " n=l (x-x?- V (y -y): iT ^n n

'' = V  w ïï \  (x -V)'"+ '(y--7)' ^  G-49bn=l n n

For any short interval of time the displacement of the individual 
vortices may be calculated. The displacements thus obtained 
represent the mutual influence of the vortices, in addition to this 
the relative motion of the cross-flow must be considered.

The y-displacement is given by

Ay = (v-w)At 6.50a

and the x-displacement

Ax = u.At 6.50b

thus the following expressions are used to successively approximate 
the change in cross-sectional shape for small time steps

X = x^ + u.At 6.51at+At t

^t+At ~ ^t ^ (v-w).At 6.51b

The distortion model described so far is for inviscid, 
incompressible flow. Strauber (112) suggested that for real 
flows the velocity terms (6.49) should be multiplied by an expression 
related to the turbulent dynamic viscosity v^. This 'damping' 
factor, suggested by Strauber, is

exp
(x - x ) 2  + ( y  - y )n__________ n

4V.J, - 1 6.52

This term is limited to a maximum value of 1 (the inviscid case)
and reduces as the turbulent dynamic viscosity increases progressively
reducing the rate of distortion.
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6.2.10 Normalised Property Distributions

As Kamotami and Greber (102) and Bojic and Eskinazi (105) showed 
with their experimental work the curved jet is not a similarity 
phenomenon. Therefore, similarity profiles cannot be used if 
realism is to be maintained. Furthermore, the profiles should be 
three-dimensional to represent the flow correctly. Although 
integral methods are not very sensitive to the profiles chosen 
they should be downstream varying (i.e. non-similar), qualitatively 
correct and satisfy the physical boundary conditions.

To simulate the profiles experimentally observed by Kamotami and 
Greber (102) and to satisfy the conditions outlined above,Adler 
and Baron (111) computed a family of profiles U using the previously 
determined cross-section shapes and an auxiliary function S. S, 
which is numerically computed, satisfies the Poisson equation

@  + G. 53

within the domain of the cross-section. S=0 on the boundary and 
q is constant inside the domain. With S known, the normalised 
distribution is given by

\ max/

(P-Q)+Q+l
6.54

where Q and P are distortion parameters used to adjust the profiles 
to correspond to measured turbulent velocity profiles. Q distorts 
the function near the boundaries and affects the profile inside 
the domain. Adler and Baron evaluated these parameters with the 
expressions

P = 0.15 + , where Lp = potential 6.55
o core length

Q = 0.945 6.56

which gave good agreement with the experimental results of 
Kamotami and Greber. The value of the constant q is immaterial
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since the function is normalised to obtain U.

This approach was adopted in the work described here to obtain 
the distributions of U , U ^ , and U  ̂ and extended to the

V  V  V

distributions of temperature and concentration, i.e. and . 
In order to simplify the calculations the Abramovich (59) 
relationship between velocity, temperature and concentration in 
turbulent jets is assumed, i.e. at any discrete point in the jet 
cross-section.

U = U : = 6.57V C  T

having established the normalised distributions the absolute values 
of velocity, temperature and concentration may be obtained from the 
definitions of expressions 6.3, 6.19 and 6.26

u = wcos + U h 6.3
V  V

T = Ta + U^h^ 6.19

c = U h 6.26c c
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6.3 Computer Implementation

6.3.1 Introduction

The initial implementation of the model was restricted to the 
isodense, isothermal case. This enabled the development of the 
major subroutines which would also be used in the full model, namely

1) the subroutine predicting cross-sectional distortion, based
on section 6.2.9

2) the subroutine solving the Poisson equation over the
distorted cross-section, and

3) the subroutine calculating the integrals of the Poisson
distribution over the distorted shape.

As a result of the work described in this thesis the full model 
incorporating the energy equation and mass conservation equation 
is being developed and will be reported in due course.

This reduced model was run in three different forms:

case 1) constant circular cross-section (no distortion) 
in constant cross-flow (similarity profiles used)

case 2) constant circular cross-section in forced vortex 
cross-flow (similarity profiles)

case 3) distorting cross-section with non-similar 
velocity profiles in forced vortex cross-flow

This systematic approach enabled the effects of the modifications of 
case 3) to be compared with the simplified models of case 1) and 
case 2). In this way the value of the additional complication 
introduced by cross-sectional deformation and non-similarity could 
be assessed.
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6.3.2 Description of the Method of Solution

Restricting the model to the isodense, isothermal case reduces the 
number of simultaneous differential equations to be solved to three, 
namely the equations for

dg dA
~Ez' dE dz-

These equations are further simplified in that for the isodense 
situation

lo = A 6.58a

6.58band dio _ dA 
dZ ' dZ

and the density term may be eliminated from the equations.

For the constant cross-flow situation (case 1)):

w = constant 6.59a

and dw = 0 6.59b
dZ

For the forced vortex cross-flow situation (case 2) and case 3))

w = wr 6.60a

and dw = r dw + wdr 6.60b
dz dZ dZ

but dw = 0 and from 6.1 dr = sing
dZ dZ

dw = wsing 6.60c
dZ
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For the constant cross-flow case 6.59a and 6.59b together with the 
condition p = constant are substituted into 6.8, 6.15 to produce 
modified expressions for dg :

ft)
dz dz

(w^cosgsingA + 2w singh I ')dg - wcosgh ^^1 - h  ̂ ^^2
^  ̂ ^  -dE

const wcosg I, + 2h1 V  2x-flow
6.61

\ C_ bw^sin^gf wsingJcosgw dA + fh ^^1 + I 1(6.

w'A^ (sin^g- cos^g) - 2h I"wcosg-h x-flow V  1 V  2

Similarly, 6.60a, 6.60c and = constant substituted into 6.8 and 
6.15 produce the expressions for the forced vortex situation :

62

f t ) , = <(u)̂ r̂  cosgsingA + 2wr singh I ^)dg 
forced ( ^ dZ
vortex

- (ojr cos^gA + 2cosghyI^^)wsing - wr cosgh^ ^^1

y -

- h ' ^^2 \ /(wr cosgl ' + 2h I. ) 6.63
V  —  ?/ 1 V  2

forced
vortex

=1̂—^ b(jL)̂ r^sin^g + wr sing jcosg ̂ r  ^  + Awsing^

• f. ft • V ft)]/- (sin^ g - cos^ g)

- 2h I,^ wr cosg - h  ̂ 6.64V 1 V 2 '
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In the constant circular cross-section versions (case 1 and case 2) 
similarity profiles are used to represent velocity profiles, and the 
integrals Î "' and together with their derivatives are replaced
by functions of the form (constant x area) and (constant x dA/dZ)
respectively. The problem then reduces to the solution of the

*^v, dg and dA,
dz dz dz

simultaneous differential equations describing v, dg and dA.

