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SYNOPSIS
The investigations described were initiated in order to

provide information and understanding on the mechanism of

combustion in a medium speed diesel engine. In this way more

economic engine development could be achieved by prediction of
the fuel injection and combustion system performance.

Work carried out at Loughborough University of Technology
comprised a literature survéy, indicating the areas of knowledge
that required elucidation and a study of diesel nozzle spray
characteristics. The penetration and distribution of a fuel

spray in a cold bomb at engine densities and atmospherie

temperatures was measured, using high speed photography. The
ﬁérk differed from previous investigations by using an actual
injection system.

The fegsability of u?ihg a double pass schlieren technique
.in a workiné engine was tested oﬁ a small three-inch bore high
speed d{;sel engine, with a mirror on top §f the piston and a
window in the cylinder head., This optical system allows the
different phases of the cylinder charge (i.e., the air and the
liquid, vapour and burning fuel) to be identified, and greatly
facilitates study of thg ﬁot;i penetration of the fuel spray,
air swirl, combustion aﬁd scavenging processes.,

The knowlédge and experience obtained in the prosecution
of this work showed that it was feasible to apply this system
to & large medium speed engine. Although difficulties with
piston tilt and oil passing up the bore and obscuring the piston
nirror were encountered, methods to overcome these were found,
as also was a method of mounting the sensitive schlieren mirror,

so that the engine vibrations were minimized.




Application to the large engine meant major design

modifications to allow a quafti windoﬁ.to be fitted into the
cylinder head, Experiments were carried out using vhrious
optical arrangements, to change the range and sensifi;ity of
the schlieren system in order to distinguish all the pﬁases of
fuel distribution. ~ Electronic instrumentation was developed -
vhich allowed measuremen£ of transient cylinder and injéction '
systeﬁ conditions during direct and schlicren higﬁ speéd"
photography tests. - | |

From the cold bomb work an equation is proposed:=

5 h.13(‘§- E{’-;)‘e“ (g) "‘lf

This allows the prediction of unevaporated apray'penetration
. from an actual injection system taking into account nozzle
upstream conditions and chanéesgiéngth to diameter ratic.

The large engine work shbws.that no apprecjable air
movement exists., TFuel sgpray penetration is radically affected
by evapofation in ﬁot gas but the vapour continues to penetrste
as & spray. The penetration of the vapour is idéntical to that
of a spray withoﬁt evaporation, thus the proposed equation also
predicts the total penetration Qn & hot gas. Using this
eQuatioh, a goncept'of combustion is proposed in which the fuel
spray is deliberately allowed to impinge upon the piston, &8s
opposed to the accepted theory of non-impingement.' A 12}=inch
bore engine using this form of combustion has demonstrated that
an improvement in efficiency can be obtainéd ;t the same time as
‘substantial reductions in mechpnical loading of the injection

sysaten,
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NOMENCLATURE

General
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Co - Drag coefficient
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INTRODUCTION

~ emphasis has been on the smaller high speed engiﬁea rather than

engines and second, that only in recent years have the medium and

1,

In the past, much time and effort has been devoted to
understanding combustion in the diesel engine. However, the.
the medium or lovw speed types. This could be due to two factorsy

first, the relative ease of experimental investigations on small

low speed engines warranted closer investigation, either on
technical or economic grounds.

The increase in interesﬁ on the. larger type of engine has been
prompted by two inter-related problems. | With the increasing
avareness of economics in engineering the ability to predict at
the design stage the correct fuel injection and combuatiﬁn chamber,'
pérticularly with the rapid increase in horse power, is essential
if development cost and time are to be kept at a.ressonable level.

With this increase in power per unit the mechanical loadings
on the engine are increasing in an effort fo keep the unit efficient.
Fuel line pressures of the order of-lG-iBOOO 1b/in? and cylinder
firing pressures of‘1800 1b/in? afe notluncommon.

Thére is & limit above vhich the complexity of a unit ﬁakes
it uneconomical‘tc produce, Therefore an understanding of the
mechanism of combustionland the major parameteré affecting it
could be used to reduce unneceaéary complexity., |

At the end of 1962 when the author became involved with fuel
{njection development, effort waQ being turned towards being able
to predict the injegtion system characteristics before the enéine

was tested.
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Up to this date trial and error had been employed., An
attempt was made by Cockburn [i] * to evolve a rational
explanation of the resulting changes in eﬁgine perfofmance with
changes in injection equipment. The relationship gained wvas
useful over a limited range. _

The next Btége was & more basic approach, This thesis®
describes the work carried out in this stage between Januery, 1963
and Jaﬁuary; 1967, |

Chapters I and II report the survey carried out on previous
work. Chapter I deals with the mechanism of fuel atomization
and spray penetrations, whilst Chapter II considers the broader
aspect of cbmbustion. | |

Chapter I1II attempts to outline the areams in which information
is required.

-Chaptér Iv des@ribes work carried out on &'cold bomb
reproducing engine denaitieé at-foom temperaturé, whilst Chapter V
analyses the results of spray penetratioﬁ ﬁensurgments taken,

Chapter VI details the problems encountered when applying
doublé'pasa schiie;en systém to a small three-inch bore.diesel
‘engine, and Chaptér'ﬁII continues with the application of the same
systen to an'B-inch bore engine. 

Chapter VIII cohaidgrs results of spray penet:#tion using
both direct and schlieren phbtograpﬁs,-and describes the application.
of tﬁelwork to a 12}-inch bore engine.

Conclusions are drawn in Chapter IX and recOmmendations,for

future work detailed in Chapter X.

#gee References -
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CHAPTER 1

SPRAY SURVEY

INTRODUCTION

This chapter surveys the work carried out on.the'ﬁ,
atomization and penetration of fuel sprays, with speciai
emphasis on the iypa of spray found iﬁ the medium speed
direct injection engine.

A basic understanding of atomization is sought.
Methods of calculating spray cone angle and penetration
are looked at, together with the effects of evaporation,
air motion, air swirl and combustion.

ATOMIZATION

A wealth of information is in éxistéﬁce [z, 3, &, 5,
6, T, 8, 9, 10, 11, 12, 13, 14 on the basic mechanisms
of atomization and distribution of fuel from orifices and
it is not intended to fepeat this but #tfention is drawn
to the bibliography. |

It is sufficient.at this point to summearize only the
major conclusions. Considering plain orifices, through
vhich the fuel is injected by a pressure drop #croas the
orifice.(as in the multi-hole injector), the four main
faétors tb consider about the spray déveloyment arele-

(a) penetration; (b) cone angle; (c) spray dispersion
and (&) droplet size and distribution. The effect on
these of the cylinder gas properties, fuel properties,
injection pressure and nozzle configuration should be
locked at, and these will be considered in turn.

Cylinder Gas Properties

Before delving into the effects of gas properties,.it
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is possibly helpful to look at the motion of a single
droplet from a nozzle,
The equation describing this motion isie

M dv
dt+R 0 LA R E R R R NN N EN NN N N Y Y R RS ] (l)

Where M = mass of the droplet

v = velocity

R = air resistance

t = time

The value of R changes depending on the type of flow
around the droplet.
It can be shovn-that:-
for Laminar flow R=3m vd .;.....;...... (2)
for turbulent flow R = 0.055m vzdz ;........... (3)

From equation’ {1) and using (2), (3) aaﬂa#k#*

: }.e-. laminar flow g: 3 EEEE: e )
a%ps
tur'bulent flow %‘\E’. B - 0.33‘,& vZ i".‘..l‘.. (5)
dpf ’
From these it can be shown that fort=
2 18 ua
laminar flow. S = d pfv (1 - ed or t) (6)
. . "IBU_' XY}
. dp } '
turbulent flow Bma~ —f log 1+ C.33 p vot . (7)
0.33 P |
) f

Where d = droplet diameter
= density of fuel

viscosity of air (absolute)

=
|

v_ = initial veloeity of droplet
p. =.denzity of air
S = penetraiion

However, it is as well at this point to note the
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penetration of a droblet calculated by using these
ednafions;  Figure 1 shows for An initial velocity
equi#alent to a drop leaving an engine nozzle that after
five milliséconds the pénétration is aﬁoﬁt T-cﬁ (2.7 inches)
vhile at a gas density of 30 atmospheres it is iesa than |
1 cﬁ (.4 inches). Compare this with results taken from
Schweitzer's wcsrk E:;] » and shown in Figure 2, With
similar.initial velocities (8060 1b/in2 injection pressure)
and a gas density of 15 times atmospherie the penetration
is of the order of 53 inches in 5 millisecondgzzreater

than the droplet a@latmospheric.

This difference in peneﬁration can be ascribed to
the leading droplets giving up their emergy to the air,
giving it a forward motion. This reduces the air resiatance 
for the following droplets and they, ih their tumn, give uﬁl
energy. The t{plpenetratinn is thus greater than that of
a single drop. |

Consideriﬂg equations (6) and (7}, we can draw somé
conclusions on the effect of the gas property. The
increase in sir density will cause a decrease in_penétration)
An increase in air viscosity will also reduce penetration,

 The first effect has been noted by many workers
[3,'h and 5] s &nd Figure 3 is an example.

Not much information exists on changing the viscosityj
this may be due to the fact that to increase the viscosify:‘
of air, its temperature must be increased and then
evaporation may mask any effect.

Joachim r_6] used nitrogen, carbon dioxide and helium

to vary the viscosity. His results are plotted in Figure 4,
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From this it would appear that the penetration is
independent of gas viscosity. The injection pressure of
_8000 1b/in? may explain this as the Reynolds number of
the flow afound the drops is in the region covered by
equation (7), where there is no viscosity effect.

The cone §f spray is formed mainly by turbulence iﬁ

the orifice giving rise to a radial veloecity. From

3
2

As the density is increased, its effect on va will be

Figure 5 %% = tan vhere va is much bigger than vr.
greater and thus a will increase. Sass [7-] showed this..‘
as is aeen‘in'Figﬁre 6.

Uaihg this epproach viscosity will not have much
effect because, as mentioned above, at the high injectionA
pressures it does not affect the velocitj of the droplet.

Figure 7 shows the effect of the gas density on spray
dispersion. The radius referred to ié the radius of
cross=section of the spray cone at a point in front of
the gozzle. A larger radius denotes a better dispersed
spray. It is interesting to note that this improvement
reaches an optimum above which increasing the air density .
has no effect. |

For future referénce iﬁ is also important to observe
that a larger cone angle and diaspersion usually involves
more air emtrained in the Bpra?.

The effect of density on droplet size iﬁ shown in
Figure 8. This indicates that as the gas density increasesi
the droplet size decreases. Again from the literature a
minimum is reached beyénd whiéh no further decrease is
affected, In fact Giffen and Muraszew[&] suggest tl;gt -

further increase in density can increase droplet size due




1.2.2.

Te

to the decrease in effective pressure drop across the
orifice, which is not compensated for by the increased
air resistance. Unde} pressures obtained in a mediuﬁ
speed engine, 8000 to 18000 1b/in? injection pressure, and
800 to 1500 1b/in? eylinder pressure, this may be a

negligible effect.

Fuel Properties

Three properties of the injected fuel can be
considered; surface tension, viscosity and density.

In the mechanisms of atomization there are the three
stages to.consider. In the orifice the viscoéity determines
the Reyﬁol@a number and thué the amount of turﬁulen;e.
This in turn controls the radial and tangential components
vhich play an important part in the disintegration of the
spray. ‘

Once the :uei emerges frﬁm the orifice then surface
tension is important in the ﬁreak-up into droplets.

In the final stage, subdivision of the droplets in
flight is a proﬁerty of surface tension and viscosity
(and of course air reaistance which has been covered
earlier). .

It would be expected that for a denser fuel the
pene£ration would increase and the cone angle decrease,
but over the range of diesel fueld used the.density varies
80 little that its effect can be néglected. Schweitzer [9]
showed that when testing fuelds of different densities and
the pame viscosity, the results were inconclusive but
indicated that, particularly at'high air density, the

effect of fuel density could be neglected.
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Again surfage tension varies so little for the range
of fuels used (heavy fuel oil 30 dynes/cm at 20°C to
Kerozine 23.9 dynes/cm at 20°C) that ite effect can be
ignored. . |

However, the ;iscosity changes radically over the
range of fuels used, and it can have a large effect on
spray characteristics.

As has been noted, the viscosity affects the tangential
and radial component velocities in the nozile. _ The higher
the viscosity the more compact the spray and the greater
the penetration. Schweitzer[ 9-_] shoved the overall effect
(Figure 9)._where the spray velocity decreases more rapidly

the less viscous the fuel. At the high air densities,

- similar to engine conditions, the effect is smaller than at

atmospheric density. The viscosity elso has an effect on
the process of atamization, This is shown in Figure 10
where the higher viscosity fuel No. 2 (.102 ﬁoise) has a
loweyr percentege of small droplets than the fuel No. 1 with

022 poise viscosity.

Injection Pressure -

| Considering equations {6) and (7), if the injection
pressure is increased {(end therefore the initial velocity
Vo) it would appear that the penetration should increase.
It has been shown by Thiemann[lO-] that with an increase
in initial velocity there is a decrease in droplet size,
and this, according to the equations, tends to decrease the
penetration. These two effects may cancel éach other out,

Sehweitzer[ﬂ supports Riehm [ll-] in suggesting that

final penetration is independent of injection pressure.




9.

Sass [lé] using a jerk pump system showed an increase in
penetration with injection pressures., The éifferencer :
lies in that Sass was considering the penetratioﬁ ofithe
spray during a‘relatively short time, while Schweitzerlff
considered the final penetration. L o
| Figure 11 shows results produced by Holfeldei;tlj]land
_ shows the effect of injection pressure on cone angle. This
effect is not eppreciable as for aﬁ increase of pressure
from 800 to 4500 1b/in? the cone angle only changes by 1°.
| This small increase is probabiy due to the increase in
turbulence in the orifice and hence the radial and tangential
velocities.

The ‘effect of atomizer opening pressure on atomization
is shown well in Figure 12 from Sass'['f] vork on a jefk pump
system. It can be seen that as the pressures are increased
80 the frequency éurve is moved towards the small droplets.
It is as well to note that with Sasa' work the injection
pressure is varying over the injection period and wvith it
the instantaneous droplet size, thus care must be taken
wvhen comparing his results with workers who have used
cénstant-injection pressures.

1.2.h, Nozzle Configuration

Considering the nozzle orifice, two factors affect
penetration; the diameter of the orifice and its length
to diameter ratio L .

The effect of gncreésing'the orifice diameter is-to
increase the penetration of the spray for a given injection

pressure. It has been suggested (Menlig lla that this is

due to the momentum of the discharging fuel being



10. .

proportional to the square of the orifice-diﬁmetéf ﬁﬁilg o
the area of jet exposed to air resistance is proportiénﬁl
directly to the diameter. ' Figure 13 from Schweit#er's=-_
I:d] work demonstrates this result. Ty |

Tﬁe effect of %-ratio is slightly more complex.
Figure 14 shows the éffect of g-on penetration. The |
réason for the shape of this curve may be explained by
the flow patterns occurring in the nozzle.

As the 2 ratio incresses, at very small values (=1)

d
the orifice length is too short to control the fuel, but

.
there is @ slight increase in friction losses, This |
reaches & minimum and thereafter the increasing length of
the orifice gives an increasing control over the fuel'
resulting in an increase in the coefficient of discharge.

d

thence the penetration decreases due to a continual increase

. . ot '
Maximum penetration is reachedxan k-value_of sbout 5 and

in friction but no more effective control,

It should be noted that the cu;ve can be more or
less pronounced and be displaced one way or the other,
depending on the type of nozzle.

| The effect of orifice size on spray atomization is
summed up by Figure 15 from SassL 7] . It shovs that as
the orifice diameter is increased the frequency curve
noves toward the region of coarse atomization. It has
heen suggeated that this is due to the faet that the
increase in contact surface between the fuel and air
ineresses less than the volume of fuel discharged.

When the Eiof the orifice is varied a curve similar

d
to Figure 16 Thiemann[id] is obteined. This supports
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 the conclusion set down before, that, with‘the increase in

coefficient of dxacharge of the orifice, the 1nit1&1 -

: veloc;ty increases and hence better atomlzatlon.

In any conszderatlon of the nozzle there must be L
1ncluded the effects of the fuel fluw up stream and the

condition (i.e., flnlBh) of the orxf;ce._ If the

' conclusions drawn about the effect of coefficiént of

diacharge and turbulence in the orifice afe‘correct then

these must have an appreciable effect which must be borne f

in mind when ccmparlng experimental resulta.

METHODS OF CALCULATING PENETRATION AND CONE ANGLE

Sﬁrvey of Methods

- In the foregoing diacuasioh, although an understanding
of the underlyihg principies of penetration and atomization
have been gained, only qualitaﬁive-reshlts have been shown.
Further survey is needed to indicate quantitative approachés.

Sass[ﬂ putrfo‘rwa.rd,fa‘irly Isi'xn‘ple‘ relationships thﬁt
could be used to predict tﬁe penetration and cone angle of
a spray, if a datum condition was already known. This vas
unsatisfactory‘from the point of view of actual predictions
on engines unless, as in Cockburn's [ 1) work, aﬁ-assmnption
is made about the spray path. |

The first notéble aﬁtempt to form a theory for
ﬁrediction of diesel fuel spray penetration was Schweitzer
E§]'. He developed the equations shown below from test

results, using e dimensional approach.

Ap a thpa A
= —.R
) 2265 1ln (115 5 dApf /Apf + 1 eees (8)

For oil of viscosity 6 centistokes
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o \ 2 | tap .
L S T .__.l__.___&{ 4p
d(ﬁpf 2&_90 ln( TT5.5 @, | b, + 1) evses (9)

For oil of visceosity 13.5 centistokes
Where ¢ in secohds f
Ap in lb/in?
8 in inches
Apa.- air density relative to atmosphere
N _ -

e = fuel density relative to water |
Further work was published in 1960 by Wakuri et allh'
El‘;] and Lyshevskii [16] . | -
Wakuri QeveIOped an equafion b&sed on a momentum
theory with allowaﬁce for air béing inducéd into the spray.

The complicated eéﬁation arrived at can be simplified

somewhat and re-writtent-
0 25 0.5 ' a
8 ',(“29"?"9"2) * x(t:ﬁﬂ * : SN BEEBIGIOIRIRS (lo)
a .

Where ¢ = coefficient of discharge of nozzle’
Py = density of-air |
t = time
' d = diameter of fuel nozzle
8 = penetration at time t
20 = cone anglé of spray
The spfay cone angle elwaa shown tg be dependent
only on a function of the ratio of density of fuel oil and
air. |

By uaiﬁg dimensional analysis Wakﬁri also showed that

[¢]
s Va4 r(—f'- v dp o
/E' [+] - Df ) f) cStceRsRENSEITLIBIRIBRIRRETS (11)

a
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Where the letters are as in equation (10) but include:~

V, = velocity of oil at nozzle

’

Pe = density of fuel
ual- viscosity of air

It was shown that the effect of air_viscosity_was

-small and that the term(vodo;) could be ignored.
My . J
. s if &'B k | :
then S = £f fa) . a2
o pf ‘...‘I..l'....fl.ll..,lf....

Results were plotted in graphical form based on
equation (12).

'From equation (10) it was then established thati- |
- |

cPr :

l ——— . ’ ‘

29 .2tm- pﬂ ’.O...I'...I..;...... (13)

(w2

and from dimgnsioﬁal analysis, bearing in mind the

negligible efféct of air viacosify '
20 =f(f_§) erereneesennreeseresernreessnes (10)
Pa/ '
Wakuri found thet equation fiji gave good correlation
with exPerimenP;i resulbs-plotted as per equation (lh).;
Lyshevskii's work tié]_waa. in some ways, unfortun;xély,
aimed at the change in cone angle with time and the_factoré‘
;ffecting it, and not.with penetfation. |
Experiments show that the cone angle decreased with
time for a portion of the development and then became
constant. |

\
He suggested that, if 26 was the cone dngle of spray |
s |

thent=-

tan 6 = f(pr, uf' O, vo’- pa' d t) ..Of.....l..ll (15)
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1k,
Where ﬁhe symbols are as before except i~
o = viscoéity of fuel
o = gurface tension

_ Then using, again, dimensional analysis

tan 0 s f (M' W, Py C) 0!000000.0-000-ooooioloooool| (16)

o ME%

Where M D do

Vzd

t3o
€ = —
pfd

By analysing the results the following reiﬁtionshiﬁ

‘were gained.

For the séction where the cone angle was decreasingie

tan § = 6.77 X 10 wo 35 f'E tessssenss (17)
. M0.07 x 0,12 -

For the sectlon where the cone angle vas conatnnt

tan 8 = 3.64 x 10 3 0,32 4 p0s 26 veasrsans (18)
: M0.07

- It was consideféé that the constant would change
with nozzle design, I
Lyshevekii applied equation (21) to Sass' results |
and, found that the constant was affected by not only the
nozzle but also the back péesaure.

For low back pressures the equation became

9M0.07 -y ( )
105 tan "0 32 = 302 x 10 log p sessassres 19 -
and for high back pressures

: 0, ‘
log ta.nG%U-.-g-z- “0.2 %107 10g 5 severrenes (20)

With these expressions Sass' results correlated

reasonably well.,
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Later Rusinov [17] published work based on the
assumption that the kinetic energy was partially imparted
to the gas and that the velocities of the fuel and gaseous -
medium in contect were'equals
| He showved that

( ﬂYa- tan e) X R N Y Y Y Y Y (21)

VaVe —
° n? %%
2g8p o
vo-c Yf l..'O000.U.llln.l..'b.ll.!.’nﬁ.‘l.u"h'£22)

q‘f = Yf fn vot -c-onoico.-ocooco.-c-o-oo.o‘--oo.-ooo (23)

Where V = velocity at any instant in time t
Yo = specific weight of fuel

y_ = specific weight of gas

qp = amount of fuel injected
4p = pressure drop across orifice,
¢ = coefficient of discharge-
£ = area of nozzle orifice |
1 was a correction factor which.took into account
the actual conditionsin the trensfer of energy, namely
the loss of part of the available energy due t; its
conversion into heat energy during the process of frictioﬂ
between fuel and air and.the non-uniformity of velocity
distribution of fuel in the cross-sectidn.of the sprey.
By making the aaaumptipn_that the penetration power
of a spray was determined by the cone of the jet, theﬁ an
effective cone angle can be admitted.

g tan B E
1.€4, tan eeff = m ' SssassconstnerreEnen (211»)

By analysing other data with the expression (21) the
variation of f] with injection pressure was found. . '

Although the results calculated by this method gave
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good correlation Rusinov considered that it vas unsuitsble

 for practical calculation., He derived from the same baée;

" another form of the éguation

3

.'t = Ml 2 N -.i-......o.Qq;.;:(25) E
3V, log (M:é . 1)_ B B O
Where . L '
2 .
M = 2ya tan pefe
Vg a*

d = diameter of nozzle
= Correchon Foackor B
From analysis of experimental results for inaect1on
preasurés'between 100 and 400 kg/em? g varied between 2.45
and 3.0._ ‘Correlation was reasonable when comparing the o
penetratioh of fuel injection nozzle with the calculated _
value.

Comparison of Methods -

The next éteﬁ is obviously to compare the various
methods of calcuiation;
To make the results more meaningful'it was decided to

consider the 1n3ect10n condxtlons prevalllng ina 12§o1nch;_f

" bore engine (Appendlx I), on which fairly adequate 1nformation

vas available. .

] .Figuré iT shows the éylinder pressure ﬁith crankangle
dxﬁgram, taken from the eng1ne runnlng at 500 r.p.n.
176 lblznz. bum.e.pe Flgure 18 shows the fuel znaectlon
pressures together with the needle lift diagram. The rate of

fuel 1n3ected vas calculated by a slmple approach shown in

- Appendix II. The correlation between the’ total calculated and

.measured mass injected is fairly accurate. Then, knowing the

running conditions, i.e., boost pressure and temperature,
mean combustion chamber wall temperature, ete., the gas

density was calculated using a program which was available
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and the besis of which is explained in Appendix III.
This progran analysed the pressure diagram between
.inlet valve closing and exhaust valve opening. The
limitations of thié method of analysis are fully realised,
parficularly in respect of assumption on trapping conditions
and heat lost to the wall, Indications of heat pick up in.
the induction period and heat lost to the walls were taken
from work done by Whitehouse et al [ 210 .
The reaulting_bylinder denaity plot is shown in
Figure 19, The nozzle diameter was taken as that used in
the engine, namely .018 inches, and the coefficient of
discharge chosen as .7 [lé] + The oil viscosity and
density were taken as 6 centistokes and .0308 1b/in?3 reﬁpeetivelyﬂ
All the workers reviewed, used a constant initial oil . |
velocity and air density in their experiments and correlated
xtheir results by using mean initial velocities andbair
densities where these parameters were varying. échweitzer IQ] ‘
however, did show a valid method by which, varying injection
'pressuréa and air densities could be teken into ﬁécount.
Taking the conditions already stated, and shown in
Table I, the penetration was calculated by using this method
and compared with Séhweitzer's original equation (8) but
using a time mean injection pressure and air density. The
result is plotted in Figure 20, The comparison was so
close that, for the further calculations, mean injection
pressure and ;ir density were used,
The results of using'Schweitzer, Wakuri and Rusinov's
equations are shown in Figure 21, Curve 1 shows the
effect of Schweitzer's equation, while curve 2 gives the

penetration according to the analysis of Wakuri's results.
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There is a discrepancy after .008 seconds., If his
Bgcond method, the purely theoretical approach, is used -
then curve 3 is obtained. The correlation with Scﬁﬁeitzef_
is worse. In eduation (10) the cone angie of the sﬁray
appears as a parameter and in curve 3 the angle was taken
as 17°, as suggested from Sass' results quoted by Wakuri.
Iir thg coné angle measured by Wekuri ié used in the
theoretical equation then close agreement is obtained
between his two approaches, This is shown by Cﬁrve he
In his paper Wakuri did not trj to explain this discrepancy
in cone angle between his and Sass' results.

One possible Aiscrepancy between Wakuri ah# Schweitzer
lies in the éalcul?tion of V.. The éoefficiehf of velocity
C, was takenras l(£y'Wakuri and in the above calculations,

i.e. »

VvV =¢ 2gbp
o v °h

Schweitzer suggested a value of .95. Figure 22 shows

.’OOIOOOo.t!l.ooc.oo.ooooo (26)

Wakuri's analytical method, using .95, compared with
Schweitzer's result. The correlation is improved.

Curve 5 in Figure 21 demonstrates Rusinov's equation
using the values of cone angle suggested by Sass, Curvel6"
is the same equation (25) but using 6 as suggested by
Wakuri's work.

There is no egreement between Rusinov's and ﬁhe two
workers, Schweitzer and Wakuri, at this condition.

Hoﬁever, before pursuing this any further, let two
points be considered that have been brought out by the
sbove simple comparison,

Firstly, the equations obviously depend on the cone
engle O for their comparison and there seems to be &

disagreement as to its value. For the conditions being




19.

considered, Sass' work would indicate a cone angle of
about 17°.

If Wekuri's equation (13) is re-written, ieay

1 Y Lo
20 = 2 tan '2'E£2 x ‘g' Xt censnsncenss (27)
3 °, 52 - :

then, using the stated éonditiona, the cone angle femaiﬁa.L
essentially constant with time at 12°. |

Work done by Meckel with an apparatus, injecting ﬁhe.

fuel into a liquid media to represent air densify, showed.
that the cone angle varied with the type of fuel used.
For diesel fuel the 20 was of the order of 156.
COnsideriﬁg Lyshevskii's work he developed the equation
for the cone angle in the second or conﬁtant 8 period (18).
1f this equation is used then the cone angle is 17.8°.
Rusinov does not show any results from his experimental

- work, but from data used in hxs calculatzons, the cone angle
at the test cond1t1ons would be about 10 . '

The discrepancy between the various workers as to the
cone angle, could be due to at 1ens£ two reasons. Firstly,
the accuracy of measurement. Films of the sprays show a
very ragged edge and it would seem difficult to define
accurately the cone angle, The second reason is probably
more important, and that is, the difference in test apparatus.

' Referring.back to previous discussion, the three major
factors affecting cone angle were gas density, fuel
viscosity and nozzle configuration. All the work éonaidered
vas- carried out in a bomb where gas density was constant with
time, and thus easily measured. Little error should occur

from this source. Lyshevskii and Schweitzer both state

that they used diesel fuel of similar viscosity. Rusinov
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used diesel, as did Wakuri, but no viscosity is given. .
Sass again states only that he used diesel fuel, Therefore
this is a possible source of error.

The nozzle configuration is important, as has been
'atated previously, not only from the orifice itself, but
the upstream conditions. Schweitzer's nozzle is showm in
Figure 23 and compared with a normal diesel injector; The
L/d of the orifice was kept constent at 2:1, . No drewings
vere available from Lyshevskii's paper, but he described
his nozzles as "an open nozzle where atomizing portion had
& cylindrical orifice. All atomizers were made of brass
and their holes drilled with steel darills", His L/d ratio
varied from 2,0 to h.5=i. Wakuri gifes 10 informafion on
the nozzles other than the dismeters, but from the
- description of the apparatus, the nozzle assembly would seem
to be similar to Schweitzer's apparatus. Rusinov egain
gives no information oﬁ the shape of the upstream portion
of thé nozzle, but-he states that the L/d ratio of the
nozzles were sbout 6:11. No informetion was available on
the nozzles used by Sass, |

Considering thé above information on the nozzles, the
6:1 L/d ratio used by Rusinov explains the high rates
of penetration that his equation prédicts when compared
with the other wofkera. In the datum chosen for this
comparison, the nozzle used in the AT engines has an L/d
ratio of about 3.3:1. This is more in line with the L/d
ratios used by Schweitzer and Lyshevskii. From the correlation
in Fiéure 22 it would appear that Wakuri used a similar L/d

ratio to Schweitzer. However the upstream conditions
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affect the penétration, such as passage ways, needle shape
and fluctuating preséures, as well as L/d ratio aﬁd thus
the above equation may be misleading if used.

Schweitzer's equation does not teke account of L/d
effects which vary on engines; Wekuri does, in the form of
a coefficient of discharge, but it is an important factor
in the equation and it is difficult to set a value.

Rusinov's constants were gained using the long nozzle
and, as such, théy would have to be re-calculated from
different experiﬁental results.

At this point it is worth stopping and considering
the overall picture that this analysis gives.i Considerinf

the AT .engine, the injection period is 10 milliseconds in

duration and the spray path, from nozzle to piston bowl,

. is 4} inches. . Considering Figure 21 this would suggest

that the spray has reached the piston after about 2.5
milliseconds and considerable imﬁingement of the fuel oﬂ
this piston would ensue. As is discussed in Chapter II,
literature considers that impingement does not occur in a
well matched engine. Therefore two possibilities exist.
Firstly, the spray does impinge on the piston,

Figure 2k shows the marking of an AT piston with an
injector nozzle having .020 holes, indicating that fuel

hits the piston. Consideration of Figures 21 and 18

- would suggest that more than g-of the fuel hits the piston.

3
This would put the onus of mixing of fuel and eir, not on

the fuel jet itself, but on the impingement mechanism at the
piston. This would be a completely different mechenism

than the accepted 'spray just licking the piston’.




1.3.3.

22,

The second possiﬁility is that the equations
sﬁrveyed.do not apﬁly to a normal injectioﬁ nozzle and ..
engine cylinder conditioaé. The possible effect of L/4
ratid and upstream conditions has already been c;nsidere&.
The effect of flow paths as shown in Figure 23 and
yari&tion in L/4 and fluctuation in injection pressure,
may all contribute to a discrepancy between the actua1 
and calculated penetrations.ﬁ Giffen and Muraszew EBJ ’
point out, that the distribution and atomization will be
affected particularly at the beginning and end of injectioﬁ
on an ectusl sysﬁem. Although this may not be directly |
importéﬂt to the present discuséion, nevertheless, in
actual injection matching this effect could mask correct
penetration and distribution of the spray.

However, there are other factors which could influence
penetratign that have not been taken into account when
comparing the work surveyed with‘an engine.” These are

the conditions prevailing inside the cylinder and may be

" listed as3=

{a) evaporation of fuel due to high gas températures
(b)  air motion
(¢) combustion effects.

~ These points are worthy of individual discussion.

Effect of Evaporation ofl Fuel Spray Penetration |

Although at this point, interest is directed to the
effect of evaporation on the overall penetration, it is
vorthwhile considering from first principles the mechenism
of evaporation.

Considerable work has been carried out to investigate
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the evaporation and combustion of a single droplet of - _
fuel;[?3 and 2&] » It is considered that.combuéfion oceurs
in the vapour phase. The fuel enters the cylinder and is
atomized into small droplets. At this poiﬁt a layer of -
air and vapour mixture is formed around £he drop. Heét.
is transferred across this layer into the 1iqﬁid-and'
vapour diffuses out. At a point in the eir fapour iayéf
there is a stoichiometric mixture. When this point
reaches self-ignition temperature, ignifion occurs., This
temperature is dependent on the fuel vﬁpour.partial pressure,
chemical compesition and the gas pressure, | |

E. L. Wakil et al [25] have been able to c-ompute the
vapourization histories of the fuel Idfops from. aerodynamic
forces, heat and mass transfer. Unfortunately, although
the single &roplet theofy may fit the cpndifioﬁs at the
outside of the spray, at the céntré, congiderable influence
must be exercised by its neighbours. E. L. Wakil and Priem
conducted tests E26 and 27:] and .con_s:'.dered' that as well as
the first condition, a second existed at the centre of the
spray where ~adiabatic saturation was approacheﬁ very
elosely in the cone.

However, these calculations only allow the prediction
of mass evaporated, and alfhough helpful in later
- eonsiderations, do not indicate the effect on penetration.
Direct calculated evidence seems lacking on this point.

In the late twentie's and thirties, Bird r28], Rothrock
and Waldron [29, 30 and 3]] ’ Gelalles [32] and Holfelder EBSJ
looked at the evaporation and combustion of fuel sprays.
From these, an attempt has been made to elucidate the effect
of evaporation. Results from Gelalles are plotteé in

Figures 25 and 26. These show that there was a large
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difference in evaporation for room temperature and air
at 1100°F.  Rothrock [ 31) considered that the results
obtained by Gelalles were misleading and tha£ the
'decréase in penetration in hot air could be attributed
to the fact that the fuel was heated before injection.
His results from a running éﬁgine are shova in Figure 27,
and éhow the effect of increasing the air temperature.
The'theory of atomization and evaporation should be
-considered. It has been said that in the case of a
lsingle drop, & vapour air mixture is formed around it
and mass transfer from, and heat transfer to, the drop
takes place. ’ ConsidéQing more deeply E. L. Wakil's
work;[25] and the'casé of the aingie drop the three
equations governing evaporation are:=

The slowing down of the droplet by aerodynamic drag

forces
Q 2
av m V -
dt L g copf ro ooaonooooo..c.o.o.ocaooo (28)

- Where C = drag coefficient
p = average density of air vapour mixture in the film
r = radius of droplet

The others as before.

‘The transfer of mess from the droplet
WaA K Py @ ceiciiseseniiiniiesiie (29)
Where W = rate of evaporation of droplet
A = surfaée area of droplet
K = mass transfer coefficient
P,, = partial pressure of the fuel vapour at the
surface of the droplet

a = dimensionless correction factor for the fact

that the film is semi-permeable,
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The transfer of heat to the drop

Q=h AO (TB i TL) Z essecsccassennsscaesrnrnne (30)

Where @ = heat transferred to the liquid surface of

the drop
h =lheat transfer coefficient
TB = temperature of air surrounding the droﬁlet
-_TL = temperature of liquid &r0p
Z = dimensionless correction factor for the effect

of mass transfer in heat transfer.

From these equations it can be seen that if the
surface area of a drop is increased or the gas temperature
Tb ig increased, then boﬁh mess and heat transfer aré
increased, i.e., the greater is the evaporization rate.
This typé of analysis fits the single drop but the second
condition mentinned above should be considered;'that of
adiabatic saturation. That is the temperature of the
- alr surfounding the droplet, and not the initial gas
temperature due to the cooling effect of other droplets
in close proximity. E. L. Wakil [25] considered that
this condition existed at the centre of the spfay. Then,
for fuel sprays with a dense formation, i.e., low air/fuel
ratios at the centre this cooling effect will have a large
effect in sﬁray evaporation.,

From this it can be deduced that for a given mass of
fuel if the atomization is finer,i.e droplet size smaller,
and the distribution of these droplets bepter, the
evaporation.rate would be higber and thus the penetration
of the liquid spray is important and must be borne in mind

for future discussion.



26,

Reconsidering section 1.2.,1. in this chapter, it‘
can be seen that the gas density will affect both drbpietr
size and distribution, but at the range of engine
- densities this could be small (see Figures 7 and 8). - 7 t
Again, at normal epgine injecfion pressures_it would seem;. |
that the effect of these pressures would be small (Figure _ |
12). . However, this would not be so for changes in :
viscosity of the fuel or for changes in hole diameter ot
'L/d ratio, both of which affect droplet size and.
distribution, As the hole size is decreased, so the
droplet size decreases. . The effect of increasing the
L/d ratio above 1.5:1 is to decrease the distribution,
Viscosity increases, reéulting in both larger droplets'
" and worsé distribution;

Summarizing the sbove discussion, it would appear
that not only will gas temperature affect evaporation,
but if the nozzle dismeter is reduced, evaporation will
be increased and hence penetration decreased, as is the
case if the fuel viscosity is decreased.

Immediately there can be deduced a reason for the
_difference between Rothrock and Gelalles' work. Rothrock
used en .018 inch diameter nozzle and Gelalles a .004 inch
nozzle. Thus a differenge would be expected. Re-plotting
the results shown in Figures 25 and 26 as the difference
in'penetration from cold to hot conditions Figure 28 shows
this as suggested injection pressure has little effect.

On investigation of Holfelder's [3§] work, all'the
nozzles were of the pintle variety and furtherlanalysia

was rejected, in view of the fact that the analysis was
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to cover plain multi-holed orifices as used in the

direct injection diesel engine.

Air Motion

In considering ‘the effect of air motion on spray
penetration, it is important to bear in mind the.typg
of engine which fostered the invéstigation, that of &
medium speed direct injection engine. There are then
two standpoints. One is the air flow in this type of
engine and the other is past work on the effects of air
flow on the spréy. |

Teking the last point first. Considerable work
was déne by N.A.C.A. between 1930 and 1940. Rothrock
and Beardsley [[34] tested various nozzles at ambient
temperature and 200 1b/in? pressure and injection pressures
of 6000 1b/in? with air velocities of 59 ft/sec
perpendicular and head onto the spray. They concluded
that this air velocity had littlé effect on the penetration
for nozzle sizes of .0l12 and .022 inches. However, the
penetration from a .00l inch diasmeter orifige was
considerably reduced. They considered that the effect
of air flow increased as the orifice diameter decreased.
The principal effect of the air motion was to increase
the distribution of the fuel from the outside of the spray
cone and after the end of in&ection, to distribute the
fuel throughout the spray chamber., Figure 29 shows the
results for the .006 inch diameter orifice and it is
interesting to note that the wind direction directly
opposite to the spray motion has the greatest effect,
whilst the side wind only effects penetration after 23

inches travel.,
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' furthér work was carried out by Rothrock [351 at ".
much higher air velocities but atmospheric temperature and
alr pressure. He concluded that from this, wiﬁh a .020
inch diameter orifice, air velocities in the regidn'of
hOQ ft/sec-were needed to affect the centre cone and
that lbwer velocities had little effect. He also pointed
out that air velocities directed counter to the spray had
more effect on spray aisfersion than velocities directed
normal to it. His éonclusion vas tempered by the'fact

| that, ﬁith increased density and temperature, the above
factors could be magnified.

'_The effect of air swifllat engine conditions was

; iaﬁér considered by Rﬁthrock.[Si] with a .020 inch 6rifiqe
and 6000 1b/in? injection pressure. The air velocity
required to have a decided effect onrpenetf;tion was
about 300 ft/sec. This obserfation bears out his previous
remarks on effect of increased gﬁs density and tempera£ufe- ’

Also, it is suggested by Fledderman [36] that air motion

can increase the evaporation rate by affecting the flow

arcund the droplets;

| In more up to date work, Alcock [ 377 using a small
direct injection engine; showved that the75pray tip from
& .00 inch diameter nozzle was just deflected by air
motiqn computed to be around 300 to.350 ft/sec at the
periphery of the piston. Fitzgeorge [38] found slightly
less swirl in a static rig, but still using a small
engine of 5 inches diameter bore. At the edge of the
pisﬁon bowl his air speed was compiled to be of the order
of 200 ft/sec. Methods of ealculating the droplet
motion have been put forward for instance in Borman's

work [3§] , but these are only applicable to the droplets
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at the outside edge of a spray, or the spray from & high
dispersion nozzle such as a pintle . or swirl type.

At this point it is worth surveying information,on
the motion of air inside a four-stroke direct injection
engine between 8 and 17 inches cylinder diameters,
Published work on this size of engine giving quantitative
results could not be found hpérﬁ from work carried out bj
B.I.C.E.R.I, for membér Companies. Thornycroft [hdﬂ
concluded that for engines of this size, a four-valve
head gave more satisfactory air swirl than the two=valve
head, but no figures for either wefe given nor did he
describe whether the swirl created at valve open périod
was continued to injection. Tull[}ua attempted to
measure swirl in the valve open period by using a static
rig and vane anemometers. His results from a 9% inch
' bore, four-valve head, showed that the swirl speed was
controlled by valve lift, mass flﬁw and pfessure drop
across the valve. |

The 12%inch bore engine, already considered from thé
fuel sprdy aspect, had a four~valve head and for its
valve lift at dwell Figure 30 is extrapolated from Tull's
work. The calculated mean inlet velocity for the engine
st full 1ift is of the order of 113 ft/sec, which would
indicate a swirl speed of 1360 r.p.m. If solid rotatien
of air is assumed then the velocity at the edge of the
piston bowl would be 53 ft/sgc. Tull does point out
that the static rig tests are likely to be different to
those in a running engine, and agaiﬁ the question ariées,

does the swirl created at port opening continue up to
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fuel injection?
On small engine work such as Aicocks tBﬂ it 1;135'.:":.

‘been found that in some cases, swirl can increase as the o
pisﬁbn move;:,towards, T.D.C. Thus, it would seem from
 available information that the swirl on the medium speed

four-stroke engine is of a low order, possibly 40 to‘

60 ft/sec at the outer edge of the piston bowl; This
would indicate that no effect could 'bé expected on |

penetra.tioﬁ. At the most, some movement of the outer |

portion of the spray would occur.

‘ 1.3.5.. ~ Combustion Effects

. In the previoﬁs discussion, although evapbratiéh has
been considered, no acéount'has been taken of ignitionr -
and combustion of the spray and its effectronr penetration;-i
In most of the references considered 80 far; ignition | |

~end combustion did take place but usually after injection
hed finished. In the larger engiges the irijectio_n period
is of the order of 30° of crank, while the ignition d'éla:y' '
is some 4 to 6° of erank, Hence combustion must start
while the spray is still devqloping. _

Little evidence is available, but Broeze Lhﬂ Buggeat.a'l,

that the sprajr is affected by ignition due to an impulse
of hot gas that disrupts the spray cone. If the igni'ﬁ_iqn :
takes place on the tip then.this ma;y have the effect of
decreasing pelnetrati‘on_, but if ignition oceurred some way
down the spray then inereased pehetratic‘.;n would result.. .
Blume thﬂ shoved that ‘igniti_on occurred at the periphery.
of the spray, (Fign;'t;elSl). Holfelder [ 33] plotted the .
tip velocity with this tyﬁe of ignition (Figure 32) and

this shows that the velocity in the ignition case is =
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increased due to the sudden local pressure rise, then
remains constant during combustion, . After this, it

falls off very rapidly to a value below that of a none.

‘burning spray.

. This conaidération of combusticn leads naturally =
onto the effect of spray penetration on the course:df 2
combustion inside the cyliﬂder. The next chapter ;
considers this, together with the parameters affecting

ignition delay.
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CHAPTER 11

COMBUSTION SURVEY

INTRODUCTION

The previous chapter dealt with physical mechanics
of the fuel spray. .However. this cennot be considered
in isolation and thé interdependance of combustion aﬁd
the fuel spray must be understood if the equations, as
already stated, are to be ﬁsed in predictiné the correct
injection system match.

Aiready two different extreme types of combustion
have been conéidered possible in the 12} inch bore
engine, one of spray just reachingrthe wﬁll, and one on
phé‘spray hitting it. The dependencé of these typeé
of mechanisma.on cheﬁical paremeters must also be

investigated.

Chemical and General Consideration of Combustion

Combustion in a diesel engine is a complex process

" in which the course of reaction in one stage dépenda on

the path taken in the previous stage. It is difficult
to divide into separate parts both in tine and in the

nature of the process. A rough time division is as

follows: the first part is the reaction in the cylinder

before injection. This is followed by injection,

atomization and evaporation'in the ignition delay period.

After ignition the fuel evapo:ated.during the delsy burns

rapidly, giving é'éhaﬁp pressure rise, The next stage
is the period in which the fuel is burnt at a fairly
controlled rate. The final stage is the combustion
vhich takes place very late in the cycle, although it is

an extension of the previous stage. This is basically
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‘Ricardo's original concept of combustion.

2.3.  Ignition Delay Period -

The delay period in itself can cause the next stage
of combustion to change either chemicaily or physicaliy._
Long igﬁition.delaya give rise to high rates of preggﬁre_ _
rise in the cylindef.énd short delays can lengthen the
heat release peri.od. Broeze [ha] showed this latter
effect of a short ignition delay on the subsequent heat
releaée. Figufe 33 is taken from his work on a amall‘
engine., The injection period is constant but the delay -
period is varied. He suégeats that the disproportionate .
‘change in length of heat release wﬁs due to the delay"
being too short in tﬁe che case. The fuel is then .
injected into a flaﬁe;_evapofatea rapidly ‘and 1068éé.its'
penetratioﬁ powers, giving a bad air'fuelimixture.

Earlier, Blume L 43) had observed this effect and
given the same reason for its occﬁrrénce, but suggested
that fhe mgehaniam could be tied to chemical kihetica,i
vhich caused the fuel to decompose through lack of piygen
and thus take 1oﬁger to burn,. It.is thus pertinent to
consider the mechanisﬁ of the deiay-period in itseif. |

It is usually considered to be the time f;om fuel
first entering the cylindef until ignition takes place;
This can be further broken down into thé time required

~ for ;pray break up, the time for spray atomization, and
for the chemical process to get under way. Hurn [hi]‘
showed that the first part is not an important paft of the
delay period. The second part, that of atomization, has

been considered in the previous chépter, together with
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the'concept of a vapour-air layer around each droplet,
Ignition will occur only between'fairly narrow limits of
air fuel ratio, the vaiue depending on the pressure.and.
temperature, E. L. Wakil [45) considered that if one |
value of air fuel ratio is picked, say stoichiometricy

then this mixture will be formed first at the surfacé of
the'drop'gnd then,nwith time, ﬁove out through the fapoﬁr; :
film to fegions of higher temperature. At some péint,
this mixture will reach its self ignition temperature and
the chemical reacﬁion will begin, This first pdrt can’ |
be coﬁsidered to be the physical part of the déiay_period,‘.Lf
the next part is fhe'ghemical part‘ﬁhiéﬁ is the delay |
between the mixture regching its self-ignitiod temperature
| and the:reaction becqming e#plosivef’

The major fﬁctors affécting the ﬁh&sical. or fuel

vaporization part, of the.delay have‘beén inveatigated.
Once tﬁé Epray beginé to break uﬁ, Fhen the greatest factor
is the droplet. size and distribution. . De Juhusz EHG.] "
has shovn how the oil vi;cosity and hole size controls the
distribution fqr 8 given gas condition. 'thil.[hg]
considers that £oth fhese factors, when used fto give a |
better distribution and dfqpiet.size, iedy low viscoéity.
fuel and small orifice (and, of course, high injection
pressures), caﬁae’%he adiabatic satu;ation to be approached-_
more rapidly. This also suggests that this gives a
better.ﬁoskibility of éeifiignition occurring because
there is a more gradual change in temperature and air fuelf |
ratio with distance across th.e' gpray. Both Holfelder c33]

and Blume th.] observed the ignition at the edge of the

Spray.
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With the physiéal delay having éstabliéhed the
' correct mixture and tempg:ature; there is_the-tihg 37 3”ﬁ"
required before the reaction becomes_éxplosive. ffIt'hQé i-
been shown.by Yu et al [ﬁf] that diffefence in this:£im§-J U
varies widely with fuels, E. L; Wﬁkil [hi] suggesté-f.
.-£hat the difference in ignition‘delay.betveen fuels is.
largely due to differences‘in chemical delay. He also . -
* concludes thé;.the'physical and’chemical delay are of
the same order_of timé. _ Experimehtal‘work done by n- 7 .
Herele [ 46} agreed with E. L. Wakil's observations on the
components of the ignition lag and also measured ignition
" otcuring on the 'oﬁtside layers' of the spray. He‘alad
noﬁed that a aipgle iocally ébnstant céntré of ignifibn '
“eould not be discovered, rather ﬁimﬁiténeousiy‘ignitiqn
-at a number of isolated poihts. i-f ' | |
At‘least:two methods of calculating ignition delﬁy |
are available, one by Tsao Lug] and the chér by E. L.
. Wakil[[50] . Tseo's produced an equation which considers
the delﬁy period with variation in coﬁpressién temperaturé,
compression pressure and engine speed, while aéknbwledging
that thé'qctgm'e nunber of the fuel end the chamber
configurafion affected it, He did demonstrate that,
knowing 6n¢ ignition delay time for a given fuel énd
injection system, the trend of delay.could bé calculatéd

as followst- : : -
D s(-%-%?- + o.hls) ["3—,?,-3- + 0.0222) N

+{47.45 x 103 ( T )(10'00-1«) -
(""’"""‘""—,F'—""""" - 26.66) + """"""""'1000 - 1.h5 ""-6'6"" clao.c. (31)

Where D = ignition &lay mins

T = temperature at injection point °R 

Pc = pressure at ihjection poinf 1b/in?

N = engine speed r.p.m.
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Figure 34 shows the results of his equation together

. with an experimental point. = The trend has then been

reproduced for this point.
E. L. Wakil furthers his previous work in whiéh‘ﬁé  :5'
studied the two periods comprising the ignition delay -

and proposes two equations. -

For the physical delay: ST

| 0.5( Y 465 -
Dp = 1,10 dO‘ Qf025 + lﬁ;;:risga) N }  ;f|o-y‘(3?1H
and the chemical delay ' o |

0, 85 A ‘ :
Dc'10.3 dO € * Bl sceccvccstasessrecnssanne (33)

' Yhere Dp = physical delay sec,

L=
|

chemical delay sec.

initial droplet diameter in.

fu
"

-3
[]

p @ free-stream air temperature °r

nunmber of carbon mols.

T 2
2045 = 35.9( B
- \1850

T

[
and A B‘)
1850/

+ 13.2 (

B = 0,364 (7.775 - log, Tp,)

Main Combustion Period

The previous section touched upon the possible influence
of chemical decomposition and oxidation. - Although ﬁhe
chemical reactions, as applied to heat release such as this,

‘wefe known and referred tolfrom time to time, Meurer[ s52] - :l
finally proposed the full'mechanism_and used it to prove -
the principle of the M.A.N. 'M' type engine.

There are two chemical procéasgs which take place
simultaneously. There is the oxidation of the fuel and
there is the thermal.decompoéition or cracking. Thermall-
decompoaition is the stripping of ﬁydrogen atoms from the
hydrocarbon chain. After further decomposition, folymaraatioﬁ

and dehydrogenation, smoke is formed.
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-Thua, the interest lies around the conditions vhich
assist thermal decomposition. It takes place at
relatively.low temperatures {lower limif of‘decomposition
temperature is thought to be about 750 to 1000°F,
Schweitzer'tséj)and occurs whether in the-presehcé or
absence of oxygen. However, vhen oxygen molecules are
present the oxidation reaction interacts and competes with
the cracking. High.pressures and temperaturéé ac&éleraﬁe
decomposition, but it éan still predominate at low
temperatures, depending on the primary products.