The method of solving the full jet model incorporating cross- 
section distortion and non-similar velocity profiles in forced- 
vortex swirling flow is of more relevance and will now be described. 
Away from the jet origin the integrals and 1^' and their
respective derivatives are no longer simple functions of area 
alone but are additionally related to the jet cross-sectional 
shape through the distortion model and the solution of the Poisson 
equation over the distorted area.

The model is of the initial value type and is solved by a forward 
marching integration with Z, the centreline co-ordinate, as the 
independent variable. At the origin the integrals and 1^' and
their respective derivatives are functions of area. The function 
used may be varied to suit the required initial velocity profile.
With the other known initial conditions, h^(E injection velocity 
at the origin), g(E injection angle at the origin) and 
A(E nozzle area at the origin), the solution proceeds as shown 
schematically in Fig. 6.8. In the following discussion the initial 
condition station will be referred to as "step n". The 
simultaneous differential equations, i.e. equations 6.63, 6.64 and 6.36, 
are numerically solved over a small step dZ giving h^,g and A at 
step n+1. The solution procedure used is a variable-order, variable- 
step Gear method. (The major subroutines will be described in more 
detail later in this chapter). The Gear method is primarily intended 
for integrating stiff systems, i.e. systems with widely differing time 
constants, but integrates all systems satisfactorily.
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The mean jet velocity at a cross-section, defined as

imomentum flux _ 5.65
mass flux ~ C

J a dA

which using equation 6.3 together with the integral definitions gives

wfr^cos'gA + 2wrcosgh I. h  ̂ I.' u = __________________________ V 1 V 2
wr cosgA + h I "V 1

is calculated at each step. This enables the arithmetic mean 
velocity over a step dZ to be determined. This is used to obtain 
a pseudo time step which may be thought of as representing the time 
taken by a 'mean particle' of fluid to traverse dZ. This pseudo time 
step is used in the calculation of the jet cross-section distortion 
over the step dZ from n to n+1. In this calculation the mean 
swirl cross-flow velocity between n and n+1 is used.

Having distorted the cross-section its area is calculated by super
imposing a rectangular mesh over the cross-section and employing a 
Monte-Carlo routine for numerical integration. The area obtained 
from the solution of the simultaneous differential equations is 
divided by this integrated solution to obtain a scaling factor 
used later in the calculation of the integrals I^^ and Ig^.

The mesh used in the area calculation is then employed in the finite- 
difference solution of the auxiliary function :

9'S d^S

The choice of 'q' is purely arbitrary since the distributions are 
normalised, in the present work q is set to unity.

This is solved over the distorted jet cross-section area and eventually 
provides the jet velocity profile. The finite difference solution is 
obtained by the method of successive over-relaxation, also known as the
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extrapolated Liebmann method. The maximum value is S is determined 
and the finite difference solution is normalised over the distorted
area to obtain distributions of U and U  ̂.V V

These distributions are integrated, again using a Monte-Carlo 
technique, to obtain initial values of the integrals I^^and which 
are multiplied by the area scaling factor to give the actual values
of I ' and 1 '  at n+1. The derivatives 1 and ^^2 at n+1 are

“ di
given by the difference of the integrals and over the interval
dz between n and n+1. The values of h ,g. A, I *̂ 1̂ , ^^2 at n+1

^ dZ dZ
are then used as the initial conditions for the next step and-the —
process repeated until one of the program limits is exceeded. At
this point computation ends.

The limits which stop computation are set by the user and are :

1) a limit on radial penetration, r
2) a limit on angular penetration, 0
3) if h^ reduces to O then the jet is fully dissipated

and computation ends

There is a further user-defined limit, however, which although not 
stopping the computation, changes the solution procedure. This is a 
user defined limit on g (normally a value less than 30®) at which the 
jet may be considered to be almost parallel to the deflecting flow.
This is a region of similarity and normally occurs far downstream of 
the nozzle. Under such conditions the cross-section distortion and 
Poisson distribution calculations are no longer necessary. Instead, 
similarity of shapes and profiles is used to determine the values of 
I^^ and and their respective derivatives.

A detailed flowchart of the program, "JET", is presented in Fig. 6.9. 
Each of the major subroutines used will now be described. The program 
is written in Fortran. Program listings and implementation details 
will be found in ref. (119).
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6.3.3 Subroutine "co-ord".

The listing of this subroutine will be found in ref. (119).

a) Specification
subroutine co-ord (nmax,d,x,y)

b) Description
This routine is called at the start of the JET program and 
calculates the initial co-ordinates of the vortex elements in 
the x-y plane of the jet cross-section.

c)~Pafameters~
nmax (integer) - number of discrete vortex elements seeded on 

jet circumference 
d(real) - diameter of jet
X , y (real arrays)

- on exit they contain the initial co-ordinates 
of the vortex elements

6.3.4 Subroutine d02eaf

This is a standard "NAG" library routine on MULTICS and no listing 
is supplied

a) Specification
subroutine d02eaf (z,zend,n,y,tol,fcn,w,iw,ifail)

b) Description
The routine integrates a system of ordinary differential 
equations

ft' ” ft'^^'ft'ft ft’

from t=Z to t=Zend using a variable-order variable-step Gear method, 
The system is defined by a subroutine "fen" supplied by the user,
which evaluates Fi in terms of t and  ,y^, and the values
of y^,Y2..... ,y^ must be given at t=Z. The accuracy of the
integration is controlled by the parameter "toi". Although the
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routine is primarily intended for integrating stiff systems of 
differential equations, it should integrate all systems 
satisfactorily. For a description of Gear's method and its 
practical implementation see (114).

c) Parameters

z(real)

zend(real)

n(integer)

- before entry z is set to the initial value of 
the independent variable (i.e. the centreline 
co-ordinate). On exit it contains zend unless
an error has occurred in which case it contains the 
value of z at which the error occurred.