Al) diesel fuels will have this low temperature
cracking predominance and, sﬁch is the speed of cracking,
that carbon may be fprmed_at an intermediate stage before
oxidation tekes place. In the engine cylinder the fuel
is injected in an atomized state and it has been estimated
that a 50 micron drop has 10 molecules tyi] of which only
& few are on the surface. - The fest musﬁ rely on
evaporation and diffusion processes to come into contact
with oxygen. The rate of these processes are slow
compared with the rate of decomposition. Meurer emphasised
the radical effect of temperature on decomposition and said ,:
that in the diesel engine, balance of the two mechanisms
chafacteriaés the first stage, for which the necessary
conditionsof oxygen concentration and fuel evaporation are
prepared during the ignition delay. However, once the
temperature repidly increases, it becomes impossible to
feed enough oxygen to the fuel, and decomposition predominates.
bsing the normal mixing process,‘ﬁescribed in the previous
chapter, Neurer suggests that as the distribution is improved,
slthough the oxygen has easiér access to the drops, the

cracking rate increases proportionally greater and thus,
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carbon and longer heat release peridd fesuits.
: Iﬁ short, Meurer suggests that chémicai kiﬁetica
ﬁave a strong influence on the ooirse of heat release ~x-
insi&e the cylinder; The M.A.N; system_was-designed tb ;tj
_counter the abo§e objections by'laying the fuel onto fﬁe ;4:;3
combustion chamber wall, and thus mlnimzaing the portion 
' of fuel involved in the auto 1gnit10n, allowing the fuel} hf? ;
to gradually vapourize at a temperature below decomposition} f;
level and then mixing the vapour énd hot gases quickly bj;
Vmeana of effective air sﬁirl.
The Plschlnger brothers' work.tsﬁl supported Meurer's
-theory, but obJections have been ralsed. Doubt is
expressed as to.the ability to forn a f11m on the piston,
the méchanism upon which Meurer'é'theofy revolves.
dhemiats_claim that;At gas tempérdtﬁrep involved,
decomposition only takes place at 5 significant rate in L
_the vapour phase and wbuld not be pfedominant in the iiquid ,'
phases, Meurer counters this by pointing out that the |
local flame temperatures are much higher than general gas
'temperatures, and are largely independent of overall a1r/fuel '
‘ratio.
_ ‘Evidence of the effect of 'chemical kinetics' haé been - |
furnishéd'by other workers. Garmer et al [55, 56, 57 and 58].'
established thenmportance of free radlcala in the ignltxon o
delay and combustion processes, Thls principle used by
Schweitzer and Alperstien[ZSé] in fumigation of a small
engine which reduced ignition delay and smoke in the exhaust.
Lyn [66] studied the combusti;n with a spectroscope and
detected the production of carbon eﬁrly on in the cydle and
in work E61 and 62] on another small high speed engine,

analysed pressure diagrams and fuel injected rates and
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studied the overall effects on heat rélehseQ He found
that the rate diagrams were similar for all conditions 7

and could be divided into three parts. At first the rate

“of burning is generally high end lasts about 3° crank.

Then there is a gradual decrease in heat relesse. - Thése _j-;
first two stages amount to 80% of the total. The last
fortion or tail was burning at a very slow rate. The
effect of delay period on the maximum rate of heat release
is to increase it in the first part, and like Blume[:hi]
and Broese [ha he found that the heat release period was
shortened. But when the ignition delay wasladded there
was no'signifiéant diff;rence in overall pefiod. He
also found that the absolute rste of heat‘rélease increased
in proportion to the engine‘speed 80 thaﬁ in terms of
crank degrees the burning time femained cdnstant. The
period of burning was long in comparison to the injection
period,

- In géneral Lyn found that gas temperatures, fuel
viacésity and volitility did not have much effect on heat

release and that chemical kinetics did not play a part in

controlling combustion. However, he accepted that he vas

considering the length of heat release and thermal

‘efficiency and did not consider smoke conditions which could

be controlled by chemical phenomena.

Combustion Principles

To restate the interest in-combustion in a simpie vay
would be more helpful. It is to obtain a stated brake
thermal efficiency at a statéd speed and load with acceptable
exhaust conditions and given constraints on thermal and
mechanical loading at design stage. It may over simplify

the situation but the following equation may be used:=
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Qb = ﬂcom'b QHL ﬁcycle nmech A BssNsEsIER (3’4)

Where
ﬂb = brake thermal efficiency
ncomb = combuatlon efficiency

QHL = heat loss efficiency

n . . .

eycle = cycle efflc;ency

mech = mechanical efficiency

The important aspect to the present discussion is

Q . i ' '

cycle® Mention has been mgde of the "shape’ of thg

heat release curve, or when and at what rate the fuel

releases its energy. This controls ﬂc In a

yele®
simpler form, the cycle efficiency is a function of rate
of heat release

ncycle a f (RHR) oocuoo.ooo-.-...;....... (35)

Where RHR is the rate of heat release.
Now the foilowing form con be proposed
Ry ® Bl X £, evevesercrnersanseccancnes (36)
Where RI = rate of fuel injected
f, = some function of the chamber and nozzle conditions
which allow the fuel to release its heat ene:gy.'
That is to say, that the rate of heat release is a
function of injeétion period and £
From Lyn's work the indications are the rate of heat
release is controlled by R, and £, where £, is based on
purely physical factors such as engine speed combustion
chamber shépe and direction of nozzle, Chemical kinetics

do not play any part.

" By measuring pressure-cfank angle diagrams from
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engines“ﬁnd bomb rigs, and making certain assumptions
rabout heat losses the shape of thg heat release curve
canlﬁe.calculated,land it is worth considérihg Lyh and.
other workers' results. rFigure 35 shows‘tﬁe types‘of
heat release diagrams for various engines as considered
by Lyn E62:| . Three basic mechanisms are proposed;
~Type (A), as in the direct‘injection engine, in which
the 'fuel crosses the chamber with conéidérable mqﬁentum'
- mixing proceedé immediately as it enters the chamber
and is littlé affected by ignition'. Type (B), seen in
both the DI with fuel on the wall and the indirect swirl
chamber where 'fue; deposition on wall = negligible mixing
during delay period due to limited evaporation, After
ignition evaporatién Becomes rapid and.:ate is controlled
by acceas of hof gases to the surfaée, radial mixiﬁg being
induced by differential_centrifugal fqrces. Bﬁrning is
therefore delayed by ignition laé'.. The third, Type (C)..
which appears in the latter two types of engine, is "fuel
distributed near the wall - mixing proceeds dgring delay‘
bﬁt at rate smaller than (4). After ignition; mixing is
accelerated by same mechanism as (B)*.

Lyn suggested a method of prediecting the rate of
heat release . It is based on & triangular rate of
© burning with the triangle being at right sngle with the
maximum rate at the start. Increasing burning time for
each successive element of fuel was considered. The
i)urning rate was defined as:-

_ t |
RaRO(qu) .c.O0.0..I'I.OCCo.-.l.o..f. (37)

Where R is the initial rate (determined by the size of




b2,

- the”element).

Ty mt +at,
‘ o i

burning time of first element‘_“k"." g

G
]

time of injection after first element .

-
[

constant.

.p‘ "
[ ]

‘_s,He suggested values for a and t wh:ch gave a

seasonable fit w1th his experimentel results.' Thus,.iﬁa_‘ﬁ' '
gzven the 1gn1tlon deley perlod the rate of heat release ' j
.I“and hence the cycle eff101ency can be celculeted.,- 7 _ '..f ‘
o All three systems have high air sw1r1 which tends. :
towards high rhysicel mixing retes but some work has beenﬁ.m'

. carrled out uslng constant volume bombs. Figure'36

hows the results calculated by Blume [h:;] usmg a constant ‘I" |
.volume bomb,  He also found that the ign1tlon delay had

1 a decided effect on the course of combustlon, not only

from the maximum rate, but the durat1on. As the ignition: L
'l delay decreased 50 the duratlon increased (he decreased _li,fl

1gn1t10n deley by 1ncreaslng sxr tempereture) Blume-'

- explained this phenomena by eveporatlon and decompos1tion ?Ei
of the fuel. ‘With the shorter 1gn1t10n deleys, the fuel
: inaected after 1gnit10n nmust pass through a mantle of- ‘.' : _w

3 burnxng fuel while st:ll lsckxng oxygen. The fuel is moref

""fqylckly evaporated and 1ts penetratlon 1s reduced, whlch _;C

.lowers the speed at which the fuel and air mix. Further. Q
" the fuel, in passing throngh the flene zone without oxygen,'
is subjected to decomposition. |

The amount of 1nfbrmat10n on combustion in the
relatlvely larger direct 1njectlon diesel engine is smell.

" Whltehouse et al [Ei] measured the cylinder pressure d:agram

from what is thought to be a 10-inch bore engine, and,a_ﬁd;
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analysed it. Although they admitted difficulty in
"gaining an accurate diagram, Figure 37 shows their 'probable
pattern'.. The progranm described in Aﬁpendix IIfalso.
‘became available and is veryﬂ;imilar to that used sy
Whitehouse. It was used to analyse some cyiinder fressure,
_diagfams from the 12}dnch bore engine descriﬁed in .
Chapter I, and the reéult is shown in Figufe 38, ._It is
'véry gimilar in shape to that obt#ined_by‘Whifehﬁuse, and ;
except for the reduced peaks due to ignition délay,to that
of Lyn's direct injection engine shape. Also plotted in
Figure 38 is the pattern for the i23pinch bore engine
based on the injection rate shown in Figure 18, and
calcﬁlafed as per Lyn's method. The fit is not very

' effective but toattein this the constants:auggESted by

Lyn were radically changed.- Lyn recognised this.and
suggested that if the constants were fitted for one type

of engine then various speeds end loads can be studied.
This can lead to misinterpretation. If the constants are
used for one engine then it is implied that the major
factor other than delay period is the rate and duration of
injection of fuel into the cylinder. However, it has been
observed on the larger direct injection diesel engines

that if the injector nozzle area is kept éonsﬁant (i.e.4
seme rate and duration) but the hole configuration is
changed, thén the eﬁgine can resact by a‘change in B.8.F.C.
and exhaust condition. Thus it would seem that in the
larger direct injection engiqe a further correlation
between the above and how far the spray penetrates is
necessary.

It is suggested by Borman and Deluca [53] that the

eir is relatively quiescent so that the efficient injection
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system is required to properly distribute the fuel through
the eir for complete combusﬁion. The nozzle is usually '
positioned at the centre of the piston end the nozzle
orifice dieameter and number are such that .the behetratigh
end distribution is satisfactory, i.e., that 6ver_and under
penetration are not obtained, There is little time for
mixing, some 25 to 30 cranﬁt?gs’four-stroke engines and
the atomization must be fine with injection pressures in the
range 5000 to 12000 1b/in2, The allowable penetration up
to the chamber wall is dependent on the injection pressure,'
but primarily on orifice diameter. |

Borman and Deluca are suggesting then that the
allovable penetration is to the wall of the combustion
chamber and implied the fact that over-penetration and
under-penetration are undesirable, the latfer not utilizing
the air at the outside of the chamber, anﬁ_the former giving
bad combustion and heavy cafboh build up on the piston wall.
Therefore, the ability to calculate the penetration to the
wall coupled with an equation similar to Lyn's, based
purely on physical factors, should give the ability to
predict the injection match and heat release pattern required.

Beyond this, however, must be borne in mind Blume's work;
which indicates that chemical kinetics do play a part in
combustion and it is just possible that his rig, with no air
motion, could bear a closer resemblance to the large engine
than does Lyn's work.

A second point is that of the assumption that the spray
just reaches the edge of the combustion chamber. If the
123=inch engine is reconsidered and the calculations of

penetration carried out in Chapter 1, it was suggested that
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the spray would reach the piston wall after 2.5 miilisécb#d#
if no evaporation took place. Figure 39 reploté cufve 1
(Figure 21) and the possible maximum reduction in penetration
due to evapqration is plotted as a bréken line, estimated

. from Gelalles and Ro%hrbék's work t}l and 3%1 and Figures

25 and 27, Bearing in mind the errors that may be induced
by using Schweitzer's equation the spray would seem to
impinge on the crown affer about only 4O% of the injection
period is over.  This with the photograpﬂic evidence in
Figure 24 indicates that piston impingement is possible and
may affect the ratg of heat release. If in fact evaporatioh
is more pronounced than has Been indicated then the spray
may penetraté as a vapour air mixture and not a liquid-
vapour-air mixture. The effect of changes in combustion
shape and air motion could more rg@ic&lly affect this type

of hprgf.

Evidence is thus required which can elucidate the
mechanism céntrolling the heat release inside the cylinder
of.a pedium speed diesel engine.

Conclusions on the work surveyed in this; and the

preceding chapter, can be drawn.
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CHAPTER IIT

CONCLUSIONS FROM SURVEY

In the previous chapter the concept of £or the sbility
of the combustion chamber and injection nozzle to control .
'.the heat release was introduced. It has been suggested
that the mechanism involved in'fc, at least on medium speed
engines, is that of little air motion and the fuel sbray
just 'licking' the edge of the piston bowl., The nozzle
is usually located at the centre of the piston and the
number of sprays is such that full coverage of the chamber
is obtained. _ The onus of mixing the air and the fuel lies
with the injection‘system, the air being induced into the
spray in which the fuel has been atomized into small droplets.
Thus to predict & match of nozzle and combustion chamber a
knoﬁledge of the course of spray and combustion is necessary. .

The survey has shown that information availsable is
incomplete on the parameters-affécting spray fenetration.A
There are eéuations available for calculating spray
penetration and cone angle but their application to an actual.
jerk system is in doubt. This is due to difference in
upgtrean conditions and L/d ratios found in the engine
system un%;?gg:ﬁﬁazgd by researchers to establish the
equatiohs. These equations are further limited in that no
account is taken of the conditions around the spray in an |
engine cylinder such as high ges temperatures (leading to
evapbration), air motion and combustion. There is
' evidence to suggest that evaporation effects penetration
with orifice diameters below about .020 inches but availsble
information does not allow predietions.

Air motion would have tobe of a high order to effect

penetration of any but the smallest diameter orifice,
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but again there is some doubt as to the type and magnitude
of air motiﬁn in & medium speed diesel engine. It is
suggested that it is of a low order.

Ignition can effect penetration depending on the
position in the spray that it occurs. If it occurs between
the nozzle and the tip of the spray it has been shown that
the penetration will be greater.

The work surveyed has essentially concentrated on the
penetration of the tip of the fuel spray. That is to say
the liquidiair spray. As the spray develops it entrains
air which is then moving with the fuel droplets. If no
disruption takes place, such as high air swirl, then fuel
that evaporates will still continue to move away from the
nozzle.  If evaporation is considerable then it could be
that.the penetfation and cone angle of the vaporized spray
is much more important than the liquid part of the spray |
as far as correct matching is coﬁcerned.

Work cﬁrried out up to the present time suggests that
in the large bore engfne chemical kineties could play a
part, particiilarly in relation to the delay pefiod. although
work on_.smaller engines is conflicting with regard to the
predominance of physicél or chemical factors.

Impingement of the fuel onto the combustion chamber
wall is a paasible mechanism that mey be occurring in large
engines at high‘brake mean effective pressures.

The survey thus points out the main avenues of further

investigation. These are to correlate penetration of a

fuel spray from an actual jerk system with rig work already
carried out. To investigate the effect of evaporation on

penetration and incorporate the finding into any prediction
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equation. To find the magnitude and pattern of air 1ot

in a medium speedldiesel engine, and consider the

conditions prevailing inside this type of engine with

a view to applying the prediction.equation to combustion

problems. |
The foliowing chapters describe work carried out by

the auth;r in an attempt to fill some of the gaps brought

to light by the survey.
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CHAPTER IV

EXPERIMENTAL WORK CON COLD BOMB

\INTRODUCTION

i This chapter describes the experimental work carriedl_
out on the development of fuel sprays in stilllgas at
high densities and atmospheric temperatures between
January, 1963 and February, 1964 at Loughborough University.
The objective was to correlate the actual injection system
results with those in previous work. |

It is divided into five main sections, the first

covers the basic design andintention of the rig, the second
cdvers the development of the rig with a back pressure
cylinder and cold pressure chamber together with all the
instrumentation. The third section deals with the
phoﬁographic techniques used. The method of measuring the
results obtained is detailed in the fourth section, followed
by a discussion section. |

Basis for Bﬁilding Rig

From the revision of other work on this topié, the
basic objectives of an experimental rig were 1aid down.
The fuel spray was to be injected into gas. A chamber vas
to be built which could contain the gas at pressures up to
400 1b/in2 giving equivalent engine cylinder densities at
room temperéture. The gas pressure vas to remain static
during the injection cycle. ﬁeating of the gas was to be!
considered later.

The form of injection was to be a normal jerk fuel.
injection system. The nozzle was to be the standard
multi-hole type as used on the engine,as it has been

indicated previously that the flow in the nozzle sac could

have & great influence on the spray formation.
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The size of the-injection equiﬁment ﬁas determined by
the fact that an 8-inch bore éngine would be available
for any future work. The injection equipment ié
designatedC size ﬁump'and T size inject;r.by international
standards.

The size of the chamber was dictated by the possible:
ﬁenetrations that would oceur. As future interest could
centre on engines having cylinder bore sizes of 1% to 15 _.
inchea'observation of the spray penetration should be of
the order of 12 inches. |

Residual as well as Class A fuel was to be handled by
the rig so that difference in fuel could be seen. .
Temperature control of the fuel was important so that
viscosity would be controlled.

The following properties of the spray were to be
measureds=- |
{a) tip penetration with time
(b) cone angle
(¢) spray angle
(d) droplet size
(e} droplet distributions
(£} effect of air movement.

These would be measured against different gas
densities, fuel viscosity and injection pressures. The
range of fuel line pressures would be that supplied in the
normal system, giving up to 10,000 1b/in? peak line pressures.

The method of measuring_cone angle, tip penetratipn and
spray angle was to be such that no interference to the spray

vas introduced. Photography was chosen and divided -into
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two types;‘:ioné was thé siﬁgle flash ﬁpgfk source method.
The second ﬁas to use a High Speed Camera with confinﬁou;:-
light source photographing the whole of one iﬁjectién. ;
The first method was to be used for developing th§ fig as
it was considered to be inexpensive. ( |

One further piece of apparatus wgs considered. It
was thought that the t9tal‘£uel output per injection would
be needed. The difficulty of measuring this ﬁnder high
pressure conditioﬂs in the cold chamber led to the design
of a simple apparatus to aﬁply back pressure to the nozzle.
In this way, the effect of back pressure could also be |

investigated.

Development of the Cold Bomb Rig
Basic Rig |

As has been stated ahqve,'the C size injection system
was chosen because of the avallabilxty of the 8-inch bore
engine. The baalc rig reproduced the camshaft, cam followef
and pump of the jerk injection system, A diasgrammatic
layout is shoﬁh in Figure 40. It consisted of a 2-foot,
6-inch long camshaft, which was mounted in a cambox. This
cambox provided a sump for ;ubricating'oil. A small belt
driven pump supplied this at 15 1b/in? to the shaft
bearings and cam follower. At each end of the shaft were
mounted flywheela. These helped fo keep the rig at a
constag£ épeed. The.shaft and assembly ﬁere driven b& a
30 H.P. D.Cs.motor. This drive was via a.vee belt systenm
onto opé of the flywheels.  The apeed of rotation of the .
camshaft could be varied from O to 350 Topemte by adgust;ng
the supply voltage to the D. C. motor. This speed range

could be extended by fitting a larger pulley to the motor

shaft,
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Bolted on top of the cambox was the cam follower

assembly and jerk pump. : Allowance was made for adjuatment

“of the pump tappet. From the jerk pump, the injector and

pipe could be'fittedhln the normal manner, the injector
coming in front of the cambox and being bolted to the cold

chamber or back pressure cylinder, discussed later, Fuel

" for the pump was supplled from a header tank. This tank

was 2 foot above the pump and the fuel fed from this via
a control_falvg and filter. At a later date, a second
tank was edded together with another filter. This tank
carried an immersion heater and was lagged to retain heat.

It could handle heavy fuel or Class A fuel which was to be

heated before entry to the pump. The output of fuel from

. the cold chamber or pressure cylinder was collécted in a

reservoir beneath the cambox and returned by a small
electric pump to the header tank.

Back Pressure Cylinder

At first it was thought useful to measure the mean

quantity of fuel injected in each cycle. It is known that

the injection system works against a back preashre, both in

the engine and the bomb, Thus to'investigate the effect

" of back pressure on fuel flow, a short experiment was

cgrried out to apply a back pressure from atmospheric to at
least engine éompresaion pressures, i.e., 900 1b/in%

By allowing the fuel to inject into a cylinder filled
with fuel a pressure can be created. If the flow out of

the cylinder is controlled by a valve and the pressure

inside kept constant, then the fuel injected can be measured

under these back pressure conditions. The first design of

apparatus to apply back pressure to the nozzle was a small
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flanged cylinder with Bosch.peak presauré indicatof valve.
This proved unsatisfactory due to an’incresse in back 
pressure during one cycle. The cause of thzs was the -
' compressing of the fuel in the valve cylinder durzng o
injection ow;ng to the small cylinder volume, '

~ The second déaign incorporaﬁed a8 much larger volume.
Figure 41 shows this cyiinder with & Stein-Atkinson-Vickers
varisble relieve valve-iﬁ place'at the bottom. This valvé
allowed a high degree of control over the pressure in the
cylinder, tﬁe pressure being created by the injected fuel,
The range of back pressure was 0 to 1000 1b/1n . The
continuous flow from th;g-cylinder could be measured
accurately over & period wﬁile the back pressure remained
constant. The ‘cylinder pressure was measured by means of
a capacitive type transducer located in-the side of this
cylinder. The essociated equipment of this transducer
will be covered later: |

It was found that back presaures even to the order of .

1000 1b/in2 d1d not seem to have an effect on the flow
output, as measured in this way. This will be discussed
later. |

b.3.3. Cold Pressure Chamber

-

The pregsure chamber (Figure 42) consisted of a
_rectangular steel box measuring 18 by 6 inches. To one
pair of opposite sides were clamped § inch armour~-plate
glass, 12 inches by h'inches in size. An inspection cover
at one end g;we full width accesa to the chember. The
injector was fitted into a round flange mounted on top of

the chamber, rested on an '0O' ring. It vas held by four .

clamps which allowed the flange and injector to be rotated
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when locating the direction of a nozzle orifice. The

injector itself was held onto the flange by two studs and

8 cross strap. The nozzle tip protruded through the

- bottom of the flange and was 80 positioned that when the

flange was in place on the chamber, the tip appesred in the

‘, top inside corner of the field of view when looked_ét

~ through the armoured windows.

The floor of the chamber was slightly sloped to the

back 8o that.fuel was drained down to an outlet plug.

This outlet was controlled by a high pressure needle valve '

which had a fine adjustment. Pressures of up to 400 1b/in?
could be safely contained, although during tests the maximum
used was 300 1b/in?. |

The gLa used in the cylinder throughout the tests was
nitrogen. . This was supplied from a bottle at 1500 lb/inz;
through a regulating/s#fety valve, to an inlet at the back

of the chamber. With this regﬁlator and the outlet needle

valve a steady flow of nitrogen through the chamber could

be maintained while the pressure in the chamber remained
constant. It was thought that this would help cut down

fuel miast in the chamber. -

. General Instrumentation

Temperature Measurements

The temperature of the nitrogen gas was measured in
four places by thermocouplesj Figure 43 shows the positions.

During a run these temperatures were continuously monitored .

' on an ultra violet recorder and calibrated on a potentiometer.

The temperature df the fuel in the nozzle was important from

the point of view of viscosity. In Figure Lk, position of
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the thermocouple can be seen on the injector, the
thermocouple wire passing down into the nozzle feed ring.
The thermocouple was a Cu/con and,as in the-casa of.
previously meﬁtioned thermocouples, continuous monitoring
was done oﬁ the U/V recorder.

Dial gauges were used in conjunction with copﬁer/con
thermocouples for measuring the temperature of the fuel at
the.tank and at the inlet to the pump. As the dials were
remote from the thermocouples care was taken to use
compensated leads,

in all cases, the cold junction for the thermoéouples
was supplied by ice enclosed in a thermos  flask.

Pressure Transducer

Two types of transducer were available at the time.
One was the standard R & H strain gauge, the other was the
CAV/Rotéx strain gauge type. The Rotéx-transducer was
chosen &t first because its pﬁysidal-size allowed it to
be placed near the nozzle as is shown in Figure. Lk,
However, during initial test runs the line pressures were
found to vary cyeclically when the Eack was locked in one‘
position. The pump and injéctor wvere checked for correct
operation us was the speed variation of the camshaft.
Both these proved to be satisfactory. The Rotax transducer
was plaéed at the centre of the injeétion pipe and then

the results were compared with the larger R & H transducer

in the same place. The pressure variations still persisted,

but the mean pressure readings on the R & H pick-up were
higher than those from the Rotax. The difference depended

on the rack setting, but at pressures equivalent to engine

operation, this was as much as 1500 ib/in?, The calibration
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of the transducers were checked on the same dead weight

tests and proved to be correct. After a further short .

' inspection,_the‘only siénificant'difference to be foundiuy_‘

was that the R & H transducer strain tube was part of the

pipe and was an inch long, whereas the Rotax strain tube

was 3/16" long and was at right angles to the main injector

pipe. On looking at results from engihe tests at R & H,

it was found that these pressure fluctuations were present

and could be a function of the filling of the pump .

Further study on this subject was discontinued and the
Rotax transducer chosen as being the most_accurate pressure
measuring device for the rig.

Both transducers were strain gauge type and so the

same auxiliary equipment was used. A‘atdndard type decade

box was used to complete the bridge ¢ircuit, together with
& fine gradusted poténtiémetér for measuring change of
resiatance; The output of the decade box was coupled to
a D.C. chOppéf amplifier and this to a two beamed

oscilloscope. The Rotax transducer was temperature

" compensated.