- on entry zend specifies the final value of the
independent variable.

- on entry n specifies the number of differential
equations to be solved. In JET, n=3.

y (real array) - before entry y (1),y (2),y (3) are set to the 
initial values of A,h^ and g respectively.
On exit y (1),y (2),y (3) contain the computed values 
of the solutions of A,h^ and g at zend.

toi(real) - before entry toi is set to a positive tolerance
for controlling the error in the integration.
For a detailed discussion of this parameter refer 
to (113). A typical value for the JET program 
is toi = 10

fen (subroutine supplied by the user)
- fen evaluates the functions F^ (i.e. the derivatives 

dA/dZ,dh^/dZ and dg/dZ) for given arguments 
z,y(l),y(2),y(3). its specification is 

subroutine fen (t,y,f) 
real t,y(n),f(n) 

where n is the actual value in the call of d02eaf. 
Three separate subroutines are used to evaluate 
the functions in JET, namely subroutines ff,ffl 
and ff2 depending on in which regime the jet is :
a) ff is used at the origin
b) ffl is used in the deflection region where 

cross-section distortion and non-similarity 
occur
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w(real array) 

iw(integer)

ifail(integer)

c) ff2 is used in the far downstream similarity 
region.

- used as working space.

- defines a dimension of the working space 
array, iw = n+18.

- failure indicator. For full details refer 
to (113).

6.3.5 subroutine vortex

The listing of this subroutine will be found in ref. (119).

a) Specification
subroutine vortex (nmax,d,xv,delt,visc,a,b,thr)

b) Description
This routine calculates the changes in the jet cross-section 
co-ordinates over a short time step due to the effect of a 
cross-flow. It uses the model described in section 6.2.9. 
The routine includes the viscous damping modification 
suggested by Strauber (also described in section 6.2.9).

c) Parameters 
nmax(integer

d(real)

XV(real)

delt (real)

vise (real)

- number of vortex elements on the jet periphery

- jet diameter at the origin

- cross-flow velocity

- time interval over which the successive 
approximation calculation is to be performed

- turbulent dynamic viscosity

a,b (real arrays) - on entry a,b contain the initial x,y
co-ordinates of the cross-section, on exit 
they contain the new co-ordinates due to 
cross-section distortion 

thr(real) - value of angle 3.
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6.3.6 subroutine amaxmin

The listing for this subroutine will be found in ref. (119).

a) Specification
subroutine amaxmin (x,n,xmin,xmax)

b) Description
This routine returns the maximum and minimum values 
(xmaXfXmin respectively) of an array 'x'.

c) Parameters
x(real array) - array of variables x(i)
n(integer) - dimension of array x
xmin(real) - on exit contains minimum value of array x
xmax(real) - on exit contains maximum value of array x

6.3.7 Subroutine epde 1

The listing for this subroutine will be found in ref. (119) .

a) Specification
subroutine epdel (mkarea,ddx,ddy,nsccd,jobnumd,kodbasd, 

nsccpd,nptsd,dxdata,dydata,dudata, 
dbf inal,dewant,inptmkd,nrd,ncd,dumat)

b) Description
This routine is used to solve the auxiliary function

over the distorted jet cross-section. This solution provides 
the basis for the non-similar velocity distribution U .V
It is a general routine and will solve equations of the form 

3^s 9^s 9s 9s _ _ ^

where a,b,c,d,e and f may be functions of x,y and s.
The solution is found within a region bounded by simple
closed curves --- ,Ĉ  where  lie within
the domain bounded by . Along any segment of either 

i) s must be known, or 
ii) if the segment is straight and a mesh can be chosen 

such that the segment is coincident with a nodal
line then an expression of the form
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9s 9s _P + q + rs + t = 0 6.68

may be satisfied. Such a segment is known as a Neumann 
boundary.

The auxiliary function used in the JET program is a special 
case of equation 6.67 together with a boundary conditions of 
type (i) above. There is only one simple closed curve 
defined by the jet cross-section co-ordinates.

The general method of solution is to superimpose upon the 
region of interest a mesh and replace the partial differential 
equation to be solved by an approximate difference equation at 
each nodal point of the net. Fig. 6.10 shows a typical mesh 
superimposed upon a region (between curves and C^) within 
which the solution of an equation typified by 6.67 might be 
required. The size of the mesh is governed by the elements 
Ax and Ay. The horizontal lines, defined by

y^ = (j-l)Ay, j=l,2,....,nr 6.69

are referred to as mesh rows; and the vertical lines, defined 
by

x^ = (i-l)Ax, i=l,2,...., nc 6.70

as mesh columns. The points of intersection of the rows and
columns are referred to as nodal points; they are numbered as
indicated in Fig. 6.10. It is important to note that curve 
must lie within the positive x-y quadrant, although segments of 
it may be coincident with the axes.

The finite difference equations may now be determined.

Let M be a nodal point between and , and let the value of 
s at M be S^. M has four neighbours, i.e. one to the right, 
one above, one to the left and one below. A neighbour may be 
another nodal point, or a point on the boundary if the boundary
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cuts the mesh row or column between the current nodal point 
and the next one. The situation is shown in Fig. 6.11 in
which a localised numbering system is adopted : point M 
becomes point O and its four neighbours are numbered 1,2,3 and 
4 respectively. Let be the distance from point O to point j 
(j=1,2,3,4) as a proportion of Ax or Ay as the case may be 
(i.e. 0<Hj<l), and let be the value of s at j.