_Needlé*Movémenf'Tranaducer

Tﬁe tranaduéer ﬁo measure the néedle movement was an
inductance type. This was placed on the top of the
injectof, Figure 44. It formed part of an oscillating
circuit where output frequency varied with change in

inductence, This output was fed to an F.M. amplifier

: " and thence to the oscilloscope. The delay caused by the

compression of the_;ong rod had to be allowed for when
studying needle lift diagrams as werethe vibrations

encountered on these diagrams at the end of opening and

closing due to this same rod.
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The Sweep Unit

A standard Southern Instruments Sweep Unit was used

to trigger the scope beams to supply crank degrees marking

-on the F.M. output beam. This unit was driven from the

camshaft by a lil power grip belt assemdbly,

Oscilloscope and Camers

The fuel line pressuresland neeﬁle 1ift movement
traces obtained on the oscilloscope had to be photographed.
Therefore a aﬁandard Southern Instruments Engine Indicator
was used. This incorporated the écope and camera which
could be modified to use continuous paper film or‘qingle
shot films on a drum. There was also a device which
alloved the traces on the scope, initiallf ;witéhed off,
to be switched on for one cycle,

Chamber Pressure Measurenment

The pressure in the dhgmber.femaipéd constant
throughout a test-and therefﬁre # Boufdon tyﬁe gauge of
0 to 400 1b/in? was used for measurement. This was
aécuratély calibrated against a dead veight tests The

position is shown in Figure 42,

Cam Rotation Measurement

| The speed of rotation. of the camshaft was measured
by using a Farnell digital tachometer and a proximity
probe. ‘ The probe was placed at right angle to and a short
distance from a brass wheel carrying 4 steel studs.
Figure 45 shoﬁs‘the'arrangement. In this way, rotationﬁl
speeds could be measured to about 1% accuracy.

Rack Setting

The pump rack movement was limited and measured by

& micrometer stop. Once the rack was in the desired
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position, it could be locked by means of the lock nut on

the end of the rack.,

Back Pressure Measurement
In section 3.2 the back pressure cylinder was

described and the fact mentioned that a capacative

"~ transducer was used to measure the cylinder pressure.

This transducer was coupled up with the oscillator and

.Fu«M, equipnent already mentioned and used in conjunction

with the engine indicator scope.

The Nozzle Hood

As the actual injection system was to be used, this
meanf dealing with nozzles which had from 4 to 10 orifices.
If all the orifices were 1eft.uncovered, they would
inferfere directly (getting in the line of sight) and
indirectly (misting up the chamber) with the one hole
under investigation.' Thus some form ;f hood had to be
made. If only one hole was .alloved to spray into the

chamber, the rest had to be prevented from developing,

"but blocking the other orifices would change the flow

conditions in the sac.

The hood that was successful is shown in Figure 46,
and the section in Fi;ure'QT. The outer case was made
of brass while the tube to the orifice under investigaéion
ves stainless steel. Gfeat_care had to be taken when
fitting this tube and the bore weas rgdmed by hand to make
sure that it did not in any way interfere with the
developing spray, The o£her end of the tube was c¢arefully
shaped to the contour of the nozzle tip so that no fuel
from the other orifices could enter the tube., To make

sure that the tube fitted exactly on to the tip, a light

was directed up the drain tube and the orifice viewed
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through the steel tube, and vice-versa. The hood outer

section bolted onto the bottom of the chamber flange, thus
allowing it to belfitted onto the injector external to the
chambér. Final adjustment of tﬁe height'of the nozzle iﬁ
the hood when testing the fit of the steel tube on the
nozzle tip was achieved by tightening the stud and cross

strap on top of the injector. Before actual test runs,

- the nozzle was photographed élose up, spraying under gas
preSaufe,‘with the still camera and in some éases the
‘high speed camera' (to be dﬁscussed later). This was a
final check that no interference took place. -

The fuel from the other orifices waﬁ collected in the
drain tube and ran down a polythéne-piﬁe. At the end of
this pipe was located a loose wire'ﬁool plug which helped
kill any fuel mist before the fuel passed out into the main
chamber to be drained out fhrough the ﬁeédle valve.

At one stage,la ahuttér iaélﬁlaced'over the test

orifice tube to stop misting before the photographs were

taken. xThis shutter was actuated by a& fast response
solenoid placed below the hood. Figure 48 shows the
shutter in place in the bomb, The fast response solenoid
is also located inside the chamber and applied a direct,
pull on the shutter which slides on the brass tube of the
hood. The solenoid aﬁd its associate trigger circuitry
were made available by R & H from work done by Kimpton [614] .
However, the shutfer was discarded. Firstly, the solenoidl
was unreliable. Secondly, while the shutter was up over
the éteel tube, fuel built up in the tube and interfered
with the spray development after the shutter had been moved.

Lastly, it was found that the chamber did not mist up over

sbout 20 cycles due to only one hole being‘allowed to
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develop,and the iarge internﬁl size of the chamber,

During preliminary tests, it was found.that afterr
seven or so cycles, the.injection equipment had reached
a steady state condition, Therefore the method used to
actuaste the spray wag to push the rack in by hand, to
hold for ten or so cycles and then start the'camerﬁ.
This method proved most satisfactory.

Method of Measuring Fuel Output

At first it was considered necessary to know the total
output of fuel from each'nqzzle. A very simple method was
chosen, Due to the reasons found in 3.2 that the back
pressure on the nozzle has little effect on‘the fuel output,
all outputs were measured with atﬁosphefic’back pressure

which consisted of draining the fuel ejected from the

‘nozzle into a weighing can via a short length of piastic

tube. The rig would be set ruﬁning.tq the required speed.

. Then the rack would be sharply put in until it rested on

thé micrometer stop, In doing1this. a circuit was closed
starting a Farnell qigital counter. When the rack was
movediﬁack aggin, the counter stopﬁed. The fuel collected
was weighed on a set of scales ﬁeighing +1 gram,

Single FlashPhotography

The reason for developing this method was mainly . one

of economics. It was limited 'to being used for the

.development of the rig and no results were recorded because

of the cyclic fluctuations described in ‘section 3.L.2.

The basic equipment was a 35mm single lens reflex
Zenitz camera and a Lunartron Ultra High Speed single flash
unit (H.S.I.). This flash unit had a flash duration of

0.4 microseconds to 25% peak, end a peak intensity of
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50 million beam C.P., It could beAtriggered by a voltage
source and had a re-cycle time of 10 seconds. - The |
injection rig was enclosed in a 1ight.tight booth and thus
the camera could be set with shutter open and the film
exposed by the flash, This simplified the control éf

thg system so that a camshaft operated switch could be used.
This switch is shown in Figure 49, snd consisted of a slip
ring with the outer edges of brass.and the centre of tufnol.
At one point, spanning the tufnol centre, there was a steel
insert. Bolted to the caﬁhox.was a steel sPring.whosé
point could be moved ih an arc relative to the camshaft,

The tip was spring loaded on the centre and if a voltage
was supplled across the slip rings and pointer, then a
circuit was made when the steel insert contacted the pointer.
-ThelpositiongrelaﬁiVE to the camshaft at which the insert
did this was controlled by moving the pointer in.an arc
around the.shaft. A clamp and scale were provided to
facilitate this. This switch was incorporated in tﬁe
camera set up, and Figure 50 shows thia:arrangemept;

The Southern Engine Indicator Camera was modified to drum
trace recording. On the drive to the drum was a cam and
micro switch. . This could be set at any desired position
and would be switched on fér éne revolution., It triggered -
& relay which in turn switched the scope/beam on and mede
it possible for the flash'ci:cuit to trigger. When the siip
ring made with the poihter, the flash triggered. Thus with
the correct setting of the cem a film of the pressure trace
and needle lift was obta;ned at the exact tlme as the film
of the spray. As the positioning of the sllp ring trigger
was ﬂot very accurate, a Selenium photoelectric cell was

placed in front of the flash point. The output from this
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was shaped to a square pulse and superimposed on the
needle 1lift trace. Thus the exact ﬁime-qf film exposure
was recorded on the traces.
Three methods of illumination were tried. The
flash source was placed directly opposite one window
(Figure 5la) and the camers opposite the other, No
diffuser was used, only a gra&uated transparent plastic
panel, which will be discussed later, This method proved
most ﬁnsatisfactory as thé,illumination on the film was
localised, so an opal glass diffuser was inserted on the
light source side. - This was an improvement, but again
illumination of the syray was not even. With the source
angled across the resulté were better, but finally another
method was tried. This method is demonstrated in Figure
51b.’ ‘The flash source was placed undér the chamber angled
"up at 45°, The light was then reflected into the chamber
by a wooden hood painted matt white inside. The opal
glass remained in the sane posiﬁion; this gave good results.
With the open shutter method, a range of both aperture

settings and films were tried. The aperture range wa;
from F.2 to F.16. The best results weré obtained witﬁ

F.2.8. The films were tried as follows:-

Ilford HP. 3 ASA 400
Ilford HPS ASA 800
Kodak TRI=X ' ASA LOO
Ilford FP 3 ASA 125
Kodak Panatomic X ASA 40

Ilford FP 3 and Kodak Panatomic-X were far too slow.
Kodak TRI-X snd Ilford H.P.S. gave too much grain under
contrast development. Ilford HP 3 proved to be most

suitable,
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Greﬁt care haq to be exercised in the developing
of the film, Over developmentlgave increased grain and
led to an overestimation of cone angle and penetration,
while under development gave smaller cone angles and
penetrations than the actual spray. To help in this matter
of correct developﬁent and as an aid in the earlier
devélopment of the rig, the flash unit was replaced by a
Daver Stroboscope unit which would trigger every revolution.
Then, with the camshaft trigger working continuously,
actual obaervnti&n of - the spray could be carried out.'

The camera Qas placed about 3 feet from the chamber
giving enough deﬁkh of field to focus the.apray_and a
graduated panel. The centre point on fhe plastic had to
be in the same position as the nozzie tip. This was
ensured by using Vernier height and depth gauges on the
inaide and outaide.of the chamber. ‘Oqéé thig has been
achieved, then the camera could.béllingd up on the nozzle
tip and centre point., This gave a slight parallax effect.
on the filﬁ which gmounted to ebout & inch in 5 inches.
Th;rerore the camera was moved horizontally and parallel
to the spray exis, the error being halved. In Figure 52
the camera, ¢hamber and flasher unit can be seen in place.
Figure 53 shows the type of results gained. Each photograph
is from a different injection cyele with the rack, fuel
temperature and cﬁamber pressure held constant. Due to
the eyelie fluctuations slready mentioned théy must only
represent, at best, the mean spray de;elopment. ~ With this
'techniqne, the development of the nozzle hood was carried
out quickly and cheaply, which would not have been the cese

with the high speed technique described below.
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High Speed Photographic Technique

Camera and Illumination

The high speed (H/S) photographic technique was chosen
as the method givinglthe most accurate results without
interfering in any way with the spray itself. The basic
apparatus was a Fastax High Speed camera with its speed .
control equipment. Three typés of contipuoua light soufces'
were tried, and further control equipment had to be
manufactured. |

The cemera was a Fastax W.F.I. running up to 16000
frames/second, (see Appendix IV}, The film used was
Kodak Plus~-X 16 mm movie with 8mm perforations. The speed
the camera sttained during a test run was set by a standard
'goose' control unit. Except for one run, this uﬁif set
the camera to reach about 16000 fps during the tests. This
gave film coverage of three injection cycles. Bécause of
this and the cyclic variations mentioned in section 3.k.2,
the camerd ;n the oscilloscope was ghangeﬁ from drum to
continuouas feed to give equal'coverage of the pressure and
needle lift traces,

The H/S camera was placed six feet from the chamber
with the continuous light source directly opposite.

Figure 5k shows the general set up with the projection lamp
light source. The foreshortening mentioned in 4.7 was ‘
therefore cut down to 1/16™ in 4" of penetration. The
three light s;urcea fried are listed below (see Appendix V
for details}.

1. 8 tungsten lamps (750 watts each)

2.,  One Xenon lamp plus L tungsten lamps

3. . One 1200 watt episcope projection lamp with concave

backing mirror.
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Using the first method a strong diffuser was
necessary to give even illumination hence the need for
eight tungsteﬁ lamps. The second method was better,
but still a strong diffuser was used and the Xehon iamp
had to be backed up with 4 tungsten lamps. | These lamps
were used to illuminate the chember corners more evenly.
The last method with the projection lamp proved the best. -
With the conecave mirror a strong ﬁeam of light could be
focused onto the chamber and very little diffuéion vas
necessary. When the close up shots of the nozzle were
taken the.diffuser wag removed completely.

The illumination provided by this method was

sufficient at an aperture of F.1ll and a 5 microsecond

- exposure.

Control Equipment

When using the higher speed camers and equipment, if
became impossible to cqntrbl all fhe operations by hand.
Therefore some method of sequence control was neéded. L.

There were seven operat%ons:-
‘(i) Trigger H/S caméra {via Goose control)
(ii) Trigger oscilloscope trace camera
(iii) Trigger pulse marker on H/S film
(iv) Trigger pulse marker on trace film
(v) Switch camer lights to full power
(vi) Switch in fuel pump rack
{vii)} Switch on ultra violet recorder
(viii) Switching off operations 1, 2, 5, 6 and T.
To keep the contfol unit as simple as possible,

three of the above were not included in the sequence of

operations. As has been stated in 3.4, the ultra violet

recorder was measuring nozzle and chamber temperature.
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These were fairly steady and the recorder could be set

on & low paper 5peed.‘ It could be syitched on manually
befofe a test run and left to monitor the teﬁperature
throughout thé run., The fuel rack had not been_fitfed.
with a solenoid and this was left to manual operation,.

The third operation, manually controlled, was the
changeover of the continucus light source. All three
types of lighting used were set at low power for focusing:
and setting up of the camera agd eéui?mgnt simply to
lengthen their useful life. They vere left at this
setting uﬁtil just before the camera started. At this
point they were switched to full power. At the completion
of the ruh,-the lights were switched off. The control box
was then constructed using high speed relays and R-C delay
circuits.

‘The sequence can be deseribéd as'foilowa. On
depression of the start switch, £ﬁe traée camera started.
After a set delay, the H/Slcamera automatically switched on;
After 8 further delay, which could be varied, a pulse marker
w;s superimposed simultaneously on the trace and H/S films
using a R.A.R.D.E. SPARKTIMER (Appendix VI). The duration
of this pulse'could be controlled. The pulse marker made
it possible to tle up the exact line pressure and needle
1lift traces on the trace film with the spray it caused on
the li/8 film, At the end of the run, the H/S camera cut
off automatically when all the film had passed through.

The trace camera was switched off by releasing the start
switch.

The time of one run from depression to release of

the control switch was approximately 3 seconds, the H/S

cemera running for sbout one second, The relays were
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driven by an external 24 volt power supply. No control
of the oscilloscope beams was neéeséary, as they were
left on continuocusly. This was made possible by the
continuous feed film on the oscilloscope camera. |

It vas essential, from the point of view of delays,
to develop the film from a test run immediately. The
H/S film wes procéssed on a Hadland Processor, it taking
about 20 minutes to complete 100 feet of film. The paper
film from tpe trace camera was developed using Kodek 163
'dev'eioper and Kodak-Kodafi‘x fixer. The film was slowly
unrolled and re-rolled vhile immersed in either the fixer
or developer under dark-room conditions. .Thua both sets
of films could be checked within half an hour of the run,

Methods of Measuring Results

Figure 55 shows an example of the type of result
obtained and the first four films' sequences, in the films
appended to the thesis, demonstrate actual results. They

show the effect of change in hole size and gas density.

To analyse the results the H/S film was projected onto

a screen. On this screen was drawn a radial and diametral
network of lines marked in half-inches and degrees
respectively. The image of the graduated lines on the
film were lined up with the radial markings. The centre
of the network was made coincidentel with the nozzle and
the image adjusted so that the horizontal line on the film
gradustions was horizontal on the screen., Then by
projecting & frame at a time onto the screen (the projector
was a single framamachiné), penetration and cone angle
could be measured. The time ordinate was gained from

the film on the H/S camera by the R.A.R.D.E, spark timer.

This placed on the film & mark at milsecond intervals.
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These can just be seen on Figure 55 on the right hand side
of the film,

The paper trace yielded £he pressures and néedle lift
with time; Figure 56 shows an example. As has been said
in 4.2.2, the pulse markers allowed the trace and H/S film
to be correlated, The time ordinate on the trace film was
originally supplied by the sweep unit in the usual way.

This gave it in crank degrees. Howé#er, quite by accident,
the R.A.R.D,E, unit aﬁperimﬁoaed'fine'looolc/a pulses.

These did not interfere ﬁith the main trace so that they
were leftland made it unnecessary to convert cam degrees to
absolute time. The pressure traces and needle 1ift were
accurately measured on a horizontal anﬁ vertical travelling
microacope.

Discussion - -

The original idea of using &n act#al inje&tion system'
proved attaineble with the use of the‘hood; When using_'"'

close~up photography.on the hood there was no evidence of '

- interference and‘it can therefore be reasonably assumed

that the results obtained are of the development df a spray

" from an injgction nozzle working under normal hydraulic

conditions,
The method of measuring speed rotation within 1% needs
no comment; but the meaaurémeht of line pressure, althotgh

done by & travelling microscope (measuring to 1/10 of a mm)

‘were taken from small traces. - One inch represented about

6000 1b/in?, However, the reading error was less than 2%,
If both needle lift and pressure traces are to be
carried on the film, then this is near the maximum

amplification. Possibly an improvement would be to let

both traces have the same baseline as long as the needle
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trace did not interfere with the pressure trace too much.

A further inaccuracy in the traces was the delay in the
needle trace due to.the long rod in the injector. This
could be allowed for to some extent by iihing the start

of the needle lift with the moment&ry drop in pressure.
shown on the pressure trace and due to_the needle moving up.

The positioning of the transducer 3 inches from the
nozzle does lead to some difference in pressure and %n
trace diéplacement owing to the pressure waves having
finite velocities. However, the pressure wave velocity
is the speed of sound in oil which in this case im the
region of 4000 ff/sec. Thus the delay due to the pressure
travelling 3 inches is negligible. The difference in;
pressure in the pipe and the nozzle is also small.

'The temperatures measured on the ultra violet recorder
are accurate to 2% by use of the_poten#ibmeter and.thé fact
that they were steady. The ghaﬁﬁer préssure could be read
to an accuracy of 2%.

The method af measuring mass of fuel injected‘pef-cycle'
was covered in section 3.6. With this method the readings
vere accurate to 2% but this was an average resding and did
not give the amount of fuel injected for an actual cycle.
This could differ greatlj. .

The accuracy of the method of measuring penetration
mentioned in 5 is limited by the inaccuracy caused by the
camera angles shown in 4,1 and 4,2, This was about 3%.
Unfortunately the quality of reproduction of some of the film
made it difficult to exactly pin point the tip of the spray.
In bad cases the test was discarded. Another factor that

occurred was that of the spray tip becoming erratic towards

the end of injection due to the rapid and uneven fall of
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line pressure. The method used to overcome spurious
results was to ignore the results after spill on the
pressure trace.

As for general performance, these points may be noted.
Firstly, a more substantial spring could be used on the .
cam switch as this was prone to fatigue. Secondly, the
power grip belt method of driving the sweep units lead to
some picture instability and it would be better if the
unit were driven off the end of the camshaft. Third,
it would make operatién.easier were the fuel pump rack
U/V recorder and camera light made fully automatic.
Lastly, fhg.method used to control the fuel rack, that of
intermittent injécting, made it impossiﬁle to control the
fuel temperature. At the nozzle, éven'when Class A fuel
was heated in the tank, the fuel temperature changelby
only 3°~to 1% making negligible differénce in visposity.
Iif viséosity effects are.to be 1§§ked ﬁt with the same
fuel or if more running‘was.carried'out on residual fuel,
'hgating of the injector pipe will be essential.

With reference to residual fuel, although only a
few runs were carried out with this, it proved difficult
to handle after injection and modification was needed here.
No test results were taken.

On the photographic techniques both provided quite
good results from a clarity point of view., It must be
noted that if higher definition of the spray was wanted
then the graduated plate could be omitted and the camera
focused on the centre of the spray. An advantage with
the flash method would be to use a plate canmera.

Unfortunately this was not available at the time,

It vas stated in 4.2 of this chapter that droplet
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-distribution, velocity and size together with air srirl

should be looked at. At this stage this had not been

carried out. It was considered that the results a.lréady"

obtained should be analysed first and the next chapter

describes the methods used.
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CHAPTER V

ANALYSIS OF COLD BOMB RESULTS

INTRODUCTION

This chapter sets out to analyse the results obtained -

with the rig described in the last chapter, and to compare

then with previous work.

Test Conditions

If a theory is to be generally dpplicable to any size

of injection system, the objective is to reduce the

7 parametérs that effect spray development to these in the

immediate vicinity of-the nozzle and in doing so, remove
from the final relationship.any depen@aney on such things
as pump speed, sysfem volume, ete. Therefore as far as
the system is concerned, it is the pressure drop across
the nozzle, time of injection, orifice:dimensiona and

properties of the gas surrounding the nozzle that must be

used. From the work surveyed in Chapter I, the following

parameters would effect the spray penetration and cone
angle,
Nozzle hole roughness
Nozzle orifice diameter
Nozzle orifice length.
Pressure drop across orifice
Gas density
0il density
0il viscosity
Surface tension of oil
Mean droplet size of oil
Cone angle of spray
Time of injeétion

Mass of fuel injected
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The parameters measured on the bomb were limited
to:-

Fuel-lihe pressure

Fuel line temperature

' Nozzle orifice size

Nozzle orifice length

Nitrogen pressure

Nitrogen temperature

SQray penetration

Spray cone angle

Time

Fuel properties

Mean mass of fuel injected. ,

.However, as has been discussed préviously; only one
fuel (Class A diesel oil) was used and its temperature
kept constant at 50°C and thus the oil_fiscosityAheld
constant.  The camera'and apparétus were not designed to
measure the droplet diameter, velocity or its distribution.
‘Thus the oil density and surface tension were constant
while any analysis attempted must not rely on a knowledge
of droplet velocity, size or distribution. After the
expgrimental work had been concluded the teat\orifice
in each nozzle was inspected under a microscopg and the
surface finish and up stream conditions were the same.

Consideration was then given to the results., The
first important observation was that although the chamber
conditions could be held constant the fluctuation in Ffuel
line pressure made the enalysis difficult when looking at

the effect of any parameter other than this. Figure 57

shows a typical set of results plotted from the High Speed

~ film,
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To allow ease of comparison and formulation, the
mean effective pressure during the needle opeging periéd
wes takeh as a function of the total upstream energy.
All the pressure diagrams were analysed between needle
opening and closing, in one degree.steps. A simplél'.
computer program was written to calculate the mean effective
pressure and this allowed time for abme 200 diagrams'to be
analysed. | |
The range used with each parameter was as follbws:-
Mean effective pressure drop 2000~-T000 1b/in?

(12} inch bore engine mean injection pressure 6900 1b/in2)

Nozzle orifice diameter .00985-,0236 ins
Nozzle L/d 3.5:1 = 4,181
Gas density _ .5 x1073 - .8 x 1073 1b/ind

(123 inch bore engine mean cylinder density .72 x 10 3
o 1b/in3)

Figures 58 to 61 show some ﬁf the results plotted and
compared., Figure 58 shows the effect of increasing the
density from .573 x 1077 to .800 x 1072 1b/in. The effect
of hole size cen be seen in Figure 59 while that of pressure -
in Figure 60. Figure 61 shows three sets of results witﬁ
ﬁensity and hole diaméter constant and the injection pressure
within 250 1b/in?. This gives an indication of the
inaccuracies involved in these results. It was also noted
that the development of a spray was not smooth but had
fluctuations possibly due to the pressure fluctuations
upstream of the nozzle, This fluctuation also made the
cone angle difficult to measure throughout one injection

and it would appear to vary by at least 2° vhen the spray

vas fully developed.




Analysis of Results

The nature of the experiment and its results‘
dictated that the simplest and most effective approach
would 5e to use Dimensional Analysis to obtain the form
of a prediction equation, to curve fit, and then to
statisﬁically analyse the results. The accuracy of this
method depends on the number of results analyséd;

Some 200 test conditionsg were available with 10
penetration versus time points to each condition - in all,
about 2000 vere available for analysis. With this amount
of data available a preliminary approach was tried. In
Chapter I, Figure 14 had shown that for a change in L/d
ratio from 3 to 4 the chaﬁge in penetration was less than

half en inch in 4} inches. Also, as the nozzle diameter

changed as well as the L/d ratio for each series of tests

it was decided that for the first approach the L/d change
would be ignored. Because of the fluctuation in fuel
line pressure covered in the previous chapter, and the way
it vas measured, the mass of fuel injected per cycle vas
eliminated, it being noted that it is-a function of mean
effective pressure and time.

Bearing in mind the discussion above on the parameters
that were held or found constant, this leaves the fbllbwing
Nozzle orifice a

Mean effective pressure drop

across orifice AP
Gas density : Pe
Time of injection ot

and their effect on penetration of the spray S.

Dimensicnalizing these

Parameter pg a Ap t . 8
Units M L T L

M
2
L 3 LT
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Five quantities 3 dimensions . . 27 quantities
ioea’
1 1 1
m = pga X db x P¢ xt

2 2 2 .
2 = pga X db x P¢ xS

This gives

d ' |
.o 8. [t ’AP' "
'a"“ f’a‘ ‘5‘" L I R I N R O e O R A (38)
g
or S t ,AP X ' ‘ -
d HK(d pg [ E R RN Y N I Y YN NN (39)

The results were piottéd_iﬁ this form and are shown
in Figufe 62 and a log plot in Figure 63. A considerable
scatter resulted. Résults from each hole size were taken
and plotted separately. The scaﬁter wgé reduced. This
is shown for the .0118 inch ‘orifice in Figure 6k,

Using equation (39) the constant K and power x were
calculated for each hole size for a number of results.
Figure 65 shows these plotted against L/d ratio. The
discrepancy may therefore be due to the change in L/d ratio.

Thus the analysis was widered and the parameters are as .

follows i=
o Ap L t ]
. a
1, L —3 L by L
LT

Six quantities 3 dimensions . . 37 quantities
i.e.,

TL = p xd xP

"2 =p xd xP xt

"3 =p" xa® xp° xs
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From these

L

1l = a
t’AP
T2 = o [

d
ps

S

11'3-'-13

It is reasonable to assume that:

S t faP' L ' - :
a f(d pg d) CsssensacatprtissrORaRT (hO)

If the results are now re-plotted, Figures 66 and
67, the scatter is reduced for all hole sizes. The
dimensional groups seem to fit fairly closely with the

data., Thus the eguation could be writteni=

b4 Y ‘
§. 'K(E' _A_E) ’ (Ll_) . XA EEE X EERNN] (hl)
d d‘ pg d

In the simpler analysis, no attemﬁt had been made
to use all the results. It was now considered that the
major parsmeters affeclting penetr_ation ;:had been included
and a more stringent approach was neéesaary. A curve
fittir;g technique should be used.

The experimentél results were listed and curve fitted
to the above equation. Two methods of fitting were tried
as a cl;eck. First a log fit was tried.

Equation (k1) can be written:-

Log %8 lOg K+ x log;dt._ é}: + y log_Ii AN EER NN NN ] (h?)
J Py d

Orc“z"'ax*by .II..'.......-.C..-.I...........A(hs)

where a = log (% ‘L-:—P-)
' g
- L
b = log \d

ajn

c = log‘(

z = log K
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Then following Legendre's principles of least squares:=-
EO = CO-[Z.J. + a.ox + boy]
and E = clf[;.1-+ ax + bifl ete . |
" to En = cn-[?.l + a x + bnf] ete teerssatenioas (L) 2

Now _EE; should be & minimum |

i.e., ):(Cn -'[Z.l.+ ax + bnf] }2 should be a minimum -
«. 0?2 -2z2 JCu1-2x ice, - 2y Iep,

+ 22 J1+2x3 Ian1'+ 2yz  jb 1

+x2 Ja ?+oxy lab + y? o 2 = JE2 =5 ... (b5)

Now let JE % =85 and if JE 2 is a minimum
T |
89X

LE]
ay
is- .
9z

in the limit

ds
dx

ds
dy
ds
dz

Now if equation (45} is differential with respect to x,

y and z, three equations are obtained,

i.ed' b3 Za.nz + " ZZa.nl + yz&nbnl = chﬂn see (’#6)

x Qe+ Zil+  ypil o= el eveeianins (W)

2 : b ’

x {anbn + . zIbnl + y{bn = chbn_......f...- (48).
A computer programme was written which summated the

constants of equations (46), (47) and (48) from the

experimental rig and by use of simple determinate methods

calculated x, y and Z and hence x, ¥ and K in the original

equation,
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Because the above fit was essentially a log fit a
second method was tried, that of a direct power law fit.
Re-writing equation (41)

Q=K P 1Y T T PR £11)
Now as before

- LY
En .HQn Kpn Ln LR X R R W Y AP PP (50)

... E [pn - K an Lny] 2 ghould be-a minimum

2 X1 ¥ 4 g2 2X 4 2¥
oo Q- 1, POL’ +K* Jp ' L,% should

be a minimum,now differentiating with respect to K, x
and y, we get

o Xy 2% ¢ 2¥ |
1a, POLY+K IR Ly =0 eevceaeianaa.l (51)
X y o 2X Y - :
- 1o P 10g, P LY 4k P % log, P L 0 ... {52)

. X,y ,2X Y -
{Qn P L7 log, L +K Epn L ¥ log, L =0 .... (53)
The method of solving equations (51}, (52) and {53) was
by using Newton's method.
Now for a one varisble function
£x) = £ (x )+ (x)=x ) £2(x ) =0

. » (xl-xo) a f (xo)
f’zxoj

oL fx)

" . xl = xo - °
f‘Zxoj
Where Xy is the value of x on the present iteration and X,

the value of x on the preceding iteration.

Now for two variables

i NET:
5 (xlyl) =0 (xoyo) * (xl"xb) 3;5 (xo}

af, (y,)
ay

+ (yl-yo) 2 0 cenvassncas (5’4)




and

3, (x_)

£, (xlyl) f, (x Yo ) + (x -X ) -

of) (yo)

+ (yl-yo)
ay

= assesssnnne (55)

By equating equations (54) and (55) and in the limit

p -y
fl df2 - f2 dfl ‘
' dy _dy
X - X - [N RN NN NN NN N ] (56)
" (o} dfldf2 dfadfl

. dx dy dx dy

- f

y 4%, f, df

ar _fih
dx dax

Y, ® ¥ - df af, _ af,af)

dy dx dy dx

From equations (51), (52) and (53)

af, ar, af, af,

dx dy dx dy

l..‘..ll..;...l.. (57)

£15 s

can be found.
For exemple
from equation {51)

X
18Py Iy
K= 2X o+ oY
P Iy

IER N RN NENNENEEENEERENEREREENRESJSNEH;] (58)

Y

. = b4 y IQ P L
i.e., £, = (IQP "~ log, P L~} + ...?'.’}_f.‘.__f.’_(gp 2% 10g, P L 2"')

IP_ 2"1.. vy n

LE N NN (59)
x. ¥ '
P_L

£, = (EQnPn log, L L y) + ..Q.".‘_'J.__f.l..(zp 2"1, 2y log, L ) eee(60)
P 2L, 2y

and hence the rest,
This second fit was added to the computer programme.

The data was applied and the'following results obtained
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K x ¥y
Log fit ¥.1327 6397 .18k
Power fit 4,2223 6397 .1844

The predicted and measured results were then
statistically analysed. The two equations were taken

and re-arranged:-

ERROR“S/d-K(% "’2_?')}: (_2_)? Ges LI ERERSLIISEN G (61)

The value of S/d could thus be compared from prediction
and measurement for each point and the error noted; The
number of points considered was 350 for each of the five
nozzles used. These points were picked by usingArandom tables
and the error calculated, The arithmetic mean of these errors
was calculated for both equationé and gave!

| Log fit Power fit
Arithmetic mean of ERRORS .05 in .03 in

This indicates no significant parameter has been omittedr
from the equation. ”

The error results were then plﬁtted on probability graph
. paper and the results are shown in Figures 68 and 69. The
degrée to wpich the plotted results lie on a straight line
determines the closeness of fit to the given normal distribution.
Both figures show that there is a qormal distribution., This
having beén determined, the simple staﬂdard deviatiqn could be

calculated,

N )
T (X, = X)?
ST = J
‘;,'ﬂ_l"_ﬁ'—-""' PS8 4004000008800 tet sttt tndstns (62)

Where S = standard deviation
xj = g get of ERRORS N in number
X = the arithmetic mean of the set of ERRORS

The standard deviations calculated in this way gave
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Log fit Power fit
.2 in o .25 in
Thus log fit equation gives results whose errors
have the least dispersion.
| From the properties of a normally distributed set of
data 68.27% of the computed results will lie within a band‘
+ .2 inches and 95.45% will be within + .L inches. Thé
" dispersion is fairly large but this is in part due to the
uneven development of a single spray. If a smooth curve
is drawn through all the points of each spray penetration
with time gfaph then the dispersion is considerably reduced
such that 95.45% of the results lie within + .2 inches.
The equation that gives the best correlation with

measured results can be written:

- h.l_s(%]'.tp.\?)'*"'(g) B eereeerereanes (63)
g

Compare this with Schweitzer and Wakuri's equations

s far \ 1t 0

= (A a.) 12265 Inf 7= 2 8 (.‘.\.E'. + 1) eee (8)
P _ P [
o o o

5 =(M’.) ‘zi (t d) S etreereeineenenesesenens 110)

pa tan 6

By inﬂpéction of the equations it c;n be seen that
the shape of the curves derived will be different and that
the importance of eech parameter is different. Figures
70 to 77 show measured results compared wifh Schweitzer,

. Wakuri and derived formula.

The value of € in Wakuri's equation was gained from
the present measured results shown in Figure 78. This
shows Wakuri, Sass and the measured values of cone angle

plotted against a base of the ratio of fuel to gas density.

There is & large scatter in the measured results but a line
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has been drawn through them, the slope being in agreement
with those of Sass and Wakuri. Wakuri's eguation in all
cases underestimates the fuel spray penetra.tion.

At the small hole sizes (Figures 70, Tl, 72 and 73)
there is close agreemént between the measured, predicted
and Schweitzer curves. If anything, Schweitzer's equatiohs
fit better at the lower penetrations but begin to deviate
at the large penetrations. In the middle range of holes,
Figures T4 and 75, the agreement is close ﬁll the way up
the curve. However, Figures 76 and 77, showing results
from the largest hole, indicates that although the derived
curve is still in fair agreement; as it should be,
Schweitzer's eqpatioh is overestimating-the penetration.

Pigures 9 to 81 show Schweitzer and the derived
équation compared with change in various parameters.

Figure 79 compares the two equétions.wifﬁ varying hole size,
Figure 80 with varying gas densif& and Figﬁre 81 varying
injection pressure. The effect of L/d ratio found in the
analysis of results is shown in Figure 82 and is compared
with Gelalles' work (65] . The effect is less with the

multi hole nozzle used in the present tests.

Discussion

The above mnalysis complete, it has shown the

following points. The first is the justification in using

‘the dimensional approach coupled with a curve fitting

technique. This gives a reasonable method of predicting
the overall behaviour of a spray given the pressure and
density conditions up and down stream of an orifice whose
dimensions are known.

Although using the concept of a mean pressure drop

across the orifice over the injection period has proved
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. Spray
valid, the pressure fluctuation does affect thehpenetratibn

over the first half, or in scme cases, one millisecond.
Figure 83 shows the type of variation from the calculated
mean. _lThe variﬁtion depended'on hole éize and mean
injection pressure, but not on needle opening pressure.
Due to limitations with the injector needle spring, the
injection opening pressure ﬁas a va?iable‘from_2500 to
3200 1b/in2  Rothrock and Marsh‘E66] using an actual jerk
punp system found that the injection opening pressure
could affect the beginning of penetration by delaying it. .
They pointed out that as the pump speed increased, {(i.e.,
maximum fuel line pressure) so the effect decreased,

That is to say, as the maximum‘pressuré to opening pressures
retio increased, the efféct of opening;pressuré on
penetration decreased. Their opening pressures varied
from 500 to 2500 1b/in®, and the pump speed from 180 to
T50 r;p.m. They showed no effeét at the latter speed.
The computed maximum line pressure at this speed was

5000 1b/ipza In the present tests the lowest peak line
pressures encountered were between 6000 and ld,OOO 1b/in2,

) due o openia pressure
Thus not being able to detect any effecge is in agreement
with Rothrock's observations.
0f the work surveyed in Chapter I, Wakuri and

Schweitzer have been compared with the test results.
“Wakuri's eguations alwvays underestimate the penetratioﬁ
even with a coefficient of discharge of .7. From Berwerk
[lé] the value would seem high for a multi-hole nozzle,
80 it would seem that the discrepancy lies in Wakuri's
original cone angle measurements which produced much
smaller figures than those measured on the present rig. The

test results show that Schweitzer's equation fits reasonably
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§e11 at the smaller orif&ce aize and penetration, but
results at the higher penetrations and hole sizes are
in error.

The major difference is the dependance éf penetration
on L/d ratio found with the present work and upstream
conditions. Figures 79, 80 and 81 show that, for the
conditions calculatéd, the importance of orifice diameter
is overestimated by Schweitzer, that his equation |

| underestimates the importence of gas density, and that

for injection pressures, heroverestimates up to about
k4 milliseconds, and then underestimates its effect.

Returning to Chapter I, Figure 5, with the multi-hole@
nozzle and the change in directiOn'of tﬁe fuel in the gack
it is probable that the radia; and tangential‘veiocity
components become greater for %he same injection pressure.
Thus the gas density will effect the.cqne angle and
'penetratiqn much more markedly. | Tﬁe.fluctuating‘pressures
Qay in some way céntribute to this by giving rise to |
rapid changes in flow around and in the nozzle. A further
effect of fluctuating pressure is the fact that in the
spray from a jerk systenm the volume of rﬁel‘injected is
small compared with that of Schweitzer's system and thus
a corresponding smﬁl}er amount of energy, with time
is transmitted to tﬁe air, hence less air movement and
more air resistance, then the penetration is le;s. Another
possible cause is the difference in finish of the orifices
between Schweitzer and the present tests.

No measurement of cone angle was carried out by
Schveitzer but Figure 78 shows that, althbugh a large

scatter was encountered, the cone angle of the sprays was

about 2° greater than those measured by Sass. Again this
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would seem to confirm the effects menticned above and
suggested in Chapter I.

One important factor that must not be fofgotten in.
an investigation of the overall spray pattern is the
effect on droplet size. The difference in penetration
rates due to the Jerk system cﬁn be‘plotted from the
preseﬁt work but no inforﬁation was gained on dropiet
size. Figure 84 from work carried out by Giffen and
Muras;eth] slﬁows the variation of Sauter Mean Diameter
throughout the injection period. The larger droplets
formed at the end of the injection, due probsbly to the
rapidly falling injection pressure and could affect
combustion'considefably from the point of view of smoke

production.

Application and Conclusion of Analysis k

Given then that Schweitzef's'equation is in some
error when applied to a jerk pumé systém and given that
the equation dérivéd from the present work allows more
aécurate prediction. How has this part of the work helped?

The engine conditions chosen for Chapt;r,I can be
used to plot Figure 85. The spray path length is 43
inches ‘and this is reached in sbout 73 degrees of crank
in a 30 degree injection period. Thié is compared with
the original predicted spray path shown in Figure 39, as
calculated by Schweitzer's equation., The present equation
shows that the penetration is less but not to a significant
degree.

‘The present work has thus produced an equation which
predicts more accurately the penetration of a spray from

an actual engine system taking into account changes in

L/d ratio and the effect of upstream conditions found in
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4

an actual system. For the conditions under consideration

in the léi bore engine it also shows that if the spray

does not impinge on the wall then the effect of using an

actual system does not account for the apparent reduction i
in penetration. B

The next step is to investigate the e:fectélof
evaporation and consider the conditions prevailing in the

combustion chamber of & medium speed diesel engine.
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CHAPTER VI

SMALL ENGINE EXPERIMENTAL WORK

INTRODUCTION

The work up to this poin£ had clarified.the effect
of using_an actual injector system‘on'sﬁrayvpenetration;
results had broadly agreed with Schweitzer's earlier work.
The next step was obviouslf ﬁo mﬁdify the rig sé'that
evaporation effects and air motion could be studied.

However, the lack of direct iﬁformation on éombustion
process in thé larger diesel enéines made the cbvious step.
é dubious one, Moré information waé ;equirea on such
points'as, vhat air motion existed iﬁ & large Legtroke
engine;‘ vwhether the sprays were affected by it{ what
effect if any did the proximity of other sprays have; doeé
piston impingerient occur; and if the concept of vapour
penetration was correct, what governs the mixing process?

‘Summing‘up, it was conclude& that insufficientl

evidence was available about the conditions in the cylinder
of a large engine, and that study of actﬁal combustion
might not only provide the reqﬁired ipformation on
evaporation and combustion effects on sprays, but also
on the entire mixing and eombustion prodess itself.

Therefore this line of investigation was undertaken.
This chapter describes work involved in photographing
combustion inside a small diesel engine with a.prototype
schlieren system, it being more economical to test the
principle and develoﬁ the system on a small engine rather
than the large 8-inch bore engine. The work was carried
out between March, 1964 and April, 1965.

Tt is divided into two major perts. The first

considers the various methods of investigating actual
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combustion and the outline of the best method chosen
from these. ' The second pért describes the experimental

vork carried out.

. Method of Investigation

Survey of Methods

Considerable information is available dn methods uaeci '
by other workers to investigate combustion., If

distribution of the fuels, air motion and combustion are

.to be investigateq then many of them have severe limitations;

The use of pressure transducers will only help in seeing

‘the effect of cha.nges[2l., 6]..] as with the hot motored

technique[hh, hS] . Thé use of an ionizing gap [1&8 and
6T] is limited in that the coverage of the whole of one .
s'pray is diff:i.cult and no meaaur'emel‘nt of air movement can
be gained. Sonie apparatus [Gfﬂ would only give temperature |
history inéide the cyiinder, and thén only in a limited area..
Thermocouples in the  chamber E6] have beefx considered. but

suffer as all the above do in being too specific, and it is.

~very difficult to analyse the results. Some most useful
~ work has been covered by using the gas sampling.va.lve.

‘technique ESS, 56, 57 and 583 and shock tube apparatus

[69'] .  This has indicated the effects of chemical

" kinetics on the combustion process especially in the delay

periéd. However, where an overall picture is required of

the combustion mechanism, the viewing of the combustion

process by the eye must be:the first step. This gives.

the general cohcept of a particular process from which

the more specific measuremeﬁt mentioned above can follow.
It has already been shown in the fields of small

diesel and petrol engines and gas engines [_37 s 10, T

and T.’»_;J that photographing combustion has much to offer
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in forming the initial concepts of combustion and when
used in conjunction with pressure and Spectroscopic

Ana.lysis[60] , can form & powerful tool. Aﬁplying it

'to a large engine seemed difficult but would be the most

revarding.

]

Method of -Photography

If the physical factors controlling combustion such
as the movement of air, liquid fuel, eéaporate& fuel,
together with preflame as well as luminous flame motion
are to be seen, then alschlieren technique is indicated.
The qualitative information gained by using a& combination
of single pass mhliere;x and high speed photographic ‘
methods hes been shown to be extremely :useful.[ 72] with
pre~combustion chamber diesel engines, . -
| However, with direct injection engines, with which this
vork is cohcerned, the piston forms pa;t!of the combustion
chamber and is very close to the head at the top of the
éompression stroke. This makes a single pass system
ﬁlmost impossible to use., A double pass system, similar

to that used by Millér['rl] would seem -feasible. A plain

 mirror forming part of the schlieren system is placed on

the piston top and Opt{cally joined to the system via a
vindow in the head. 'Figure 86 shows the general
arrangement .’ |

This poses problems. Sidewsys movement of the piston
involving tilting, and hence tilting of the plain mirror,
may be too much for £he sensitive schlieren system. The
piston mirror must not distort., The mir;or surface must
be able to withstand any_abrasive effecté during combustion
and continual cleaning after each teat.. Because the

engine is direct injection just one combustion ecycle could
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foul the mirror. Means, therefore, must be found to.
obtain combustion conditions without this occurringi

In the initial stages of the work any changes made

" to the apparatus could be costly, both in money and time,

Thus it was decided to do.first, part of the work on a
small 3~-inch bore high speed engine and transfer this

experience to the large 8-inch engine at a later date.

. Schlieren Photography on the 3-inch Bore Engine

With the concept as laid out in the above section

the peripheral equipment apart from the photographic

apparatus had two major objects. One was to keep the

combustion chamber clean until photography was required.

The second waé to enable the chamber to reach as near
combustion conditions as possible.

Motor-Fire Technique

The first was achieved with a motor-fire technique.

.The engine was connected in series with two D.C. motors;

Figure 87 shows the rig layout. One was a shunt wound

motor which could motor the engine up to any speed between

0 and 1200 r.p.m. The second was a generator with the

field coils separately excited and the load applied across
the armature windings. A-soiénoid operated contactor
could switch off the motor while another contactor applié¢
the load to the generator. In conjunction with these
motors, the conventionai jerk fuel injection system was
modified by making the rack movement solenoid operated.
Figure 88 shows diagrammatically the arrangement.

In preliminary trials, with'the engine running on load‘
as normﬁl at a given speed the position of the rack was

marked for a given combination of load resistors. Thus

when photography was required the load resistors wvere set,
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the engine motored up to speed and then the fuel, mbtori

- and generator aolen01ds operated such that the motor was-'-‘“

T ecut out the fuel pump rack pulled in the requlred dlstance?7‘

(set by means of a mlerometer stop, see Flgure 88), and ;

the load reeistors aﬁplied. The engine would then un

“on load until the procedure was reversed. lThie_proved'V

very satisfactory giving & smooth changeover with no loss’

of_sfeed.

Change Over Heater

The seeond-object of the peripheral‘equipment{waa
obtained by using a rapxd changeover air heater supply to R

the inlet manifold. ThlB con81sted of two plpes runnlng

into the same manifold at the 1nlet on the head (Flguref .

87).  On one pipe was fitted an.electric heater and a

blower. The other was open to athSphere via a- fllteri

both were controlled by solen01d operated butterfly valves._i:

For the chanmber to atta1n-combustlon conditions the ;"
inlet and exhaust valves vere lifted open. The blover
forced heated air through the open valve into the chamber -
and out of the exhaust pipe. VWhen the chamber walls
reached near normal worklng temperatures (measured by
thermocouplee), the engine was motored up to speed._ The

closed valve in the cold air pipe allowed the engine only

to breathe hot air. Just before the firing cycle the

bﬁtterfly'valves were changed so that the engine begen to
breathe relatively cold air and thereby in part
reproducing normal engine coqditions.

In practice the heater system did not work
satisfactorily. On changeover the temperature into the

engine did not fall rapidly. It was found that the inlet

pipe was too substantial and acted as a source of heat
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after the changeover had taken place. As the engine was
only being used to test the schlieren system, no
modificat%ons were carried out.

The method of measuring the transierit temperatures
in the inlet.pipe was to insert a fast response thermocouple
into the gas stream. An ultr.a-violet recorder was used |
a8 the output device.

6.3.3,  Event Sequencer

| The sequence of events in the motor-fire technique
together with the triggering of the high speed cemera
(later described) were controlled by a progremmer, similar
to the one described by'Hempson[TB] « Figure 89 shows
the principle of the unit and Figure 90 the general layout.
lﬁs none were available on the market it was manufactured.
The basis for the control unit was a three-bank 50-way
uniselector, In the first bank the driving pulses for the
unisélector coil were routed through ail the contactors
excépt cne. This one was joined to the rest via a push
start button. Thus when pulses were fed into the
uniselector it would rotate until the arm came into contact
with the separate contactor. It would then remain
station#ry until the start button was pressed. In this
.way the selector was controlled to rotate once. The
other two banks provided the 'on' and 'off' pulses for
a series of remanence relays, as shown in the diagram.
After modification to the selector and remanence relays,
the maximum satisfactory speed obtained was about 20 stepa
per second, The pulse was s;pplied from a micro-switch

positioned on the end of the engine camshaft and moved by

a small eccentric cam,
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The outputs from the 'on' and 'off' banks were
connected to é patch panel as were the inputs to the
remasnence relay coils. Thus the time of a.number of
events could be programmed in any sequence. Alsc on
the patch pahel were the relay arm contact outputs.

Figure 90 shows the panel.

Modification of the Engine for Photography

The engine had a 3-inch diameter bore with side
valve gear.and flat top piston. It was a WB type ana
made by Ruston and Hornsby Limited. Because of the
absence of valve gear in the head and the flat top pistd;,
it was ideal for the testing of the schlieren system,
requiring little modification, '

The standard head wasgepiaced by & spéciai head
which had a window allowing visual aécéss to the cylinder.
Figure 91 shows both heads and although the outside shape
wags considerably changed little Qodification of the
c;mbustion chamber shape was needed. Two types of
window material were tried. In some direct photography
tests'that were tried at ihe outset, perspex windows
vere used. This meent that pre-ﬁeating the engine‘couid
not be carried out, but successful photographs were taken.

For the schlieren test quartz windows wefe used;.
Optical grade was the most successful, but in&uatrial grade
g;ve reasonable results. The shape and seating of the
window is shown in Figure 92. It had a step machined to
allow it to fit flush with the combustion chamber wall gnd
at the same time have adequate seating arrangéments. The
metal seats in the head were angled against the cylinder

pressure. This obviated the neéd for the normal '0O' ring

recesses, giving & smaller seat.
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The sealing rings were '0' rings with a shore
hardness number of 80, The use of these eliminated

cracking of the quaftz when installing the windows.

Figure 92 also shows thet the top clamp had & spigot.

This safeguarded the quartz if the '0' ring should collapse
while the clamp was being tightened down. By machining
this spigot the tension on the '0' rings was adjﬁsted
until a satisfactory gas=tight seal was obtained. This.
was tested by filling the space sbove the window with
water and running the engine. The '0' rings were chenged
after 10 tests, although one pair did last 20 or more
without obvious distress. .

The piston mirror surface itaself ﬁas a .005" layer

of chrome deposited directly onto the aluninium base and

‘polished to & flatness of 3 wave length per inch of diameter.

This was found to be resistant to sbrasions due to
combustion conditions and to cleaning after each test run.
This cleaning was done using soft wool and alcohol. One
surface was uséd‘for over 50 tests and showed only slight
crazing at the end. The chrome layer was recessed into
the aluﬁinium to eliminate chipping at the edées.

The major difficulty was thought to be distortion of

‘the mirror due to heating of the piston. Figure 93 shows

the chrome lsyer deposited on an inéert held with a central
pin. In this way it was hoped to obtain uniform expansion
of the insert. Figure 94 compares this piston with the
standard type. During initial tests it was found that
the type of mirror where the chrome was deposited directly
onto the piston tended to distort nearly uniformly into

the shape of a concave mirror. This resulted in a slight

change of focus during engihe heat up period. Adjustment
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of the optical system irmediately prior to a run
compehsated for this change in fbcus. Due to the
piston's superior mechanical relisbility over the inéert.; 
type, it was used in mdst of the'testsQ-;_The inaert‘ﬂ‘ 
mirror, when tested, had virtually no disﬁortion.‘ Th§ ;
shape of the combustion chamber with window and mirrof in -
place is shown in Figure 95, together wiﬁh a cutavay view
.of the actual engine. | |
When the first attempt was made td take schlieren
pictures it was found that the running clearance betveen
the piston and cylinder wall was excessive allowing the
piston to tilt enough to make Bchliereﬁ photography
impossible over the whole cycle. This cleafance was
found to be about ,006". (This done by measuring the
deflection of the source image at the knife edge while
' the engine was running).. To overcome this a new liner
was put in and bored so that the‘clearance was reduced by
about .0025 inchea, This could be done because the
engine was only fired for short periods and therefore
scuffih% and increased wear of the liner and piston could
be toierated. By this means movement of the mirror was .
reduced to an acceptable amountlfor ordinary‘achlieren‘
'photography but, as is discussed later, it did not prg?e-
enough for the colour filter technique.

A further problem that occurred duriné initial tests
was that of lubricating oil passing up the cjlinder during
the short motéring periocd before firing. This oil fouled
the piston mirror and window. To combat this more severe
downward scraping rings were used in the bottom two of

the three compression ring grooves. This resulted in no

oil appearing on the mirror if the engine were motored for
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sbout two to three minutes.