Using the Taylor series expansion of S at the appropriate points, 
it may be shown that (see also Fig. 6.11)

2
(Syy’o = {»4=2 + *2=4 ‘ <«2 + + fty G-72

+ E 6.73
X

where =  If' ®y= If
and e , e -K) as Ax-K) and e ,e -K) asAy-K)XX X yy y

substituting 6.71 - 6.74 into equation 6.67, neglecting the 
truncation terms 
obtained, namely
truncation terms and rearranging, an expression for is

ft = ft ft + ft ft + ft ft " ft ft ^ ft 6-76

where C^-C^ are functions of h^-h^,Ax,Ay and (through the
coefficients a-f) the co-ordinates of the nodal point M. For
each mesh point in the region of interest (between and ,
Fig. 6-10) such an equation exists together with an unknown
value S . There are thus sufficient equations to determine the m
set of unknown S .m
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If the auxiliary function for the solution of JET is now considered 
then expressions 6.73 and 6.74 are zero and the Poisson equation

9^S 9' S

rewritten in the form of 6.71 and 6.72, and re-arranged in terms 
of So becomes

So = ^^3 ^1 + ^^4 ^2 + ^^1 ^3 + ^^2 - 1 6.77

^ -  —

Ay:

Thus if 6.77 is compared with 6.76 the five coefficients of the 
finite difference equation are

C, = ^^3 6.79a
 ̂ “0^

C_ = ^^4 6.79b
2

C = ^  6.79c
a*

C. = ^^2 6.79d

= -1 6.79e

These coefficients are used in the subroutine 'getco' to define the 
expression to be solved. Subroutine 'getco' is also listed in 
ref. (119).
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c) Parameters
mkarea(integer)

ddx,ddy(real) 

nsccd(integer)

jobnumd(integer) 

kodbasd(integer)

nsccpd(integer) 

nptsd(integer) 

dxdata,dydata(real

dudata(real array)

dbfinal(real) 

dewant(real) 

inptmkd(integer) 

nrd,ncd(integers )

dumat(real array)

- defines nature of use of epdel.
if mkarea=l only the mesh is produced 
if mkarea=0 the full routine is invoked.

- mesh spacing x, y

- number of closed curves within which the 
equation is defined (in the case of the 
JET program nsccd=l).

- step counter.

- code number defining the equation to be 
solved. Used in calls to subroutine getco.

- dummy variable, refer to (115) for details.

- number of boundary data points, 

arrays)
- co-ordinates of boundary points (i.e. vortex 

elements on periphery of jet).

- values of boundary data points, set to 0.01 
for the purposes of the JET program.

- acceleration factor, refer to (115) for details,

- required accuracy of solution.

- output marker, refer to (115) for details.

- on exit they contain the number of rows and 
columns (respectively) used in the finite 
difference mesh.

- on exit contains the nodal values of the 
solution.

6.3.8Subroutine area

The listing of this subroutine will be found in ref. (119).

a ) Specification
subroutine area (a,xdmax,ydmax,iaf,acca)
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b) Description
This routine uses information provided by the finite difference 
mesh of subroutine epdel to calculate the area of the distorted 
jet cross-section by a Monte-Carlo integration technique. Mesh 
nodal points which are interior, or on the boundary, of the jet 
cross-section are set to a value of 1, exterior points to a 
value of zero. This information is transferred to subroutine 
area by a common statement. A NAG routine, dOlfaf, is used to 
perform the numerical integration. The Monte-Carlo technique 
divides the integration region into an initial number of equal 
area subregions. Inside each subregion the integral and 
its variance are estimated by pseudo-random sampling and 
summation. All these contributions are added together to 
produce an estimate for the whole integral and variance. The 
variance along each co-ordinate axis is determined and the sub
routine uses this information to increase the density and change 
the widths of the subintervals along each axis, so as to reduce 
the total variance. The program recycles for another 
iteration and continues until a user-selected accuracy is 
achieved. Normally the Monte-Carlo routine demands a function
defined over the integration region; however, in the case of the 
JET program an interpolation routine is used to determine the 
value of the pseudo-random sample (=1 for internal points,
=0 for external points). This interpolation is performed by 
NAG routine eOlacf and is contained within the function 'funca' 
(also listed in ref. (119). For more information on the NAG
routines refer to (113).

c) Parameters
a (real) - on exit this contains the best estimate of

the integral (i.e. the area)

xdmax,ydmax(real) - defines the limits of the integration
region (i.e. the limits of the finite- 
difference mesh)

iaf(integer) - failure indicator, refer to (113)

acca(real) - on exit this contains the estimate
relative accuracy of the integral.
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6.3.9 Subroutine calc

The listing of this subroutine will be found in ref. (119).

a) Specification
subroutine calc(cint,xdmax,ydmax,aaz,intlf,nnr,nnc,dx,dy)

b) Description
This routine uses the distributions of velocity functions 
U , U  ̂ obtained from the finite difference solution of theV V
auxiliary function to calculate the integrals and 
The technique used is identical to that for the area 
calculations utilising a Monte-Carlo routine and interpolated 
pseudo-random samples from the distributions of and .
The interpolation routine is contained within function 'funci', 
which is also listed in ref. (119).

c) Parameters
cint(real - on exit contains the best estimate of the

integral.

xdmax,ydmax(real) - defines the limits of the integration
region.

aaz(real array) - on entry contains the distribution to be
integrated (i.e. or U^^).

intlf(integer) - failure indicator, refer to (113).

nnr,nnc(integers) - number of rows and columns respectively
of the finite difference mesh.

dx,dy(real) - mesh interval column-wise and row-wise
respectively.

6.4 Presentation of Results

6.4.1 Introduction

Results from the computer program JET will be presented in two 
groups :

group 1 : results for a constant circular cross-section jet with 
similarity profiles in a constant cross-flow and a
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forced vortex cross-flow (similar to swirl in d.i. 
engines)

group 2 : results for the full jet model with cross-section 
distortion and non-similarity in a forced vortex 
cross-flow.