Photographic System

The Schlieren System

The double pass schlieren system used is shown
diagramatically in Figure 96 and tﬁe actuai arfaﬁgemeht_
in Figure 97. A beinch concave mirror with a hB-inch
focal length was used together with a l-inch plain mirror
which turne;.£he cylinder image from the vertical to the .
horizontal.- The slits, filters and focusing leﬁées vere
mounted on two standard §ptica1 benches as wés7the light
source, & mercury vapour lamp, type No. AEI/ME/D P 28/25.
This was used to give a point gource with the linear
graded filler and a slit with the step wedge.filters.
Because of the use bf\é high sPeed'caﬁéra ﬁhe iamp could
not be supplied with A.C. current so:a D.C. power pack was
built, giving less than l%rriéple, .'As‘the échlieren
system was mounted directly on fpp of the engiﬁe, some
means had to be found of isolating it from the éngine
vibrations. The table carrying the schlieren systenm vas
held, via multiple rubber mounts, on a steel stand.

The legs of the stand were in turn mounted on rubber
isolators. After Bpme experiments with the thickness

of the isolators, it was found thaﬁ most of the engine
vibration could be eliminated. The method of testing
this was to set up the schlieren apparatus:witﬁ the plain
mirror reflecting the light directly back to the concave
mirror and measure the maximum amplitﬁde of the éourcé
image at the knife edge. |

In the initial stages direct ﬁhofogfaphy was tried

using & full height Fastax camera, running up to 8000

frames per second. Here the camers ‘25 focused into
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the cylinder via the plain mirror only. The flame

front movement was found to be very rapid and blurring
of the image ocecurred. In the movie film,sequence. 5
demonstrates the type of result gained. Therefore a
half height 16mm Fastex camera running up to 16000
frames/sec was used én thé schlieren system. Aftér some
experimentation this cémera'gave good results both in
sharpness and in number of frames per combustion cycle
using an aperture slit of 0.08 iﬁches. " The engine speed
in all tests was 1200 r.p.m.

At first the camera was mounted on a pillar stand
separate from the system. Due to the size of the test
area this proved inconvenient. It waé then placed‘on
the schlierén table and when run caused no added vibration
to the system. Subsequent runs were with the camera in
this pésition. A small stand was conétfucted to allow
levelling and positioning of the‘camera. Fiéure 97

shows this in position.

-

It was found useful to be able to correlate combustion .
phenomena and any piston misalignment with the position of
the piston when analysing the high speed film results.

To do this the crank position was superimposed on thé same
film frame s the schlieren. A Trafelite rim was engraved
with the crank position at 2° intervals. This was fitted
to the flywheel as shown in Figure 98. It was then

viewed by the camera via a system of prisms and lenses.

The lens and prism nearest the flywheel were carried in a
tube ﬁrojecting'above and below the schlieren teble. The

final lens and prism were held in separate lens .holders to

allow for adjustment.
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“The crank markings were illuminated with 750 R

lamps on stalk arms. The number of lamps used depended

on the film sensitivity and camera speed used.

Focusing the camera both on the schlieren image and -

the direct image of the crank proved difficult. The

best method found was to leave the camera lens in position
and to use it to finely focus the crank markings. Then
‘the schlieren image vas focused by using the final lehSéa;‘:f

o in the schlieren system, ‘Vhen settlng up the camera. for

the schlleren system, care had to be taken that the image

in no way 1nterfered with the edge of the rotatlng prisms

in the camera,or cut off of part of the image oceurred.

Beam Splitting and Filter Types

In Figure_96 the methods of beam splitting used in
the sehlieren system are shown., Of the three, the off
axis method offers the best solution,.yhe others having
en inherent lose of illumination which proved'ériiical
when using the higher framing rates and graded filters.

Due to abberations that occurred in the off axis system

when tried‘and due to lack of apace'to nmanouevre the

mirrors, much of the initial work wes carried out with

the half plate method, this giving the best illumination

of the remaining two. It was thought that with a slight

modification to the stand and optics the off axis system
should work satisfactorily.

It has been mentioned that graded filters were used.

These vere chosen from thé beginning in place of the usual .

knife edge. With the linearly graded filter the

sensitivity of the system is independent of the position

of the source image on the filter and this made it ideal

' for this sytem, where engine induced vibrations and piston -
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movement made the same image unstable;. Step wedge
filters were also used with success, their advantage : ,-‘.
being that they could be made in the laboratory. -;TheiTiéj
process was qgite simple. The film waﬁ laid_fiat‘on ’
a Qliding plate whose movement was controlled by a |
micrometer. Over it, and pressing close to it, was'#'
metal mﬁsk finish in matt black paint. _This:mask was
attached to the base on which the slide movéd. " The
procedure was to place the apparatus under a gtandard
enlarger with the film masked. | Then by exposing the
| film in steps the step wedge was formed. ' The thickness
and the density of the steps could be confrolled by the
micrometer and the time and/or setting‘of the enlarger |
apefture. ' Thq f£ilms were then processed and mounted
between two thin plain 0pticai'glass.sheets. Figure 99
‘ghows an eiample of step wedge aﬂd’lin&u;gfaded filters.
| Another advantage of usipg:g£ep orllinear filters
was that of easily controlling the range of schlieren
._sygt.em [Th] « As is shown very. clearly by Lyn['rz] 'byl
positioning the source image of various points on the -
graded filter, each density range cen be looked at withoﬁt'
the observer being distracted by other phenomena. For
example, if the image is set in the dense region of the
filter the fuel vapour would become easily seen (a large
deflection to . the lighter region) as against air motion
(a reasonsbly small deflection to the lighter region).
This did not prove too successful in this work, as'is
shown in Figure 100, On refleétion, three reasons can be
offered. Firstly, with the lack of illumination inherent

in this system, the positioning of the source image in the

~ dense region of the filter was limited due to under-exposure
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of the film even using the fastest black and white film
available. Thé schlieren system was too sensitive,'
i.e., the vapour ﬁgs‘deflected out of the range of the.
lehses-and filters used. Lastly, due to'inadequacieé
iﬁ the heating sysﬁem, the combustion chambér wall and
" probably dompression temperatures were léwer than on
- normally runhing ehgiﬁes'thus not much fuel'vapour'was
présent, indicated bf little burﬂing.ﬁeing observed. .
However, as the final system wﬁs to be appiied to another
engine, no more steps were taken to pursue thése points.
Results from the gradedx filter technique are shown in
films sequence 6 and T.

ﬁIt has.been shown.that the useléf cblour photography
in Bchlie-ren[_?s] can help-thelé.nalysié of the phenomena
under observation. Two methqdé of-Obtainiﬂg coloﬁf
fécords were tried in this.work.ng.The,mbre simple one was _
to leave séhlieren as before wiﬁﬁ aigréded fi1£er aqd Just
load the camera with a coloured film; -A typical result
is shown in the film sequence 8. The second méthod was
that of us.ing_‘the coloured fj.lter ‘t‘echnique [75] . Here
‘the graded‘filter was replaced by‘a filter consisting of 3
three different colours (Figure 99). Various combinations
#nd strip widths were tried with the basic green, red,
blue ﬁnd yellow colours. Tnese Tilters were made from
coloured 'éhance' glass cut to size with the butted edges
ground to make & perféct fit and then mounted on an optical
glass.square by glue applié@-at the outer edges of the
stfips.- In use, the source image was placed at the centre

of the filter and its width, thet of the centre strip.
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Then any deflection of the light rays due to a density
change in the cylinder would be accompanied by a sharp
and well defined colour change on the photograph.. In .
this way it was hoped to make the movement of vaﬁour and
air more distinguishable than by the previous two methods.
The results are shown in film sequence 9‘. Unfortunately
vhen the results were examined, the coiouf that woulé
denote densities of the same order as vapour was present
when no fuel was iﬂjected, and in general the colour
patterns changed suddenly with piston movement. Although
the piston movement was reasonably satisfactory for the
.black and white and first type of colour filming wes still
too large for this third method to be applied.

As the technique was to be moved to the larger
engine and the solution of the piston movement on this
large engine could be a different probiem, further
investigations were postponéd to the larger engine system,

6453, Consideration of Films Used '

| The camera used standard 100 foot rolls of 16mm film
wvith Smm perfofationa. The black and white films used
are shown in Table 2. The speed of film was dictated by
the position of the source imsge on the graded filter.
The camera lens aperture was in all tests wide open.
With schlieren it cannot be used as it acte as another
knife edge.

In colour photography only one make of film was tried.

That was Anscochrome. Two film speeds were used, but although
the D100 (ASA 100) could be forced in development to give
equivalent speed of 200 ASA, best results were obtained

with D200 (200 ASA) film also allowing some in hand for
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forced development.

Results

Although th;s ﬁhase of work was directeﬂ_at
developing a photographic technique and wﬁs/not intended
to produce results for analyéis, it is nevertheless |
interesting to comment on the phenomena revealed by the
film. Poaéibly the most interesting observation is the
air flow-patterﬁ (see film sequence). Although this
engine has in some respect directed ports tﬁe air movemgnt
imparted during the intake stfoke'virtually dies out.as |
the piston dpproachés the top of its travel on the firing
stroke. The major swirl would seem to 5& imparted to the '

air by an expansion wave issuing from the throat of the

combustion chamber as the piston uncovers it. This wave

eventually gives two iortices, one each side of the main’

cylinder. .

Two tyﬁes-éf-injgctor notzlé'eonfiéuratioh vere tried.
With the stendard two=hole nozzlé'not much of the sprays
were seen because they impinged on the precombustion

chember wall. . As can be seen in film sequence 5, only

two burning jets emerge from each side of the throat.

With the single hole, the spray had a tendency'to move to

one side. As the swirl rates were low at this point it
would aeém.that the spray.is impinging on the round edge
of the piston.

These observﬁtioné must of course be tempered with
the fact that the engine was running at 1200 r.p.m. and

not its design speed of 3000 r.p.m. and that the wall

temperature were low.

Discussion

The test on the small engine had answered at least
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some of the questions posed. The piston.tilt could be
control}ed enough to get ordinary schlieren, but care Qould _
have.to be taken when applying it to the large engine
because the reduction to the clearances used on the small
engine could not be possible due to piston seizure.

Colour filter techniqués-looked useful but an even tighter
. control over pistoﬁ movement than attained on the small
enginé would be required. . |

General vibrations from the engine could be reduced .
to an order that did not affect the schlieren system but
more space would be required in order to allow other
schlieren set-ups to be.tried.

The mirror when deposited directl& onto the piston did
distort but in such a vay as to allow compensation to be
made in the optical system. The insert, less prone to
this distortion although possibly leésiféliable than the
first type, would prove to be uséful‘on the large engine
because of the physical size of the piston. The use of.
chrome deposited directly onto the aluminium piston or
insert gave a good bond which did not peel. Although
slight crazing occurred after many tests, the mirror could
be continually cleaned with alcohol after each test.

With the engine reasonably cold, oniy three cycles
of combustion could be tolerated before the mirror becane
obscured. In conjunction with this, the heater changeover
eircuit never worked correctly and attention would have to
be giVeh in the design of the system on the large engine.

One other problem encountered was the oil passing

from the crankcase past the rings into the chamber and




105.

misting up the mirror while the engine was running up to
speed, The problem on fhe larger engine might be more
severe due to undercrown cooling by oil but the method of
using more severe scraper ring could well be émployed.

In the large engine the quartz window would have.to
be proportionally bigger and thus expensive, These tests
had shown thﬁt industrial grade quartz was adequate, thus
some cost reduction could be attained. '

The schlieren system was sensitive enocugh with the
source size and focal length of the concave mirror to pick
.up the density variation due to air motion in the small
engine. ‘It would probably be enough for the larger
engine but if a 1arger.schli¢ren table was usgd:a longer:
focai length mirror could easily be substituted, this
increasing the sensitivity.

From the résults.shown in sequence 5 on the film,
that of direct high speed phbtogfaphy, more cere should be
taken with the plﬁé&ng of £he lamps used to illuminate the
chamber.

Althoﬁgh this system had the above shortcomings, it
was obvious that the basic concept was sound and that it
could be applied to the larger engine. This work is

described in the next chapter.
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CHAPTER VII

EXPERIMENTAL WORK ON 8-INCH BORE ENGINE

INTRODUCTION

Testing of the basic concept of the schlieren

technique was described in the last chapter. Work

started in May, 1965 to apply this method to an 8-inch

bore medium speed engine, situated in the Ruston Research’
Centre at Lincoln. o

This chapter describes the modificationlsf.the
engine and the experimental work involved in getting

results of the effect of evaporation on spray penetration.

Basis for Building Engine Rig

In applying the photographic teChﬁiques to the large .
engine the techniques discovered on the small engine were
used, The essential differences werei=
(a) physical size 7
(b) Hesselﬁan shaped piston.crown
(¢) four overhead valves and central multi-holed injector
(q) piston with larger clearances
(e) design to contend with high b.m.e.p.s {250 1b/in? as

opposed to 90 on the smell engine).

There ﬁas also the choice of two engines, one a single
cylinder and the other a 6 cylinder, both versions of the
Ruéton APC type of engine. This is in its normal form,
an B-inch bore engine running at 245 1b/in® b.m.e.p. and

750 r.p.m., turbocharged and intercooled (see Appendix VII).

The six cylinder engine was chosen because one cylinder

could be used for the tests, with the others used to motor
it. This meant the elimination of electric motors and
dynamonmeters and hence switching gear, a simple water brake

being adequate.




T.3e

107.

The multi-cylinder also had less vibrations than the
single~cylinder engine, which was also 12 feet high, due

to its large antivibration mountings. This was important

" when it is considered that the optical system would be

carried on & table level, if not above the cylinder hedd;:ﬁ
Two disadvantages with the multi-cylinder version
were, the inability to measure directly the output from
the tést cylinder and, due to the turbocharging system,
controlling the inlet manifold conditions. .It was
decided to cover the work using the i.m.é.p. as the
function of outpgt. This could pé measured from cylinder
préssure diagrems taken from electronic equipment which
must be highly accurate. The second objection could be
more eésily ovércome, that vas to remove the test cylinder
from the main.air chest and use air from & separate sﬁpply.
The next step was to reconstruct the m;lti—cylinder,engine
such that both direct and schlieren photograph& could be
used. |

General Engine Layout

Figure 101 shows the general engine layout. ~ The
cylinder.nEarest to the flywheel was choseﬁ as the test
cylinder, to eliminate any severe torsional vibrations
when the motor fire techniéue was used. The schlieren
table was mounted to the side of the engipe and consisted
of an Rsi frame with the wooden table tdﬁvﬁounted nn.it
via rubber pads, as in the case of the small engine.

The air was supplied from the shop supply, first passing:
through a filter/drier and then a measuring orifice. It
then branched into two, one going through an electrically

heated chamber, the other passing into a damping chamber

before rejoining the first and thence into the eylinder
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head. Two hand valves at the beginning of each branch
controlled the pressure in each, depending on the position
of the two solenoid operated Butterfly valves. ~ These
valves controlled whether the comﬁressed air passed
'through the heater section or straight into the engine
via the cold pipe; Figure 102 shows a photograph of the
rig as laid out for direct photography tests.,

As with the small engine, the object was to heat
the quine while stationary then start up, still on hot
air, and when up to speed, to actuate the bgtterfly valved
and switch to cold air to reproduce engine conditions..
After some modifiéation this sytem was made air tight and
the pressure drop and hence the air fldw, though it
measured instantaneously with a SEL differential strain
gauge pick up. The instantaneous temperature and pressure
at the inlet to the cylinder head were measured by a fast

* response thermocouple and & O to 50 1b/sq.in. inductance

Southern Inatrument G301 transducer respectively and
recorded with the air flow on an ultré violet recorder.
Ekperiments were carried out with various sizes 5f
damping chambers to gain faifly steady flow into the head.l
At 200 1b/in? b.m.e.p, the. maximum oscillation allowed was(
+ 1 about the mean of 16 1b/in? gauge this being the order
of oscillation in a normal engine inlet duct at that load.
The heater unit held 32 two kilowatt rings in it. E;ght
were separately controlled on a multi-point switch so that

the air temperature could be_accurately controlled up to

150°C if wanted. The rest were used to give an air

temperature of 400°C at engine air flows.
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It was found during thé small engine work that the
intake heater pipe was too thick and acted as & heat sink
which when the changeover occurred,keering the intake air at
a high temperature. To try and avoid this, the intake
se;tion after the heater was made of very thin gauge steei.
Tests were carried out to ensure that the air temperature
. apd pressure at the inlet fell to the correct level within
two or three crank_revolutions. The sequence of events
using the heater system and sequencer is the same as with
. the small engine. After the changeover the fuelwould be
injected and the camera and lights triggered.

The electrical heaters were supplemented by passing
steam through the water jacket of the engine. This
c¢onsiderably speeded (up the heaf sbakiﬁg process of the
engine, The temperature on the cylinder head flame plate

3" from the

was measured by three thermocouples plaqed
surface as shown in Figure 103. | waever, one failed and
for ali‘of’the test only two were used. With this systen
it ﬁas still impossible to attain the average metal
temperature of & normal running engine. Figure 104 shows
the temperature between the exhaust valves of a normal
engine together with those obtained from the test head.

The mean temper#ture of the normal engine would be lower
and this is also indicated from experimental and. calculated
fesults. Motoring the engine with hot air still passing
for a few minutes before changeoier bettered the.position

. somewhat,

1

Thus as far as wall temperatures are concerned, they are

only representative up to about 120 b.m.e.p.
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A normal Heenan and Froude water brake was used

but at load up to full load on the test cylinder, no load

was applied by this to the other eylinders. Above this,
load was applied iﬁ an attempt to reduce the torsional
vibration set up.when the test cylinder fired.

"The exhaust from the test cylinder passed into.ﬁhe
standard manifoid of the turbocharger which thus appiiéd
& back pressure. The effect of removing the test 77
cjlinder from the engine air chest and the intermittent
firing of the sixth ¢ylinder was to unbalance the

turbocharger but this did ﬁbt matter, as the other cylihdqrs

‘were being used as motoring units only. One side effect

of blowing the engine while stationary ﬁas that the
tufhocharger wes motored round and ﬁs its 0il supply was
froﬁ the main engine supply - frequent priming of the system
by an auxilliary hand pump hsd to beicarried out during
the soaking period. |

Design of Cylinder Head and Piston

The cylinder head was a four valve type with a central
injector. The piston crown was a Hesselman type., One
object was to leave the combustion chamber shape essentially
ﬁhe same a3 & normal engihe. Although the test section of
the combustion chamber would be a wedge shape, giving
longer paths of light rays than others, the best comprpﬁise
wﬁs to put the mirror level and paraliel to the slope of
the piston, angled at 25° from the horizontal. The window
in the head would also be angled st 25° from the vertical.
The scheme is shown in Figure 105..

Piston Design

Three shapes of mirror were considered. Figures

106a, 106b and 106c show the genersl shepes, The first,
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106a, was & mirror which’hardly changed the shape of thé
chamber at all‘but was limited in that the spray path was
2% inches as oPﬁosed to the & inch radius of the cylinder.
This small mirrorlwould have the advantage that, if air
flow existed, it would not upset'it. Thé second mirrbr;
106b, was similar to the first, except that the piston
lend was cut away to give a 3 inch spray path. This could
be used if there was no appréciable air flow. Both these
mirrors were designed on the lines of the small engine
insert mirror - that is, en aluminium base with chrome
deposited on the top andrpolished to i wavelength per inch
diameter. When the final polishing was being carried out,
the central pin was pre-loaded such thgt when the mirror
was installed'in'the piston, distoftiop, aue to tightening,
was reduced. A small relieved portion was allowed on.the
base of each mirrgr to allow ease of akéansion. When
fitted to the piéton a sealing cémpouhd was applied to stop

any lesks and nylon lock nuts used on the pin. Appendix

VIII (a) and (b) shows the design d:awingé of the mirrors
and (&) the type of piston. |

Work\waé initiated on the third type because of the |
possibility of piston impingement. If the spray hit thé
piston then it would be useful if schlieren pictures could
bé taken to see more of the mixing mechanisms. The answer
seemed to be & stepped mirror in the area of the piston

land. As this held considerable difficulties, a mock -

|
%
i
mirror was made. _
Machining ﬁhe steps from a solid block was disregarded,

as the required accuracy of the stepped surfaces could not
be gained (the region of flatness being.ﬁne to two wavélengthé ‘
|

of light per inch). The next method was to machine each 1

-
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step separately and lap polish then clamp them together.
Figure 107 shows the test and final mirror. A éimple rig
was set up to teét fhe effectiveness of this mirror under
hot and cold conditions. Figure 108 shows the-arrangement
using the mock mirror. Although the mirror was crude the
results were reasonable,  However, the assembly was very
sensitive to the clamping screws being tightenéd right dovn.
This mirror was also subjected to heating‘and it was found
that if it was clamped tightly, surprigiﬁgly little
distorti6n took place.

.The final design is shown in Appendix VIII, the
clamp;ng torque being controlled by the lock piné. The
associated piston is also shown in Appendix VIII (e).

Thé initial mirror finish was gained by lapping the gauge
plate and then finishing with Green Stick.

Figure 109 shows the smaller of the three mirrors in
position on the biston. |

Cylinder Head Design

From the outset it was'obvious that if the general
shape of the combustion chamber was to be retained the
basic modifications would have to be undertaken with some
compromise, The first was to limit the field of view to
one quarter of the chamber. This_could be done by
eliminating one vglve. One of the exhaust valves was

chosen. The reason behind this choise vas, that if any .

‘8ir motion was present in the cylinder during the delay

and combustion periods then the main factor effecting it
would be the inlet valves. The exhaust valves could

contribute, but to a much lesser extent,
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It was also realised that the loss of one exhaust
valve would reduce air flow. To counter this the
remaining valve and passages were redesigned on the basis
of Thornycrofts [ﬁé) work to give a better air flow. It
was also borne in mind that the bBoost pressure to the

test cylinder could be controlled and, as mentioned later,
valve timing and overlap adjﬁsted « The exhaust port

could not leave the head on tﬁe same side, nor on the

other side, because of the valve push rods and fuel pump.

To overcome this the inlet . .and exhsust valves were changed
round. This allowed the single exhaust port to leave over
the flywheel, see Figure 101, and re-entér the normal exhaust
gystem at the side. Figure 110 shows the flame plates of
“the normal and photographic heads and the location of the
window hole,

The exhaust and inlet céms vere cﬁahged over on the
camshiaft to accommodate this change and varisble cams
fitted. The inlet rocker gear was a normal assembly but
the exhaust bridge was dispensed with, the push rod angled
iﬁwards and a short rocker fitted the length of either side
of the fulerum being designed to give the same 1lift as
the normal assembly.

The.angle of the window dictated that one cylinder
head stud must be short. The strohg back was modified
by removing two sides but still allowing three cylinder
head studs to be tightened up as normel. The fourth
stud was tightened on the bo;tom flange below the window.
Figure 111 shows the rockers and strongback assembled.

The position of the window seat in the head was controlled

by angle of the window and the space between the injector

and the remaining valve seats. At first it was

a
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considered that the injector could be angled. But
difficulties in manufacture of the nozzle and in élampihg
the injector between the valve springs proved overriding.
The final solution was to raise the seat of the injector
- and fit the injector itself with a collar., Figure 112
shows the arrangement while Apfendix VIII (i) shows the
design of injector.

The height of the seat sbove the flame plate with '

i
this layout is also shown as is the shape of the window;
The final window design is seen in Appendix VIII (f) and
although the length of the window would make clamping
difficult the oﬁtical paths were equal, an important point
vhen using the schiieren systen, The‘length of thg window
would also reduce the area of the chamber under observation
due té refraétion. I£ was considered that some oPtiéal
compensation might be needed. For diigct photography a.
B;cond shape was designed in whieh the top step was
eliminated. A sketch of this window is shown in Figure il3.

Two window matgrials were caliqd for, one = industrial
quartz, and the other, perspex. As the quartz window
- would be costly énd fragile a prototype window for initial
tests on the schlieren system was designed. Figure 114
shows the general layout. The window was a quartz step
disc with‘an Optical'diameter of 2§ inches. Tﬁese wéreﬁ
cheap and relatively quickly qbtéined. In this ﬁindow .
the inner clamp was on a scréftthread. In both cases '0'
rings of 80 sheare. hardness vere sPecifiéd.

The method of clamping and supporting the quartz

window used in the small engine was only partially followed
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in the larger head. The eclanp was made as long as

possible and 12 studs used to hold it. In this way the

load was spread as evenly as poésible. A stud at the very

bottom of the head by the cylinder head stud could not be

included through lack of space. Figure 111 shows the

clamp assembled. The clamp could be tightened down onto

a spigot and could not at any time squeeze the window. The
difference in the small and large engine was the seating.
The seating in the large version was by '0' rings as
mentioned above, but standard fing grooves were used on the
head and clamp. These had éo be modified as described
later.n

The only other special feature of the head was &
removeble tube fitted between the exhaust and inlet valves
on the camshaft side. This allﬁwad‘a‘pressure transducer
to be located at the face of the flame .pla.te. In other
respects the head was.normal, i.é.. clamping method,
liner and water passages, except that the air starter was
omitted. A small test on the engine proved its sbility
to start on 5 eylinders, providing number 6 was not in the
air starter on position.

In Appendix VIII (g) and (h) are shown the final
detailed design of the c¢ylinder head.

T.b.3. Method of Countering Piston Movement

The method used in the small engine to counter piston
movement, that of reducing the bore clearance, was rejected
for the large engine because pf the chance of seizure and
the subsequent 1arge amount of damage, The method used was
simply to place four 'Deva' metal pads on the diameters of

the piston., These were accurately machined and fitted so
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that a .005 inch clearance between the liner and the pads
was obtained when the engine was cold. Careful running
in of the pads enabled an exact fit to be obtained at

test temperétures.

. Method of Countering Oil Passing up the Bore

Initial experiments with the normal engine indicated
that the source of oil appearing on the piston crown
during a motoring period was two=-fold. The major source
was oil issuing from the gudgeon pin ends, passing through
the piston ring pack into the chambef; The second was
oil passing the bottom scraﬁer and top ring pack. To
counter this severe downward scraping combression rings
were fitted to the second end third compression grooves
and spring loaded scraper ring on the two scraper ring
grooves., The piston gudgeon ﬁin boss vas machined and
sealing was obtained with '0' rings. |

As a second line of defence‘two fufther modifications
were planned. One was to remove the 0il feed to the
piston pin and allow for grease lubrication. To back

this up, a flapper was designed to fit the bottom of the

liner in an effort to reduce the oil spray under the piston.