The first group of results includes the effects of varying 
injection velocity and injection angle. The second group shows 
the effects of varying the turbulent eddy viscosity used in the 
distortion model described in section 6.2.9. In all cases the 
jet is considered to be an isothermal air jet injected radially 
outwards into air under isodense conditions. The injection is 
from the centre of a chamber 100 mm in diameter (equivalent to the 
combustion rig chamber). In all results presented the initial jet 
diameter is 2mm and, normally, the initial jet velocity is 100 m/s.

6.4.2 The Constant Circular Cross-Section Jet with Similarity 
Profiles

6.4.2a Comparison of Jets influenced by Forced Vortex, and 
Constant Velocity Cross-Flows

The similarity profile used in the work described in this section is 
an area related function producing integrals similar to those 
obtained with Poisson distributions. The integrals are given by

I^" = 0.5A 6.80a

= 0.355A 6.80b

The choice of profile, if a similarity approach is adopted in an
integral technique, is not critical providing the boundary 
conditions are satisfied and the profile is qualitatively correct.

Results at eleven conditions are presented :

a) zero cross-flow, i.e. quiescent conditions, straight jet.
b) forced vorted cross-flows of 100,250,500,750,1000 rad/sec.
c) constant cross-flows of 2.5,6.25,12.5,18.75,25 m/s.
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The constant cross-flows correspond to the tangential velocity 
at the mean radius of the selected forced vortex flows (i.e. at a 
radius of 25 mm). This comparison is made since in such a jet 
model there is a temptation to approximate complex cross-flow 
distributions to a simple constant cross-flow (e.g. the Adler-Lyn 
model (35)). The model presented in this chapter is capable of 
handling any cross-flow distribution providing its velocity is 
known as a function of either radius r or centreline co-ordinate z.
In this section the jet injection velocity is 100 m/s (comparable 
to typical spray velocities in engines).

The model is steady state and so all property variations are 
presented as functions of the independent variable z.

In Fig. 6.12 the decay of the jet maximum velocity as a function 
of swirl rate is presented; the results for the constant cross-flow 
cases are shown in Fig. 6.13. In Figs. 6.14 and 6.15 the velocity 
decay over the first 5 mm penetration is shown on an expanded scale 
for the forced vortex and constant cross-flow conditions 
respectively. In Fig. 6.16 the jet cross-section area growth is 
presented for quiescent conditions, swirl rates of 100,250 and 500 rad/s 
and the comparable constant cross-flows of 2.5,6.25 and 12.5 m/s. 
Similarly, Fig. 6.17 shows the area growth at the higher swirl rates 
together with the results for the comparable constant cross-flows.
In Figs. 6.18 and 6.19 the jet trajectories for the various cases are 
shown, in each case the end of the trajectory line represents either;

a) the point of jet dissipation (i.e. excess velocity h^ reduces 
to zero), or

b) the point at which the jet would strike the chamber wall, or

c) the jet passing through 90® angular penetration.

The entrainment predicted by the model is of major interest and 
Figs. 6.20 and 6.21 show the entrainment rates for the various cases 
considered. In Figs. 6.22 and 6.23 the resulting entrained volumes 
are presented.
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6.4.2b The Effects of Injection Angle Variation

In the results presented so far jet injection has been purely 
radial. In this subsection the effects of jet injection against 
and with the flow are presented. Four non-radial conditions are 
considered for a jet injected at 100 m/s into forced vortex flow with 
a swirl rate of 500 rad/s. The four cases are 5® and 10® against 
the flow (designated +5® and +10®) and 5® and 10® with the flow 
(-5® and -10®).

In Fig. 6.24 the decay of the jet maximum velocity at the various 
injection angles is shown, and in Fig. 6.25 the area growth rates.
The effect of injection angle on jet trajectory is presented in 
Fig. 6.26. Figs. 6,27 and 6.28 show the variations in entrainment 
rates and entrained volumes for the various injection angles.

6.4.2c Effects of Injection Velocity Variation

A further parametric study was performed by varying the injection 
velocity at a swirl rate of 500 rad/s and with purely radial 
injection. In all the examples presented so far the injection 
velocity is 100 m/s; the results presented in this sub-section are 
for injection velocities of 50 m/s and 200 m/s and they are compared 
with the "standard" 100 m/s case. Fig. 6.29 shows the velocity 
decay for the three injection velocities and Fig. 6.30 the area 
growth. The variation in jet trajectory with injection velocity 
is presented in Fig. 6.31. Figs. 6.32 and 6.33 show the entrainment 
rates and entrained volumes for the three injection velocities.

6.4.3 Results for the Full Model with Cross-Section Distortion 
and Non-Similar Velocity Profiles.

The results presented in this section are for the full jet mixing 
model with non-similarity and cross-section distortion. In the 
section describing the method of simulating cross-section distortion 
the modification suggested by Strauber was included (see section 6.2.9) 
Strauber*s modification is an attempt to estimate the effects of
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viscosity on the jet distortion and in this section the results of 
varying this influence will be presented together with the other 
relevant output of the model.

As with the jet results in the previous sections of this chapter 
the jet is assumed to have an initial velocity of 100 m/s, an 
initial diameter of 2mm and its initial velocity profile is that 
satisfying the Poisson equation. The jet is subjected to three 
forced-vortex external flow fields with swirl rates of 100,500 and 
1000 rad/s. Four values of turbulent eddy viscosity are considered,
namely 0 (the inviscid solution), and 1%, 10% and 100% of the dynamic--
viscosity of air at 1 bar absolute pressure and 20*C (1.6 x 10 m'/s)

Fig. 6.34 (a-j) shows the progressive distortion of the jet cross- 
section for the inviscid case at a swirl rate of 100 rad/s. (In all 
the figures showing jet cross-section the cross-flow is from the top 
of the diagram). The contours shown are those of the normalised 
distributed velocity function (maximum value of 1) over the 
normalised area and the maximum jet velocity at each section is 
indicated. The velocity at any point in the cross-section is 
obtained from the relationship defined in equation 6.3, i.e. 
u = wrcos3 + U h . The z-co-ordinate for each cross-section isV V
also shown. Figs. 6.34e and 6.34i are isometric projections of the 
contour plots Figs. 6.34d and 6.34h respectively. The subroutine 
which produces the contour and isometric projection plots is 
detailed in ref. (119).