A third possibility was considered. This was to re-machine
the piston grooves to take morganite rings which are
self«lubricating. These rings had been successfuly used
on air compressors of the APC size and with the short |
duration of running it was thought that they would withstand
combustion conditions as well.

Injection Equipment

The experiments with a single-holed nozzle on the

small engine had demonstrated the importance of getting a
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representative.injection period on the first one or two
firing cycles due to mirror and window being smeared by .
fuel oil. Because of the difficulty of priming the
injection equipment on' the small engine EOupled with the
possibility that on the large engine with long pre-heat
periods the oil left in the injector might boil off and
leave air locks, the system shown in Figure 115 was tried
initially.

In this system the first injector is in series with
a seconds The first is a normal type but the second has
the fuel flowing in the reverse direction and the injector
needle is not spring loaded but is fixed to a push rod which
is in turn controlled by a solenoid., The cycle of events
is such that when the engine is started up, the pump is
locked into the required load positionf However the
solenoid is not energised so that the fuel oil is pumped
through the first injector and out of the second without
the pressure in the first being increased above the normal
release pressure. VWhen the solenoid is energized, the
second needle.valve is kept shut so that on the next
pumping cycle the pressure rises as in normal operation and
opens the first needle valve. | |

Unfortunately, due to the inability of £he equipment to
vork ‘correctly at high line pressures, i.e., it ;llowed
fuel to be injected when the solenoid was de-energized,
and to its unreliability, the method used on the small
engine was then built. Figure 116 shows the.layout of

this method on the large engine. Under test this equipment

g

" gave consistent injection after the first cycle, which in

itself was very close to being representative, Figure 117

shows the extent of the difference between the first,
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secorid and third cycles st full rack.
In both these methods, the solenoid was operated
as on the small engine by the sequencer.

Direct Photography

As has been stated in Chapter I, information was
necessary on the effect of evapo:ation on liquid fuel
penetration. BSome initial tests with schlieren, to be
described later, had shown that practically no air motion
‘existed in the cylinder when the piston was at top dead :
centre. It was therefore decided to use the enginé"asi‘
a ho£ bomb and with thé direct photographic_technique
ihvestigate evaporation. The windows used were the
perspex window shown in Figure 113 fér metal temperature
up to 100°c., ~ Above this the smallef‘ﬁnartz wind§w=
{Figure llhi was used., The camera was mounted on the"
table sbove the engine and 8 inch plain mirror angled
the combustion chamber image into it. Four 750 watt
Tungsten lamps vere ﬁounted on the head, focused into the
window clamp hole. The position of the flywhéel, which
had white crank degrees numbers painted on a black
background, was photographed by the camera via a periscope
arrangement at the same time as the chamber. Four tungsten
lamps illuminated these figures. - Figure 102 shows the
general érrangement. The piston was standard excebt that
the top surface was painged with a matt black heat resistant
paint. It ﬁas found that this gave better definition of
the spray. |

The tests were aimed at photographing the spray

penetration and at the same time measuring the pressure
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within the combustion chamber. Then using the program
described in Appendix III the mean gas temperature over
the injection period could be calculated.

This required further instrumentation. As well as
the pressure in the c¢ylinder, the fuel injeétion line
pressure ahd-needle lift, the’ intake pressure and temperaturef
the piston position and the crank degree mﬁrkers were
measured. Earlier work on instrumentatioﬁ for analyﬁis
of cylinder condition,[jé] had shown the ipportance of -
accurately timing the pressure measurement in relation to
the engine crank and care teken with the positioning of the
cyiinder pressure transducer. The methoa choseﬁ for
timing was to monitor the actual pistoﬁ motion. A small
permanent magnet was attached to thé piston skirt with an
inductive pick up in line with and attached fo the liner.
‘The position of the pick up was such th;£ the magnet passed
it when the ﬁiston was at its poiﬁt of‘ﬁaximum velocity,
thus giving a maximum accuracy. This arrangement gave &
pulse equidistant from T.D.C. on the up and down.stroke of
tﬁe piston. The result canlbe seen in Figure 118. By

" dividing the distance between the two pulses T.D.C. can be
located. The crank degrees were measured by setting 2BA
steel bolts into_the periphery of the flywheel at two degree
intervals. Their signai was picked up by an inductive

transducer.

The cylinder pressure was measured using a Southern
Instruments Type G301 O to 2000 1b/in? inductive transducer,
and calibrated on an hydraulic rig against a Laboratory

Standards Bundenberg O to 2000 1b/in? pressure gauge. The
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transducer was locatéd on the flame plate of the cyllnder
head by means of the removable tube mentioned earller)ln
‘this chapter. - This reduced to a minimum, any passage
resonanceéffectgl - The charge air'pressure vas also
measured ‘using a type G301 O to 50 1b/in2 induétive
transducer. Calibration was carried out using an hydreulic
dead weight tester. The location of this transducer ﬁas
in the air trunking, at the head joint as also for the
earlier tests on the rapid changeover air heater systemn,
Although the mean boost pressure was constant for a test
it was found neéeéSa;y to use ‘this transducer because the
pressure fluctuation maée use of ‘an accurate.gauge impossible.
As the air inlet temperature was held éieady throughout the
duration of a test this temperature vas measured by a
mercury in glass thermometer.

The needle 11ft on the 1n3ector was.measured by an
1nduct1ve d1splacement type. transducer. In earller work
- on the cold bomb.the transducer was placed on top of the
injector and inaccuracy was found wiﬁh long rod, fransmitting
the needle movement to the transducer, compressing. In the .
engine injector the transducer coil was set inside the
injector spring with only a small rqd extension from the
needle. A strain gauge type transducer, similar to the one
used in the cold Bomb work was used to measure the fuel line
pressure. The range of tﬂis.trénsducer was O to 20,000 1b/in?
" and was calibrated on a hydfﬁulic rig against a Lab;ratofj‘
Standards O.Fo 20,000 1b/in2 Bundenberg pressure.gauge.

Due to the injector being virtually buried in the head, the
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transducer could not be positioned as en the cold bomb
work. Experiments were carried out on the cold bombd with
the transducer on the injector, at the top of the injector
~ and at the puﬁp end of the injector pipe. Except for a
time lag which could easily Pe calculated using a nominal
velocity of sound in oil, the shape and magnitude of the
diagram appeared unchanged. Thus during tests on the.'.
engine the pressure transducer was located at the pump end
of the injector pipe. The outputs of the above transducer
were presented on a Southern Instrument 6-channel recording
oscilloscope with & continuous feed paper film camera.
The general arrengement is shown in Figure 119.

The engine metal temperature as measured by the
thermocouples placed in the head as already mentioned.
The fuel oil temperature was measured by putting a fast
response thermocouple into the second feed pipe left in
the main injector from experiments with the double injector
system. This monitored the fuel temperature at the nozzle
flange, the same position &s on fhe.cold bomb injector. As
well as the crank degree image on the high speed film the
millisecond spark timer was used as in the cold bomb work.

The object of the investigation at this point was the
effect of evaporation on spray penetration, Thus to
eliminate combustion effects, nitrogen was fed into the
air supply to suppress or at least delay the ignition.

The method of testing was to pre-heat the engine to
& set metal temperature while_stationary. Then started up
end set the air inlet temperature, nitrogen enriched, to

that temperature and a specified boost pressure. In this
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way, no heat was picked up or lost in the inlet air passing
into the engine. When conditions were steady, i.e., |
temperature and engine speed, the sequencer was triggered,
switching on the camera, lights and pulling in the fuel
racks, At the end of eachltesf the perspex window had to N
be re-polished but the quartz needed only a wipe. ‘The
type of photographic result gained in shown in Figure 120.

Sequence 10 and 11 on the film show fhe actusl results
gained first with a cold combustion chamber and then hot.

The analysis of the results is dealt with in the next
chapter,

Schlieren Photography

The initial work on the schlieren system was done
.using the small quartz window described above., FPigure 121
shows the arrangement of the schlieren system. With the
greater space available the source and image wefe split by
means of a prism as suggested in‘Chéptef VI. This gave
much more light at the camera and with the graded filter
Trix neg film was adequate at speeds of 13000 frames/second
and with no slit in the camera. Ansco D200 was used for
coloured schlieren and filter schlieren. Figure 124 shovs
an example of the black and white results. Sequence 12

shows the results of black and white film while sequence 13

" shows the colour schlieren using the step wedge filter.

Again the spray looked black and there appeared to be no
vapour or change in state between vapour and liquid fuél.
However the tilting effect when using the colour filter
technique seemed to be less than that experience on the

smwall engine. To check the exact movement of the schlieren .

image due to this piston tilt the image was focused on a

ground glass screen with e graticule drawn on it. The
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high speed camera was then focused oﬁto the screen and a
film exposed at 13000 frames/second, while the engine was
running. In this way it was found that the movement of
the image was only & matter of lmm in a planeperpéndicular
to the source height and thus a fiiter with a required
central bandyidth could be made. |

.The most interesting result at this stapge was the
air flow pattern. This can be seen clearly in sequence
13. Tt would appear that virtually no organised sair
flow exists. The next step was to fit the larger quartz
window,

As en initial trial the window was fitted into the
head while on the bench. This was successful, and no
cracking or chipping of the quartz took‘place;: . However,
on fitting the quartz in the head when on the engine, the
window cracked. It was thought that ﬁhé difference
between the bench and the engine‘was-that the head probably
bowed when tighteneq down on the engine, allowing the seats
to come info contact with the quartz. To investigaﬁe the
area of stresﬁ an araldite mock window was made and & crude
polariscope set up on the engine. Figure 122 shows a
sketch of the polariscope.. The window clamp was tightened
down in steps and the patterns formed in the window
photographed. The test was carried out with the head on
the bench and the engine. The thickness of fhe mock
araldite mirror made the patterns difficult to see, but the
results did indicate an area of high stress where the crack
developed on the gquartz window. The seats on the clamp
and the head were machined down and the test repeated, The

stress area had been eliminated.
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A further modification was also made. It had
been noticed on the film so far taken that ihe window
rocked slightly due to the fact that too ﬁﬁch loading
could not be applied to the quartz because of the fear
of shearing it. To combat this movement and to stop
the quartz hitting the side wall, '0O' ring grooves were
machined in the window hole walls. These modifications
proved successful and no cracking of the window tock place
on tightening down with the cylinder head in place on
the engine. _

The results from the direct photography showed high
rates of evaporation and the need for more information on
vapour movement. Thus when it was completed the small
quartz window and the same schlieren system as béfore were
replaced and the work continued to establish the technique
for investigating the movement of vapour.

Two modifications were carried out. The positioning
of the camera on the schlieren system had proved difficult
S0 a stand was made which.allowed the camera tobe moved
by fine threaded vertical and horizontal screws. The
flywheel position tube was extended g0 that the flywheel
image could be focused into the camera at the sahe time a8 |
, the schlieren. The method used on the small engine for
setting\up and focusing proved successful.

An éngine condition was chosen which, under direct
photography, had shown the spray completely evaporated
afﬁef about one inch of penetration. This was then
checked and the results found repeatable with direct and
schlieren photography. The results are plotted in Figure 125

and show that there is a difference of spray penetration

between the two methods. This difference must be the
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vapour which is visible gsing the schlieren technique
but invisible when using direct photography. An example
of the black and white schlieren results can be seen in
sequence 12, . Thus the fuel vapour peﬁetrates further
than the liquid fuel and is therefore of more interest as
far as prediction of spray penetratioh is concerned.

All the test conditions used in the direct photography

tests were repeated with the schlieren system and the

initial analysis of them is considered in the next chapter.

Sensitivity of Schlieren System

The schlieren system had proved itself adequate for
photographing the air and vapour movement and in this form

was used to give information on vapour penetration. However,

‘one fault remained, that of not being able to distinguish

between vepour and liquid on the same schlieren film.

In earlier work both on the small.;ﬁd large engine no
difference had been detected. fhfee péssible reasons'werg
suggested in Chapter.VI. Firstly, the investigation into
the dense fange of the filtérs £ad been limited by lack of
iliumination when using the half plate beam splitter. The
schlieren system was too sensitive, and there was no vapour
preseﬁt. On the large engine the presence cf‘vapour was
established by using both direct and schlieren photography.
The schlierenlsystem had been using a prism.to split the
source and image thus redﬁ&ing considerably the light loss

in the system.

It was therefore decide@,to investigate the range and

'sensitivity of the system., The sensitivity of a system

may be defined as the chenge in contrast on the viewing

screen produced by a unit change in deflection. The range
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of a system is the displacement at the filter for a unit
change in ﬁensity of the fluid. In a standard foepler systém
(with & true knife edge) the range is a functibn of source
height (H) and the focal length of the first mirror (F)

i, R=g cetsatsesstscasassesrassssasasssesssasane (O4)

It can be shown that [T’{] the sensitivity (S) is
inversely proportional to the range

S =2 Liiiiiieiierenireeeeeeesneneesaeens (65)

In a system using graded filters the range and-
sensitivity of the system can be controlled by the size and
dengity gradient across the filter. The size and.shape of
the source is not critical and a point source is normally.
used‘l?h] thus leaving only the focal length of the first
mirror as a further control of range. . Aﬁ;has been mentioned
Lyn[:Té] applied the graded fiiter technique.té a single pass
. system. He found that a step wedge of i em total width was
required and that by placing the image at various positions
on the filter between transmission and cut off the vapour at
the edges of the spray and the air movement could be deteqted.
The vapour was more pronounced if the image was placed in tﬁe
denser region of the filter and the air movement if in the
less dense regions.

The air motion in the present work was visible with
fairly coarse step wedge (Figure 99 (left upper)) but no
distinctiqn between vapour and liquid could be seen even with
the image in the most dense region. Therefore another filter
(Pigﬁre 99 {left lower) ) with a greater density gradient

was tried with a similar veriation of image position. 1In

all cases no difference could be seen. The combination of
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a double pass system and dense spray with no apprecisble
air flow present to disrupt the vapour could possibly give
a deflection that was out of the range for the aperture of
the filter and lenses concerned. As these were at a
maximum the deflection éf the light ray was reduced by
introducing a 50 cm focal length lens into the system to
replace the 4 foot focal length mirror. Figure 123 shows
the arrangement. Also a new range of filters (Figure 99)
were used. The léns was mounted on V‘ﬁlock for convenience
but this made setting up-difficult. To help the prism
was repiaced by the half plate and although this reduced
the illumination successful photographé were taken in the
dense regions using Kodak Tri-X reversal film.

Tests were carried out with each filter. Vapour was

detected on the outside edges df.the'spray but not very

clearly. ‘ H

Two colour filters with greén—red-green band arrangements
(Figure 99) were also tried using Ansco D200 film and the
resul£s are shown in sequence 1l4. No evidence of vapour
can be seen.

Discussions

The application of direct and schlieren photography to
a large enéine as & reliable instrument technique has pyoved
possible. Hovever, even with the lens system it seems
difficult to identify vapour. Two possibilities for this
are, that the spray is too dense and is not disrupted by the
air motion. Thus the deflection of the light ray is too
large except at the outer edges of the spréy. The cother
is the fact that in reducing the range of the schlieren

1

system the sensitivity has been impaired such that the

deflection of oil and vapour are indistinguishable
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Where eir and scavanging flow patterns are required
in detail the mirror system has adequate sensitivity and
at the same time allows investigation of the total
vapourized spray while not distinguishing between vapourézed
and non-vapourized fuel.

Other points need further work if the technique is to
be extended to investigations at high mean effective
fressures. The large_quartz window is a weak point apd‘
further fé-design of seats and window éhape may be necessary. -
The combustion chamber wall temperatures may become iﬁportant“

and at present the maximum value is severely limited.

\
e

If spray impact on the edge of the piston is to bve
investigated then further work on the stepped mirror is
required. The principle has been froved with bench tests
but its value on the engine has not been tested.

Piston m;vement control by means erpads was reasonable
even for colour filter iechnigueg Sut the steppgd mirror
would demand even more reduction in movement. |

The method of controlling the oil passinginto the
cﬁamber by using '0" rings on the gudgeon pin and severe
scraper_oil rings was successful but for test runs exceeding
3 minutes the greased con rod.and flapper m&& 5e required.

The fljwheei marker tube was prone to vibration and
‘the use of glass mirrors made the image hard to focus. A
possibly better solution ié to use the camera oscilloscope
adaptor and superimpose the crank position on top of the
high speed film,The rig as a. whole, proved exceptionally
reliable and easy to handle,.despite its size and complexity.
Some 140 runs were completed in which only 9 were scrapped

due to malfunction of = part of the rig. When using
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qu&rtz windows and processing film after each test, as

nmany as five tests a day could be completed.
The development of & single shot technique similar

‘to the one used.on the cold bomb could possibly reduce

the cost of each run depending on the aim of the investigation.
ﬁowever the technique in its present form is established

and the results obtained are considered in the next chapter.



8.1.

78620'

130.

CHAPTER VIII

ANALYSIS OF 8-INCH BORE ENGINE RESULTS

" INTRODUCTION

The analysis of some initial results from the large

* engine rig are described in . this chapter, together with

the method of analysis. o s

Method of Analysis

". The method bf,analysing the oscilloscope traces was

‘as described in Chapter IV by using a travelling microscope.

The T.D.C. position was accurétely located from the piston -
narker and the,dnalysed cylinder pressure diagram and engine

conditions fed into the computgr.program described in

‘Aﬁpendix III. From this the variation of density and mean

gab temperature with time was calculafed.‘ These results

vere measured over the injection period assuming no combustion.

.In one or two results at high‘temperaturés the nitrogén

.suppression was not adequate and'the.fuel ignited a few

degrees before the end of injection. | In these cases the

density and temperature curves were extrapolated to give

‘conditions without combustion.

The injéction pressure diagram was meaned over the
injection period and thus ﬁhe.parameters'required in the

equation proposed in Chapter V could be gained, i.e.,

8P pressure g4rop acrosslorifice
Dé gaé.déngity.

d - orifice diameter

L  orifice length

with the addition of the mean gas temperature.
The high speed film was also anaiyéed in the way
described in Chapter iﬁ, that of projecting the image onto

a large screen and measuring the pehtfaﬁion with time using -
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the 1000 cycles/second marker on the edge of the film. -

Analysis of Direct Photography Results

The parsmeters obtained as above were used in the
proposed equation to give the spray penetration at those
engine conditions but:without evaporation. These were then
plotted with the actual results measured from the high speed
film. Figures 125 to 135 show the results. In Chapter I
it was suggested that the density and injection pressure
would have little effect on efaporation. On the other hand,
by increesing gas temperature and decreasing the hole size
the effect on penetration due to evaporation would be
increased. The control of density is limited in these
initisl results but by comparing Figures léS end 127 the
effect of increasing the temperature can be seen to decrease
penetration. )

There is a large difference betwéen the penotration at
room temperature and 1016°K. This suﬁstantiates Gelallesi
findings as the fuel was at the same temperature before
injection. Although the gas temperature is higher, the
much larger difference with the eﬁgine results indicates
that its effect is more severe noting that Gelalles used a
004 inch hole, while results were gained with .0l2 inch to
»027 inch érifices in the engine test. The largest hole
used on the present test, ,027 inch in diameter. was found,
after tests, not to be a true cylinder in length but again
considering the results as the hole size increases the

effect of evaporation decreases. The results from Figure

132 with the .018 inch orifice do not substantiate this trend.
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It would seem that the effect of evaporation on penetration
is negligible for an orifice diameter around .027 inch.

With the limited number of results obtained it is
difficult to make any further observations except perhaps
from Figures 128 and 129, which would indicate that
injection pressure has little effect, The fact that the
mean injection pressure faried by only 1600 1b/in must be
borne in mind. However, an interesting observation that
differs from Gelalles is that of the deviation of the spray
penetration in cold and hot gas. Gelalles suggested this
was a continuous and increasing devistion, while the present
results show that the spray pénetration is essentially the
same for a period and thén diverges fairly rapidly and reaches
full developnment. There could be an effect due ﬁo the
piston and head being very close to the spray and cutting
down air entrainment.

At the time these results wére'being enalysed, a paper
by Parkes et al [78] became available in which work on spray
evaporation on a rig was described. They based their work
on Schweitzer's dimensional parameters and extended the work
to include the effect of evaporation,

From results they proposed an eguation

. 2004 | o vaP
8 1“’%[ {1- (1-—) 1.2 x 107 (T -'ro]] L0

vesses {66)

vhere the paremeters are as above except
Aoa = gas density relative to atmosphere density
d, = & reference dismeter = .0236"

T, = gas temperature in degrees Fahrenheit.
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The reference diameter was derived from the resulﬁs
which showed that there was no effect on penetration for’
orifice diameter of ,0236 inches and above. Parkes also
investigated the effect of restriction around the sﬁrhy'
and came to the conclusion that only severe restriction,
which did not occur in an engine, would apprecisbly effect
the spray penetration.

His equation has been used to plot the predicted
evaporation for the conditions prevailing in the large
engine and these are also shown in Figures 125 to 133. .Thé .
unaffected penetrations in some cases diverge from the
predicted path using equation (63), the proposed equation,
This may be due to the fact that they based their results
on Schweitzer's work, and the way iﬁ which they gain the
equation eonstant and powers. The reéults given in the
paper show a fair amount of scatter.

Comparison of the curves and equation brings out
three major conclusions. The findings of Parkes confirm
the effects of temperature and orifice size. Orifice
diameter above .0236 inches is not affected, This is
somevhat lower than the value suggested by the present work
but maximum gas temperature used by Parkes et al was 1000°F
vhile the maximum mean temperature obtained in the engine
tests was around 1350°F. The evaporation curves show the
same trend as the results of Gelalles, that of a continuously
inéreasing deviation from the unaffected results. This
disagrees with the present observed result. Possible
reasons are the fluctuations in the injection system or
difference in L/d ratio, effecting the cone angle developmént :

1

and thus the ability of the hot gas to evaporate the incoming

fuel. |
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Figure 134 shows the variation of cone angle with time in
hot gnd cold gas. The final developed cone angle is reduced
by some two degrees., If the results are plotted in the

same way as Figure 78, Chapter V, Figure 135, there is

still a large scatter but the cone‘angles are reduced by
evaporation.

Analysis of Schlieren Photography Results

After the survey described in Chapters I and II was
completed,the idea that a knowledge of the penetration of

the evaporated fuel might be important was put forward

(Chapter III). = The results taken using the schlieren

system were analysed in precisely the same manner described
above. These are plotted in Figures 125, 126, 127, 129.
130 and 131 and show that the fuel when vapourized does
iravel in front of the liquid spray. The difference in
penetratidn between liquid and vapour is large particularly
with the smaller orifice diameters and ﬁigh gzas temperatures.

From the film, sequence 12, the vapour spray is still
compact as was indicated by the difficulty encountered in
attempting to differentiate between liquid and vapour on
the schlieren system. Thus the penetration of the vapour .
is of prime importance and that of liquid only of secondary
interest.

The schlieren results show that within the scatter
predicted in Chapter V the vapour spray follows the
predicted unevaporated spray penetration. Although only a
few tests have been considered this shows that equation (63)
will prediet the total spray penetration in both cold gas

and gas up to at least 1000°¢.
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The cone engle was alse measured and these sare
plotted in Figure 135 together with the liquid and cold
bomb results. The angles measured still have a high
degree of scatter but are in general sgreement wiih those
measured in the cold bomb,

The results show that no effect in overall penetration
and cone angle is apparent when a spray develops into a hot

as cpposed to cold gas. This finding must now be viewed

- in the light of the discussions in Chapters I and II.

Application of Results

The results from the cold bomb démonstrafed that;??fect
of an actual system on the penetratioﬁ of the spray was
small. The large engine results have shown that the
equation proposed to predict unevaporated spray penetration
also predicts the total spray penetration in hot gas up to
about 1000°C.  The mean gas temperatu;e for the spray
shown in Figure 85 was 980 K over the period taken for the
spray to reach the piston, thus the penetration given is
not reduced by evaporation effects.

From examination of film taken with normal ignition
delay periods the ignition point is at the edge of the spray
near the nozzle as suggested in Figure 31 and no apprecisble
disruption tekes place. The penetration can therefore be
only increased by ignition disruption.

The evidence shows that the spray must therefore reach
the piston wall very quickly in the vapour form. Direct

photography results with the fuel burning show the spray

hitting the piston and being disrupted, moving out and around

the piston. As the sprays, even in the vapour form, are

compact, this could lead to a better mixing of fuel and air
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unless the adjecent spray is too close.

If the normal working conditions are taken for the
8~inch bore test engine, with .012 inch nozzle and
average spraﬁ path of.3 inches, again, from Figure 125,

the spray in vapour form reaches the piston after 11 degrees

of crank (750 r.p.m.). However, these observations can only

be tentative because the investigations so far have not

considered the behaviour of the spray at the piston wall when

burning or the fact that in normal combustion the gas

. temperature continues to rise rapidly after the spray reaches

the wall. For instance, from the results that have already‘ -

been quoted, the mean gas temperature between start of
" injection and the sprﬁy reaching hitting the piston was 98003.
' Nine degrees later, top dead éentre thé mean calculated
tempefature has risen to 1600°K.

Bearing in mind the limitations of work, it is ﬁropoaed
that as well as the type of combustion where the apray just .
licks the wall, and the oﬁua of mixing is on the fuel spray':
developing and entraining air, there is an impingement pfocess
which increases the mixing procesa by disrupting the spray.

Considering penetration of sprays, it is de;irable for
good combustion to get the air to fuel ratio within the spray
greatér than stoichiometric (i.e., A ; 1). In the first
type of combustion or non-impingément, it would seem sensible
that the spray development must be such that the A > 1 at the
outer edge and the number of holes is such as to cover all
the chamber. "

If however impingement is wanted, then the number of
holes should be reduced because of the spreading at the

)

piston edge. The possible importance of this last form of

L Tad

combustion becomes clear if the history of the 123-inch bore
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engine is considered.

The engine has an open bowl piston and a nozzle
configuration of 10 holes by 3018'indh diameter. As the
b.m.e.p. has risen so havethe fuel line pressures in an
attempt to get the extra fuel in during the same period,
to keep the specifie fuel consumption the same. - At high
b.m.e.p.s this has led to very hiph fuel line pressures
which are uneconomic to contain and reduce reliability of
the engihe. Increasing the orifice diameter to decrease
the line pfessures only led to worse specific fuel
consumptions and 'over penetration' was piven as the reason,

If the distribution theory developed by Wakuri[:li]

.is used (Appendix IX) end taking the sprey path ;etween
nozzle and piston to be 43 inches, (This is dependent on
the hozzle spfay‘angle, in this case 150°) by the time the
spray reaches the piston A = .912. With ten holes, this
would seem to be an attempt at nﬁn-impihgement but with the
markings on the pistén such as shown in Figure 24, the value
of A'and the calculated penetration shown in Figure 85, it
i; helf and half.

A survey of other engines produced a l5-inch bore
engine which had an effective spray path of only 3.75 inches
and eight holes of .025 inch diameter. The value of A
was .58, From thé penetration equation (63) the spray
would hit the pis%on 6 degrees after start of injection in an
injection period of 30 degrees. The performanée and

exhaust smoke were good thus this appeared to justify the

]
Al

impingement theory.‘
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Engine Tests of Impingement Theory  '“

Some initial ‘tests were carried out on a single

cylinder version of the 12}-inch bofe.éngine in an

‘attempt to verify the concept of impingement. Table 3.

———

shows the results. Tests were carried out with the hofmai;;

‘nozzle configuration 10 holes by .018 inch diameter at a =

losd of 200 1b/in? b.m.e.p. 600 r.p.m. These were then -

. repeated with the number of holes reduced to seven and the . -

diameter increased to .025 inches. The effective spray."-‘: 

A

path was kept constant by using the same nozzle spray

angle and piéton shape. The results demonstrate that the- ‘

 line pressure has been reduced, as is expected and the

specific fuel consumption has also decreased. By

" increasing the total orifice area injection rate R, has

I

" been incgeaséd while r&,.the function of the combustion

chamber and‘spray pattern, has not changed significantly.
The last point, as to whether the impingement

increases or decreases, albeit small, the heat release

‘rate cannot be resclved with the informetion supplied by

the present work, but at least it shows the possibility .

of deliberately using piston impingement without ill effects S

. on the combustion performance as an alternative to that

used at present.
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CHAPTER IX

CONCLUSIONS

[* P ‘INTRODUCTIOH
The work carried out and the results obtaired in
the present investigation are reviewed and conclusions
drawn.
9.2, . Literature Survey

v
y

CA survey of previcus work showed that equations were

available that predicted the penetration of fuel spréy, |
but Qhat.their applicetion was limited. No account of
upgtreAm conditions and L/d ratios such as found in ;n
'actﬁal'syétem was considered. The effecf of evaporation
‘and combustion on penetrations had beeﬁ dealt with
qualitatively but not quantitatively. - Although previous
work shoved that very high values of air motion were
required to disrupt a spray only scant evidence was
av&ilhble on £he type and valueréf swiri in a medium speed
direct injection engine, The mechanism of combustion in
a medium speed engine was considered to be the penetration
of the spray till it just 'licked' the éombustion chamﬁer
wall, |

9.3 Rig Work

The study of penetration of a fuel spray in denée

atmospheres and room temperature from an actual injeetion
system proved possible. A hood was used which allowed
the development of one spray while npt restricting the flow
from the other orifices of the multi-hole nozzle.
Penetration and cone angle of the spray were measured without
interference by using a high speed camera and viewing the

L

spray through glass walls set in the side of a cold bomb.
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The effects of varying fuel line pressure, nozzle diameter,
nozzle L/d ratio and gas density were investigated.
However, this work indicated that a more useful approach
was to include the effects of evaporation and combustion.

The feasability of using a'dauble pass schlieren
technique in a working engine was tested on the small
three-inch bore engine. This technique allowed the
investigation of vapourized fuel and air motion, as well
as the liquid fuel. The double pass of light was obtained
by blacing a mirrof on the piston and a qﬁartz window in
the head. The mirror was made by directly depositing
chrome on to aluminium and this proved robust enough to
stand repeated test firings. Piston tilt was overcome
by decreasing the bore to piston cleaféﬁce. 0il passing
up thé bore and obscuring the mirror was countered by usi&g
severe downward scraping rings. The affect of engine
viﬁrations vas minimised by mounfing the optical system
on anfi-vibration mounts,

The basic system was then successfully applied to an
8-inch bore engine. Fitting the quartz window in the
complex four valve head proved possible with extensive
modifications. One exhsust valve was removed and the
.injector and valve gear altered to accommodate the window.
Schlieren and direct photography were carriéd out on 4
multi=cylinder engine, this being éasier to control and
having less vibration. Transient temperature and pressure
méasurements were taken which allowed the computation of
conditions inside the engine cylinder and injection system.
Investigations were carried out on the effect of evaporation

on the penetration effect with various orifice diameters,
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cylinder densities and injection pressures. = The schlieren
system, using mirrors, allowed the penetration of the
vapour to be followed but would not distinguish between
fuel and vapour. Further work with a lens system with
a redgcéd range distinguished the difference at the edge
of a spraﬁ but noﬁ very cleariy. In its final férm the
engine allows the investigation of liquid fuel, vapourized
fuel and air motion by a combination of direct and schlieren
photography. It is reliéble enough to be used for future

combustion resesarch.

Results

An equation is proposed to calculate spray penetration
in cold gas at engine densitiesi- |

gevs (3 [F) Py

§ / \dl |

This adds to work already carrﬁéd out by other
researchers since it is applied to an actual jerk injection
system and tekes into account the fluctuéting pressures,
upstream passapge effects and change in nozzle L/@ ratio.

The cone angle of sprays developing from the system has been
measured and found to be a function of the ratio of fuel to
air density only. It is suggested that Figure 78 is used
ﬁo_deduce the values,

Evapofgtidn of the fuel has a pronounced effect on the
liquid spray penetration and resultslobtained are in general
agreement with thase deduced from Gelalles' work [Bé] .

The major factors effecting evaporation are orifice diameter
and gas temperature. After evaporation, the fuel vapour
moves shead of the liquid spray and remains compact. The
penetration is the same as that in an unevaporated spray,

in gas at room temperature and the same density.
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The pf0poséa equation thus holds good for predicting
total spray penetration at engine cylinder gas temperatures‘tj
and densities whilst Figure 79 gives £he values of cone angle.

The air motion, in the type of medium speed engine
used, is random at top dead centre (compression) and does
not affect the spray after injection is complete.
| No conclusive evidence has been gained on the effect
of combustion on penetration. Ignition océurs at the ﬁuter
edge of the spray between the tip of -the spray and the
orifice. The effect of combustion on penetration has not
been considered in detgil.

It is suggésted that, in the case of the B8-inch, 123-inch
and 15-inch bore engines investipgated, under normal ruhnihg
conditions the vapour 5p£ay must ‘come into contact with the
piston wall, and does not 'just lick' the bore as earlier
work had suggested. The mechanism at the combustion chamber
wall was not investigated but. apprecisble disruption of the
spray resulted.

Another form of combustion is then postulated, in which
the spray is deliberately impinged upon the piston wall to
help fuel and air mix. The adjacent spray must not be too
close such that interference will occurat the wall, This
allows lﬁrger nozzle holes than those indicated by previous
theories, and thus larger total nozzle hole area, This
in its turn should allow fuel line pressure to be reduced.

Initial test on a 123-inch bore engine using the
impingement type of combustion have shown an increased
efficiency and allowed nozzle configurations to be used
which reduced mechanical loadings on the fuel injection

systen and camshaft.
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CHAPTER X
FUTURE WORK

The investigations;described are in no way compleie.
The following work is suggested.

The proposed equation is checked with more results
from the schlieren system on the 8-inch bore engine. In
the present investigstion there are too few results to
guarantee the accuracy of the equation particularly at the
larger penetration distances.

The effect of combustion on spray penetration should
receive attention, together with the impingement mechanism
taking place at the piston wall to invastigate the

impingement method of combustion and to discover any

" limitations.

‘Further work should be undertaken to adapt the range
and sensitivity of the schlieren system to distinguish the
difference between vapour and liquiﬁ-fuel even in a dense
vapour spray. This would eliminate the need for taking
both direct and schlieren photographs as the method for
distinguishing the difference.

The injéction rate should be controlled in order that
the factors affecting heat release inside the combustion
chamber can be invesfigated. This would help elucidate
the part played by injection rate in the rate of heat
relesse, |

The initial tests carried out on the single cylinder
123-inch bore engine should be repeated on a multi~cylinder
version to check the results obtained and ensure that they
were not due to bad simulation of a turbo-charged engine.

The influence of droplet size and distribution should

be studied, particularly at the beginning and end of




Wh.

injection in relation to both performance and exhaust
smoke condition. This Espect has not been covered in
the present work and could strongly influence the type

of combustion required in a medium speed type of engine,
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. TABLE I
ﬁ Coefficient of discharge of orifice ‘e o= LT
Nozzle orifice diameter ' qde .018'i£§hes'
Nozzle orifice length , ) L m .OT_inches .
Mean injection preasure - = 6960 ib/in2
Mean density of gas - Py ™ .00072 1b/cu.in.
Mean gas pressure | ‘- 1100 1b/in?
Density of fuel.oil ' poff‘.0308 1b/eu.in.
Viscosity of fuel oil v, = 6 centistrokes at 80°F
Mean pressure drop across orifice AP = 5800 1b/in?




TABLE IT

Type of films used on small Engine work

Film type (100 ft) : _ Film Speed
TRI X Reversal (B & W) : 160 ASA) : |
- )  Tungsten |
TRI X Neg. (B & W) : 250 ASA)
: S ) light
~ Plus X Neg ' (B & W) ) 64 ASA)
~ ANSCO D 100 (colour) - 100 ASA; Daylight

ANSCO D 200 (colour) | 200 Asa) TIm
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TABLE IIT

123~inch Bore Enpine Test Rasults

‘ Nozzle Injector| Max. Fuel| Specific |Smoke |

ciigﬁszgon Big;?;P' gpgfz Configur= period Fuel Coloun
et ] ation Ocrank | pressure | Consump'n
lb/in 1ib/BHP
Original 200 600 110 holes 26.4 16000 - .352 clear
type AL . 018 ins . .
. ' diameter
Impinge- 200 600 |7 holes 23.2 13000 340 clear
ment +025 ins. '

type diameter
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Figure 5 Diagram of velocities imparted to the fuel by the nozzle,
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Figure 24  Spray impingement markings on AT type engine
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Pigure 40 Diagrammatic layout of spray chamber rig.
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Pigure 45 Praoximity probe used for cam shaft speed measurement.
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Figure 46 Nozzle lwod in position in. the pressure chamber.
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Figure 56 Example of paper trace result showing fuel line pressure
and injector needle 1lift.
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Pigure 70 Comparison of measured, predicted spray penetration
together with predicted curves from Wakuri [15] and
Schweitzer [9] for a .00985" diameter orifice.
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Figure 72

Comparison of measured, predicted-spray penetration
together with predicted curves from Wakuri [15) and
Schweitzer [9] for a .0118" diameter orifice.
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Pigure % Comparison of standard cylinder head (right) and
photographic head.
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Pigure 94 Comparison of standerd and mirror piston.
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Pigure 102 Large engine rig set up for direct photography.
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Figure 105 Scheme of combustion chamber design showing the angled
window and mirroy. .
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4

‘Chrome
layer -

Pigure 106

Three shapes of piston mirror intended for use on the

large engine
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Pigure 107 Mock mirrer used to test the principle of a stepped

mirror together with the actual piston mirror.
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Pigure 1Q8 Sketch of. test arrangement for the mock up stepped mirror.
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Pigure 109

The small mirrer in place on the pisten.
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Figure 110 The normal and photegraphic head showing position eof
window, ‘
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Strong back and valve gearing assembly,

Figure 411
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Sketoh of window and injeotor'arrangament.

Figure 112
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Figtxre 13 Sketch of direct photography window.
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QUARTZ WINDOW.  O'RINGS.
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Pigure 114 Sketch of the small window assembly,
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Pigure 145 Diagrammatic, arrangement of double injecter fusl
injection system. .
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Pigure 146 Fuel injection puxp .with soclenoid operated rack.
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Figure 4417 Fuel line pressures measured over the first 3 oyoles
after the fuel rack is pulled in.
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Pigure 148 Example of trace giving piston poszition, fusel line
pressure, needle opening, oylinder pressure, boost

pressure, and crank degrees.
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Pigure 119 Disgrammatic layocut of engine inatrumentation.
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Figure 120 Example of photoegraphic results obtained uaing direct
vhotography.
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Plgure 124 Arrangement of rig for schlieren phstegraphy.
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Polarisoope arrgngement on the large engine.

Figure 122
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Figure 123 Schlieren system with 50 em focal length lens.
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Figure 124 Example of photographie results obtained
using Schlieren photogrephy.



295,

ORIFICE| DIA. 2421 ins.
Y Y
tg =0DOT4 1bfjnd
L

330
L

€ o D08 tb/i ) )
Tm o« 755 °K :
T{ntet o 2B ok

PENETRATION-INGHES —
u

alculatap penstrgtion

sd liquid penatration|
Caleulatdd penstration
without evaperatipn Parks
al .

L
with avpporation

Meatured vapour|
penetratipn

3 20 F 3] ¥»0
TIME + MILLSECS =o=
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Figure 128 Penetration of vapour and liquid sprays gained from
proposed equations, measured results, and Parks et al [78])
I‘or a 014" dismeter orifice.
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APPENDIX I

Specification of 121" bore engine

‘Designation number ;a....;.;..;...f..... 6AT

Number of cylinders_;..........;......e.‘G |

BOT® o0vesecssosannssssssssascnsscnsonos 12} inches
BLTOK® seveorsosrcssssssnsssssacsseasssss 14} inches o
Piston Displacement Creeehesneasasenrons lTBB_inchesj
Nominal Compression Ratio sessviosneacss 12,511

BolManPQ o-‘;nonaoiauoto.loco-cooo.ocooaalo 175 lb/in‘L

RDPOM. .l...l..,l‘lll‘..“l.l.l!!.......Dl 500

 Intercooled and Turbocharged




:Assuming

" APPENDIX IT

Method of Caleculating Mass Flow

1)  Incompressible flow

2) The following model for the nozzlei- n

Q
Ay > R Yut
RO P, | ¢ |P,
Where“Pl‘ = Upstream pressure
Al ~ ® Area of seat orifice (Varies with time)
. '}/ - R .
Ci # Coefficient of discharge for seat orifice
P, = Sack pressure
A, = Totel nozzle orifice area
; 03 = Coefficient of ‘discharge for‘nozZIe orifice

P3' = Cylinder pressure
Q, = Fuel input
Qbut = Fuel ocutput

It can bé'shown that

7] \
J 2 (2ypy)

Where L =

d

0

‘The coefficient of discharge for the seat orifice was taken as «T5.

Q= 4, C,
cumere B, w M’ GF Py * A% Cy Py
022 Aaz " Alz-élz
and Ai # 7L Sin 8/2 (d = L Sin 6/2 cos 6/2)

Needle 1ift
Sack diameter

Needle tip angle



The coefficient of dischargesfor the nozzle orifice was taken as .65.
These figures are taken from work done by W. Berwerk [lé] and
Joachin:[1§] « Figure 18 shows the results of a calculation qu an
AT engine at 176 1b/in? b.m.e.ﬁ. at 500 r.p.m. A computer program -
{ was written to calculate the~fuel injectéd. From fuel consumption

readings fuel input per injedtion = ,00469 1bs. From calculation

fuel input per injection = .00LSk 1bs.




1.

2.

2.1,

Appendix ITI

Indicator Diagram Analysis

QBJECT

Given @Alues of cylinder pressure against crank

angle, to calculate gas temperatures, heat release rates,

heat transfer and power ocutput,

THEORY

List of Variables

P

d7T

dav

dau
dw
aQ
LL
v
v
Q
We

Wt

a

Pressure of gas in cylinder
Temperature of gas in cylinder
Mass of gas in eylinder

Volume of gas in cylind?r

Incremental change of pressure

Incremental change of temperature

Incremental change of volume
Héat lost to walls during step
Incrementel change in energj
Work done during step

Heat released during step
Cumulative total heat lost
Cunulative total of energy
Fumulative total of work done
Cumulative total of heat released
End work doné

Total work done

Mean piston speed

Specific heat at constant volume
for gas in cylinder
Instantanecus heat transfer

coefficient

Chus

Chus

Chus

Chus

Chus
Chus
Chus
Chus
Chus
Chus

m/sec

Chu/1v°C

Chu/£t2hr°C



N " Engine speed L . Tepems

r Crauk radius : ins

ﬁ lBore dismeter '. ' - _".:_“ina-;
' 1.' ' :_ Conrod iength B :_ ins

VCL.-' Clearance Volumﬂ o ~ ins?

A ‘_' Exposed cylinder'ﬁall ares 2

APIS&ON Exposed pigton area - ins?

ALINER" Exposed liner area at TDC o in32 
| Agyy.yp. [Exposed cylinder head ares’ ins?

AlF AiriFuel ratio

Toa1l Méan tempgrgture of cylindér

| vall i
p Dénaity . 1b/ft3

The program..  adopts a step-bybstep process =
Suffix 1 denotes beginning of‘cﬁrrentﬁgtep
Suffix 2 denotes end of current step

2.24 Preliminary Calculations

The trapped mass is calculated frbﬁ the charge

Qir pfessure and temperaturei~-

nedtBL 1ps  vhere R = 96 1 1b/1°C

The mean piston speed C_ = Nxbe '

| | T gk 1z w3.28r /eee
2.3: Step-by-Step Process ' '

1 b2y 1
V2 =17 { Vo * [1 ty-cos -
dv = (V,=vy) £t3
14h p, v,
mR

T °K

The programme uses Eichelberg's relationship for heat

transfer coefficienttiw

: .
2,20 T~ , P
h= lo.T 5 x 2.1 /Cm 'f—l— T

a7 h Cchu/£t?nr’e



2.4,

1
A= HE APISTON+ALINER+ CYL.HD,+ 'OF [1 + & -cos 82

f‘w

Chus
dL = hA (T1 - wall’ W x 60 X 360
m X Calc Va.l
A/F = T4

. : : ) _
The program ~ calculates C from the followingte=

1f T<k80

-
C, = 1617 +2x 107 T

If L80<T<600

5
C. = ,150T + 5.3 x10° T
v , 1

If T>600

2
1

Cc, = .1378 + 8.8 x 10"s T, -2.1x J.o"a T
N _ - o s 7]
+16.7 7/a [8.3x 207 + 2,06 x 107" 7, - 3.4 x 0 Tl] |

Chu/1v°C
Where F/A ® fuel/air ratio’
dU =m Cv aT Chus
dW = 144 '
Thoo.7 ~ [y 4V Chus
dQ = 4u + dW + dL Chus
o o b P 1b/5t°
RTl '
Other Calculations _
1k} P,. =P . 2 [‘ 1 Vel
Let we = Eﬂ5377 ( final 21n1tial n Dr % ‘ 1l T cos (IVCHs

' 1 Ty

2. .2 .
/(-’;) ein" (IVC)] Chus -
oo Wy W4 W, Cous - -

. IMEP = Wt x 1L00.7 x b x 12

nD2 2r
£Q x 33000 x 60 1b/IHP hr
ISFC = Gal.val. x W& x 16007
fhxde x T} | |
%k
z(h x 46}

1b/in2

Mean HTC =




3. PROCEDURE

3.1, Preparation of Data

The data should be‘entered on the standard MAC data .
sheets (Form Xu98)3; each line of data should contain a -
'D! in colﬁmn L and a sequence number in columns 5, 6 and Ti
The data should commence in column 9. One blank should be
left between each number - if more than one blank is left
the rest of that card will be ignored. It is permissible
for a number to start at the end of one card and continue
at column 9 of the next card, Shéuld a number end in
cqlumn.BO of one éard, column 9 of the next card must be
left blaﬁk.

3.2, List of Data

The data should be listed in the following orderia

o - Identification Number
Dl Clearance Volume _ ' ins
D2 - Bore diameter ins
D3 Stroke | ins
DL Conrod ins
D5 " Engine Speed N f.p.m.
D6 Charge air temperature %
DT Temperature correction ‘"% K deg.
D8 Charge air pressure = P ‘:*o
D9 Calibration constant = C ‘: psia
D10 Pressure correction = Pcor 2
D11 Ang 1 (= IVC) [ The range of ~ °c/A TOC firing
D12 Step 1 crank angle to C/A dege
D13 Ang 2 be calculated  C/A TDC firing
D1k Step 2 4 is divided into C/A deg.
D15 Ang 3 three divisions °C/A TDC firing
D16 Step 3 each of vhich may C/A deg.
| have a different step size.




D17 Angle correction C/A deg.

0

D18 Temperature cylinder wall K

D19 Calorific value- Chu/lb .
D20 Eichelberg constant (normally 2.1)

p21. - Area liner sbove TDC ins?

‘D22 | Area piston ins?

D23 Area cylinder head ins?

' This list is followed by the inteper T (= number of pressures)
and the list of préssurea (units as for charge‘air pressure). The
pressures are read one~by-one into D24 starting from the pressure at

the end of the first step.



APPENDIX IV

H/S Camera
W.F.I. Omm Fastax Camera
Technical Specificatioh
Film Capacity - 100 ft. daylight loéding spool
Film - 16mm with 8mm perforations
Speed - 300 to 16000 P.P.S.
Shutter - 8 sided H&gh IPdex Glass Rotating Prism '
Effective Shuﬁter S . |
Speed 'l_ - g X Film Speed
Lens - f2
Lens Mount - F x 1 Fastax Bayonet .
Timing Light - lSee Appendix VI |
Cut-off Switch - | Autometically cuts off power to camera

at end of film run
Motors - Two (115 volts AC=DC 60 cycle) One for

drive, one for take up.




APPENDIX V

Continuous Light Sources

The High Speed camera with this extremely short exposure time
of 5 microseconds needs very high intensity illumiﬁation partcularly
vhen using standard films. The two standard light sources ﬁsed are
specified below
1)  Tungsten 750 watts 750 R lamp

Intérnally silvered photospot with clear front surface

ES Cup '

750 W at 115 V

Produces an accurately focurred spot of.light three inchés in

diameter at ; distance of approximately twelve inches.

Two transformers were used in cbnjunction with the tungsten lamp

Type HF 911
Type ) - Double woundécenfré-fapped, 5d cycle
Rating - - 3 kVA (intermittent)
Input’ - 200-250 V (tafpéd)
_ Output - Switch tapfed 0 = 58 = 115 volts
Qutlets - Four 3-pin Bulgin sockets
Auxiliary .
outlets - Two American hat sockets

The switch on the output could be used to give one to
eight pover light for housing and setting up the camera. This
facility pre-heats'the lamp and so reduces thermal shock on the

filaments when switched to full power and thus prolongs lamp life.

Universal stall lighting brackets were used to support the lamps.
2} Xenon Pulse Lamp Unit

Lampzsource - B.T.H. Compact Source Xenon Lamp type XE/D

Source Size «~ 5 mm
Colour temp. = 5700 K
Envelope - Quartz




Lamp Head

Reflector . - ~ Parabolic aluminium mirror (Alzac)
Focus - Adjustable between spot and hood
Lamp Mounting - On reflector optical axis for

efficient light collection
Front cover glass - ‘Toughened and etched glass to reduce .
harmful U.V, light efficiency

Control Unit

Contained in portable desk type console.
Circuitry - a high voltage striking circuit mekes use of a 25 kV
répeating pulse unit to present the lamp with 25 kV pulses each
with a current flow of 25 amps. The lamp simﬁers at 500 watts.
Pulsing power is selected on the panel, Eaﬁh power selécts a
-periéd = limiting circuit. |
23 kerulse for 10 seconds
5 kW pulse for 5 seconds
T3 kW pulse for 2 seconds
An ovef-riding safety circuitlpreventa repeat pulsing at
shorter intervals than once every 30 seconds.
Power Supply - Six 6 volt batteries in series
Operation = The lamp is struck and simmers at 500 watts whiéh
.. gives sufficient light for focusing and setting up the camera.
The reqﬁired pulse power is selected and vhen required, fired.
In this case manual firing was used but it can be pulsé from the

camera.




APPENDIX VI

R.A.R.D.E. Spark Times

In sections 4,8.2 and 4.8.5., mention has been made of timing

4

and event marks being superimposed on the high speed film, These

are applied by the above unit. It is designed ta give a highly

accurate method of time marking on one margin of the film_and a mark

to indicate a second event in the other margin, This second mark

occurs only once vhen the circuit is triggered. The contrél box

provided this trigger once in one test run. The specifications are

as followsi-

Oscillator - Crystal controlled at a frequency of

B 1.0 hilocycle/second, accuracy better
~than 1 part per million over temperature
range = 20°C to +70°C." | ‘

Pulse Transformer |

Unit ' C - N Contains trapéformer énd capacitor for

| each of the two gpgrk,gAPa.
Spark Gap Head - Consists of two'SPa;k‘gaps each with its
| own lens. The sparks originate from the

tipof a tungsten wire eléctrode which

from the time measurement datum points.

Spark Image
Intensity i" - " Controlled by three water house stops to
cover the complete range of emulsion speeds.
 Eleetrical
requirements - 200-2L0 ¥ AC 50 cycles

Consumption - 120 watts



APPENDIX VII

Specification of 8" bore engine

Designation number ssecveccsesssssssncasss APC

Number of Cylinders seessscssscssscssensss 6 (Or single)
BOTE sesesvavecenocscossssavsescscansssses 8 inches
Stooke ...;....;.........,..............., 10% inches
Pigston Displacement scesecssssesscssccsass 541 inches3d
Nominal Compression Ratio ..;.ﬁ........... 12,41)
BMuEsPe  voerssensscnccsacssssesnsssnsses 200 1b/in?
RiPiMe sevecsscccasccasssnssasassacssnceas T50

{ntercooled and Turbocharged



APPERDIX VIII

Detailed drawings of 8" Bore Engine Componenty
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APPENDIX IX

Wakuri 157 .

Where

A =22 6tan 6

Lth Ve o
d =

% =

d =

20 =

C =

vl =

pf bl

pa =

Basis for calculations on air fuel ratios in fuel sprays by

a 2 tan &
Ath vC Py d
X
d

distance of penetration
orifice diameter
Spray angle

Coefficient of discharge
p

L

Pa

Density of fuel
Density of air
Theoretical Air quality

Excess air coefficient