In Fig. 6.35 the jet cross-sections and distributions for the 
inviscid case at a centreline co-ordinate of z=5 mm for the three 
swirl rates are presented. Similar comparisons of the cross- 
sections at z=9 mm and 13 mm are presented in Figs. 6.36 and 6.37 
respectively.

The effect of viscosity on the solution may be seen in Fig. 6.38 
which shows the jet cross-section at z=9 mm, 500 rad/s swirl rate 
for the inviscid case and 1% viscosity. A similar comparison at 
z=13 mm is made in Fig. 6.39. This is extended to the 100 rad/s
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swirl rate case in Figs. 6.40 and 6.41 for z=9 mm and z=13 mm 
respectively.

In Fig. 6.42 the jet maximum velocity decay for the various 
viscosities at a swirl rate of 100 rad/s is presented; Figs. 6.43 
and 6.44 are similar plots for the 500 and 1000 rad/s swirl rates 
respectively.

The effect of viscosity variation on area growth for the three 
swirl rates is shown in Fig. 6.45. In this figure the area 
growth of the inviscid case is considered to be.the datum and the 
percentage changes due to viscosity are relative to it. The area 
growths are considered over the complete length of the jets.

Fig. 6.46 shows the jet trajectory for the two extremes of 
viscosity, inviscid and 100%, at the three swirl rates.

The effects of viscosity on entrainment is shown in Figs. 6.47, 
6.48 and 6.49 for the three swirl rates.

Detailed experimental information on the properties of jets in 
swirling flow is scarce. However, the water rig work described 
in Chapter 3 does provide an overall indication of jet trajectory 
and growth. Results from the jet mixing model are compared with 
two water rig cases selected from the work of Aggarwal (73) in 
Figs. 6.50 and 6.51. In Fig. 6.50 the swirl rate is 20 rpm with 
a jet injection velocity of 5 m/s and in Fig. 6.51 the swirl rate 
is 60 rpm and the injection velocity is 6.38 m/s. In both cases 
the initial diameter of the jet is 15 mm and the tank diameter is 
300 mm.
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6.5 Discussion of Results

6.5.1 The Constant Circular Cross-Section Jet with Similarity 
Profiles

6.5.1a Comparison of Jets influenced by Forced Vortex and Constant 
Velocity Cross-Flows

The simple constant cross-section, similarity jet was considered 
for two reasons. First, it provided a parametric comparison of 
the jet under different cross-flow distributions and injection 
conditions, and secondly, it would enable an assessment of the 
value of incorporating cross-section distortion and non-similarity.

The jet velocity decay for both forced vortex and constant velocity 
cross-flows follow the classical trends for jets of an initially 
extremely rapid fall followed by a downstream region of reducing 
rate of fall of velocity. Figs. 6.12, 6.13. The jets subjected 
to the constant cross-flow lose their axial velocity more rapidly 
than their equivalent forced vortex cases. This is not 
unexpected since the constant cross-flow jets are subjected to the 
full cross-flow velocity from the origin. Initially, over the 
first 5 mm penetration, the jets decelerate more rapidly the 
higher forced vortex swirl rate, as Fig. 6.14 shows; however, after 
z=5 mm the situation is less obvious as the effects of jet curvature 
become more significant in the momentum exchanges. In the case of 
the constant cross-flow jets the relationship of higher velocity 
decay with higher cross-flow is only true up to z=l mm. Fig. 6.15, 
as these jets are more rapidly deflected than the 'equivalent' 
forced vortex swirled jets.

The trajectories of the jets, pesented in Figs. 6.18 and 6.19, show 
how the constant cross-flow jets are more rapidly deflected. An 
interesting feature of the comparison of the two types of cross- 
flow is that the jets subjected to the forced vortex flow tend 
to have lower final velocity excesses, h^, than those of the 
equivalent constant cross-flow jets. This, it is suggested, is 
due to the initial high rates of deflection suffered by the constant 
cross-flow jets which results in their trajectories being close to 
the cross-flow direction and thus reduces the rate of axial velocity 
decay.
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The effect of cross-flow on jet cross-sectional area growth is 
shown in Figs. 6.16 and 6.17. These figures illustrate the 
enhanced growth of the jets compared to that of a straight jet.
Due to their greater radial penetration the jets subjected to 
forced vortex flow tend to have larger cross-sectional areas than 
their constant cross-flow equivalents. This occurs because as 
the forced vortex jets exceed a radial penetration of 25 mm the 
cross-flow velocity exceeds that of the equivalent constant cross- 
flow case. This larger area and the requirement to satisfy the 
continuity condition results in the lower final velocity excesses 
of the forced vortex jets.

Entrainment prediction will be crucial when the jet model is used 
as the basis for a combustion model. The entrainment rates 
presented in Figs. 6.20 and 6.21 show that the model is not only 
sensitive to cross-flow velocity but also to its distribution.
The entrainment characteristics of the forced vortex and constant 
cross-flow cases are quite different. The forced vortex jets 
tend to approach a marked peak in entrainment rate after which the 
entrainment rate falls away. This peak in entrainment rate tends 
to become sharper and closer to the origin the higher the swirl 
rate. The constant cross flow results exhibit a different trend 
in that their entrainment rates approach a plateau at which the 
rate remains almost constant, but falling slightly. This 
plateau occurs due to the high initial rates of deflection which 
is followed by the jet being swept around in a trajectory close to 
the cross-flow trajectory. Again, this plateau is achieved closer 
to the origin the higher the cross-flow velocity. It is interesting 
to note that the rate of entrainment of a straight get is predicted 
to be constant which is a result of the simple isothermal, isodense 
jet theory and may be shown as follows :

in a straight jet the axial momentum is conserved

i.e. ^  (Trr^pvM = 0 6.81dz
which when expanded gives

V  ^

ÉY = _  6.82dz r
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the mass entrained over elemental length dz is given by

de = ^  (it pr^v) dz 6.83dz

expanding 6.83 gives

de = VIT p2r 4^ dz + npr^ ~  dz 6.84dz dz

substituting for from 6.82 into 6.84 gives

de = TTpvr 4^ dz 6.85dz

according to Abramovich (59) “  = 0.22 for a straight jet 
so 6.85 becomes

de = 0.22 pvriT dz 6.86

(which is constant since P = constant, and r^v^ = constant)

and d = 0 6.87ü2\dz/

When the entrained volumes of the two cases of forced vortex swirl 
and constant cross-flow are considered. Figs. 6.22 and 6.23, the 
conclusions are not so obvious. The two types of cross-flow 
produce similar trends of entrained volume; however it is 
possible to see the effects of over-swirling the jet and so reducing 
its final entrained volume. The maximum entrained volumes of the 
cases considered are obtained with the low to medium swirls of 
100,250 rad/s (forced vortex) and the corresponding constant 
cross-flows of 2.5 and 6.25 m/s. Obviously, injection velocity 
is also an important parameter. The model is able, however, to 
indicate the optimum mixing conditions in terms of entrained 
volume.
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6.5.1b The Effects of Injection Angle Variation

In this study the jet was subjected to a forced vortex cross-flow 
of 500 rad/s and injected at 100 m/s at various angles either 
side of the pure radial direction. The effect of injection angle 
on velocity decay is minimal over the first 10 mm of jet 
penetration. After z =10 mm, however, the jet injected at 10® 
from the radial into the cross-flow loses its velocity rapidly 
and has the shortest centreline penetration before the velocity 
excess, h^, falls to zero. The jet injected at 5® into the swirl 
is an interesting case in that between z = 16 mm and z = 30 mm its 
rate of velocity decay is lower than that of the others. Again, 
this is due to the complex interaction between the jet trajectory 
and the swirl direction.

The effect of injection angle on area growth, shown in Fig. 6.25, 
indicates that, within the limits of injection angle examined, 
the more the jet is directed into the flow the more rapidly it 
grows. Intuitively this is to be expected and should be a desirable 
feature in terms of entrainment.

The jet trajectories, shown in Fig. 6.26, indicate how the jets 
injected with the swirl are swept around further than those 
injected against the swirl.

The maximum entrainment rate increases as the jet is injected 
against the flow, as Fig. 6.27 indicates. The highest 
entrainment rate is achieved with the jet injected at 10® into 
the swirl. However, this jet is dissipated rapidly and Fig. 6.27 
shows that the highest sustained rates are achieved with the 
injection at 5® into the flow. This indication is confirmed when 
the entrained volumes are considered. Fig. 6.28. This shows that, 
of the angles considered, 5° into the flow produces the highest 
entrained volume, an important result indicating at least 
theoretically a desirable feature in the design of injection nozzles
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6.5.1c Effects of Injection Velocity Variation

In the results described so far the injection velocity has been 
maintained at a constant 100 m/s; in this section the effect of 
changes in injection velocity are considered. Three cases are
compared; radial injection at 50 m/s, 100 m/s and 200 m/s into a 
forced vortex swirl of 500 rad/s.

The jet velocity decays for the three injection velocities 
exhibit the expected characteristics as Fig. 6.29 shows. This
figure also shows the progressive increase of centreline 
penetration with increased injection velocity. The centreline 
penetrations up to jet dissipation for the three injection 
velocities of 50, 100 and 200 m/s are 23 mm, 34 mm and 55 mm 
respectively.

The area growth characteristics, presented in Fig. 6.30, are 
interesting in that near the origin the lower the injection 
velocity the more rapid the area growth. This tends to support 
the physically intuitive idea that the higher the injection 
velocity the less the cross-flow influences the jet. In other 
respects the jet approaches the behaviour of a straight jet.

Fig. 6.31, showing the jet trajectories, indicates the greater 
radial penetration of the high velocity jet.

The expected result of higher entrainment rates with higher 
injection velocities is reflected in Fig. 6.32. In addition, 
the peak of entrainment rate is displaced further from the origin 
the higher the injection velocity. Despite the higher predicted 
entrainment rates for the higher injection velocity the entrained 
volumes for the three cases follow very similar characteristics. 
Fig. 6.33. This is not altogether unexpected since the higher 
the jet velocity the less time it has to entrain over a distance 
of dz and, as the model is steady-state, entrained volume is 
presented as a function of z. The major benefit of the higher 
injection velocity is that the jet is able to travel further 
before merging with the swirl and is thus able to entrain a 
greater volume over its total length.
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6.5.2 The Full Model with Cross-Section Distortion and 
Non-Similar Velocity Profiles.

In the results presented in this section, injection was purely 
radial at 100 m/s. Three swirl rates of 100,500 and 1000 rad/s were 
considered.

As the inviscid results presented in Fig. 6.34 show, the model 
simulates the realistic rolling-up of the jet cross-section and 
closely reproduces the velocity profile characteristics observed 
by Kamotami and Greber (102). The jet peak velocity moves progressively 
from the jet centre (Fig. 6.34) up towards the jet leading edge (6.34c) 
and then moves into the two legs of the rolled-up cross-section (6.34d). 
Eventually the central "bridge" of velocity linking the two legs all 
but disappears as Fig. 6.34h shows although there is still a tenuous 
link which may be seen in the isometric projection of Fig. 6.34h shown 
in Fig. 34i. After many calculation steps a degree of assymetry in 
the cross-section becomes apparent. This may be seen in Fig. 6.34j 
which is the jet cross-section solution after 41 steps. This 
assymetry is due to the accumulation of approximation errors 
inevitable in the numerical technique; however, it may be reduced 
by increasing the number of nodes in the finite-difference procedure 
and increasing the number of vortex elements on the jet periphery.

The effect of increasing swirl on the inviscid solution is seen in 
Figs. 6.35, 6.36 and 6.37. It is particularly interesting to 
compare the jet cross-sections for the three swirl rates at z=13 mm 
(Fig. 6.37). Whilst the 100 rad/s case has only just started to 
deform, the 1000 rad/s jet has separated into two weakly linked legs 
which contain the peak velocity.

The effect of turbulent eddy viscosity on the rate of distortion 
of the cross-section is quite marked as Figs. 6.38, 6.39, 6.40 and 
6.41 show. The cross-sections for the 500 and 1000 rad/s cases are 
shown as these illustrate the effects well. Increasing the 
viscosity in the distortion model from zero to 1% of the full value 
results in a significant reduction in the rate of distortion. When 
the viscosity is increased to its full value then only minimal
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distortion occurs, within the limits set on penetration, and the jet 
remains sensibly circular in cross-section, although with greater 
penetrations or even higher swirl rates the characteristic rolling- 
up does occur. Nevertheless, it is clear that the use of the 
distortion model and the non-similar profiles provides detailed 
information on property distribution.

The effects of viscosity variation on velocity decay is not very 
significant as Figs. 6.42, 6.43 and 6.44 show. However, there 
are some differences when compared to the results of the simplified 
model presented in section 6.5.1. At the higher swirl rates of 
500 and 1000 rad/s (Figs. 6.43 and 6.44) the non-similar, 
distorting jet maintains a higher downstream velocity than the 
constant cross-section, similarity model. At the 100 rad/s swirl 
the velocity decay of the two versions of the model are almost 
coincident (Fig. 6.42).

Area growth is significantly effected by turbulent eddy viscosity, 
as Fig. 6.45 indicates, with the maximum growth rate obtained in 
all three swirl cases at the 10% viscosity condition. The growth 
rates of the constant cross-section, similarity version for the 
respective swirl rates is also shown, although this is determined 
over a much shorter penetration distance for the 500 and 1000 rad/s 
cases.

The jet trajectories for the three swirl cases and at the two 
extremes of turbulent eddy viscosity are shown in Fig. 6.46 and it 
is apparent that there is no significant variation in trajectory 
for the different turbulent eddy viscosities. However, one 
general trend is indicated in that the highly distorted zero 
viscosity jets are deflected more than the 100% viscosity jets.
This is probably due to the increased drag of the highly distorted 
cross-sections which have a larger width in the x-plane than the 
same-area circular cross-sections.

Figs 6.47, 6.48 and 6.49 show that turbulent eddy viscosity seems 
to have little effect on the entrained volume of the jet, in fact
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at the 1000 rad/s the entrained volumes of the four viscosities 
considered are practically identical (Fig. 6.49). In the 100 rad/s 
swirl condition the constant cross-section, similarity model 
predicts a slightly higher entrainment than the distorting, non
similarity model (Fig. 6.47). However, at the other two swirl 
rates the opposite occurs. This is most certainly due to the 
full model predicting a much greater penetration.

A comparison between the results of the jet model and experiment 
is difficult due to the dearth of experimental data on jets in 
swirling flow. Two comparisons hve been made, however, using 
the photographic evidence of Agarwal (73) obtained from the water 
rig work (Chapter 3). These comparisons are presented in Figs. 6.50 
6.51. The experimental conditions are detailed in the figures.

The experimental jet envelope at the 20 rpm swirl condition. Fig. 6.50, 
is the jet boundary 450 ms after injection. The theoretical envelope 
is that of a constant circular cross section, similar steady state jet 
whose computation is halted on the jet impinging on the wall. The 
'pseudo' time of this impingement, based upon the jet mean velocity, 
is 475 ms. The agreement between theory and experiment is 
reasonable up to impingement, however after impingement the experimental 
jet would certainly include a wall jet which the theoretical model, at 
present, ignores.

At the higher swirl rate of 60 rpm the experimental jet boundary 
represents 250 ms of penetration. Once again the theoretical model 
is in close agreement, the penetration shown representing a 'pseudo' 
time of 230 ms.

Unfortunately it is impossible to make any further comparisons 
(e.g. cross-sectional shape, velocity distribution etc. )
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6.6 Conclusions and Recommendations

The jet model presented produces intuitively and physically 
sensible and consistent results and provides an insight into the 
more detailed properties of jet mixing. The sensitivity of the 
entrainment calculations to magnitude and distribution of the cross- 
flow promises that the full model, including heat and mass transfer 
and now undergoing computer implementation, should provide a sound 
basis for a multi-zone combustion model. Unfortunately, due to 
the scarcity of experimental evidence, it is, at present, impossible 
to completely validate the model and identify its weaknesses.

The value of the extra complications, and longer computing time, 
introduced by the inclusion of the distortion and non-similarity 
model, is not immediately obvious from the results presented. However, 
it is suggested that when included in the final model with heat and 
mass transfer and combustion, the distortion and non similarity of 
properties will produce sufficiently different and more realistic 
results than a model using constant or simplified cross-sectional 
shapes and similarity profiles to make their inclusion worthwhile.

There are, however, several areas in which the model lacks solid 
experimental verification and it is in these areas that further 
work is required :

1) The existence of a potential core is well known from the many 
works on straight jets and a potential core model should be 
included within the jet framework. The potential core will 
certainly modify the downstream properties of the jet. Any 
potential core model used should be sensitive to the effects of 
temperature and density variations.

2) The area growth expression used is for an isothermal, isodense 
jet. The effects of temperature and density variations on 
this growth rate needs investigation.

3) The jet cross-section distortion and its property distributions 
under the influence of swirling cross-flow, and with temperature 
and density variation require investigation, probably using the
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non-intrusive laser anemometer. The completeness of the 
distortion and property distribution models may then be 
assessed, in particular the problem of the turbulent eddy 
viscosity in the distortion model.
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