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ABSTRACT

In a small size direct injection diesel engine, fuel injection
spray impinges on the combustion chamber wall, thus significantly
affecting fuel—air:mixing and burning characteristics of the spray.
Wiph 'decrease in engine aisplagement, air swirl inside the
combustion »chamber is considered' essential to improve fuel-air
mixing. ' Consequently , thelunderstanding of the influence of the
wall 3; the spraf developmént in the combustion chamber is quite
impofténf; I# is reported in the literature that the decrease in
displaéément vqume.of the engine results in a significant increase
in brake épecific fuel conéumption (BSFC) . The deterioration in
the fuei economy is attributed to the wall wetting due to the spray .
in'aGQiiibn to highgr heat transfe: apd friction*lossgs. A proper
matchinglof fuel ihjection, air motion and piston bowl geometry is,
therefore, very ;ﬁportant. |

In literatdre, only a few attempts are seen concerning the
- modelling of the'wall jet development in engine situation. The
available models present a simplified analysis in this respect
without considefation of the swirl and the wall shear effects.

The present study is an attempt to investigate the influence
of spray-swirl-wall interaction ih direct injection diesel engine.
An analytical model has been developed to predict the fuel-air
mixing and burning charécteristics of small DI diesel engines. The
predicted results have been lvalidated with the available
experimental data. Besides.comparison with the .ublished data of
earlier investigators, the' data are also measured on engines.

-Four mass and momentum conservation equations are written

along the tangential and normal directions to the spray for both



i1

free and wall regions based on continuum integral approach. The
flow along the smooth and impermeable wall is considered to be two
dimensional. The velocity distribution_in the spray along the wall
is taken by the composite profile developed combining one-seventh
law of velocify distribution 1in turbulent» boundary layer at the
wall and the velocity profile of Abramovich in the free jet region.

The infiuence of the bowl geometry in"terms of ﬁoment of
inertia and the wall friction on the instantaneous swirl level
during compression is considered. | The spray structure is multi-
‘zonal and the simulation of atomization, droplet-size distribution,
evapofation, ; turbulent mixing and combustion processes is
included. The fuel spray isvdivided into a number of elemental
zones in the axial and radial directions in order to simulafe the
heteroéeneéﬁs nature of the diesel spray. It is postulated that
following the 1ignition delaj period, combustion occurs at the
specified rate in the elements where the actual air—f@el vapour
equivalence ratio fallsrwithin the limits of inflammability Hence,
the mass 1rate of burned fuel and the rate of heat release is
icomputed. Conservation equations for the mass and epergy afe
formulated for the spray and surroundiné fluids. Sglhtion of
energy equation and equation of state gives the cylinder‘pressﬁre,
the temperature and the volume of the spray and temperéture ;f the
surrounding fluids. Heat transfer from gases to the walls of the
cylinder is computéd foilowing Woschni's correlation.

Moment of inertia of the air, dependiﬁg upon the shape of
bowl-in~piston and the bowl offset, influences thebangular swirl
near top cent;e position of the piston at the time of injection.
It is found that there is an appreciable variation in the air swirl

at the top centre position due to the variation in bowl geometry. -
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From the resuits it is established that the rate of air
entrainment is enhanced during the wall jet flow due to the
éombined effect of increased axial entrainment parameter, incfeased
Surfaée area available for entrainment and the wall shear stress.
Although, ‘early impingement in small engines results in wall
wetting, it does help in enhanced mixing due to the higher rates of
éir entrainment.

Resuits of prediction concerning the 'effect of injection
parameteré on.the spray motion concede that the initial rate of
injection and mass averaged injection preésure play significant
role in the air-fuel mixing. The rate of entrainment is higher in
the central injeétion case 1in comparison lto the other injector
locations 1in the cylinder. Changes 1in ﬁozzle orifice size affect
%ﬁel-éir mixing. The effect is, however, pfedominantly injection
' pressure controlled. | |
The model predictions show ‘good correlation with the
'~ experimental data and respond well to the variations in input
‘parémetefs. The Influence of the chamber wall on the burning rates
and engine performance 1s studied using the moael. The comparison
of experimentalvengine pressure data history and the performance
parameters at various test conditions are made with the model
predictions. The-predictions in terms of the burning rates and
undermixedness suggest that, if the spray is fully vaporized pfior
to the impingement, the rate of burning is found to be faster in
the presence of the wali.

The level of prediétions from the model ig satisfactory and
the model is quiﬁe suitable to’ optimize. the injection -
" characteristics, bowl_geometry and air motion in small DI diesel

engines.
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NOMENCLATURE

Symbol Description Units
@y ,az Axial and normal entrainment

parameters
A Area - ‘ (m*)
AFRS | Stoichiometric air-fuel ratio
b Radius of circular fr;é spray (m)

or thichness of the w311 jet
c Concentration h
éd Discharge co-efficieﬁt
Ce,Cr Friction co-efficients
Cp,Co specific heat | (J/Kg-K)
CN Cetane number
CR Compression ratio
CVF _ Calorific value of fuei. , (J/Kg)
d Diaﬁeter of combustion bowl i (m)
d. ) Equivalent diameter - (m)
do Nozzle orifice diameter C(m
D ' ' Ccylinder bore diameter (m)
Da Droélet diameter | (m)
D" : Normalized droplet diameter
De Drag force due to shear stress (N)
DINJ » Duration of injection (degree)
E Entrainment function
Ea " Activ/ tion energy (J/mol)
fly) _ Concentration profile function
h " Enthalpy (J/Kg)
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hy Depth of combustion bowl (m)

h,, Heat transfer co-efficient (W/m2-K)
ID ' Ignition delay (degree)
il-Is o Values of Integrals

I ' | Moment of inertia (Kg-m?2)
m . Mass (Kg)

n | Number of orifices

N ‘ Engine speed (rév/min)
p »fressure (Pascal)
P,P%,Pz' Constants for spray perimeter

Q 4 Heat energy (J)

r Radius (m)

R ~ Gas constan§ . - (J/Kg-K)
R. . Reynolds number

s ' Spray penetration (m)

S, E Spray penetration along wall | (m)

SMD Sauter mean diameter ' - (m)

SR ' Swirl ratio

S(g) | Distance of piston crown from (m)

cylinder cover at any crank angle

t Time (sec)
t. Time at the instant of impingement (sec)

T Temperature. (K)

Te | Torgue force due to friction (N)

u \ . Spray velocity (m/sec)
U Air velocity (m/sec)
Ve Mean piston speed (m/sec)

\V Volune 7 (m3)



Ve, Vi

® < W @

e

~Subscripts
a
ab
ae
ag

au |

iii

. Fuel delivery

Normalized radius of free spray
or thickness of wall jet(b/b,)

Spray deflection angle
Density function
Some fraétion ,
Boundary layer thichness
Turbulentfenergy dissipation
rate -
Crank anélé
Viscosit§
Kinematic?viscosity
Density
Turbuleqt“mixing time
Equivalence ratio
Angular swirl i

l

Change of variable during
a time step

Air

Air burnt

Entrained air
Average gas value
Air unburnt
Break-up,bowl,burnt
Burning

Coolant

(m3®/cycle)

(rad)

(m)

(m2/s3)

(degree)
(Kg/m-sec)
(m?/sec)
(Kg/m3)

(sec)

(rad/sec)



iv

cyl : ‘Cylinder

c | Commulative

d ‘Droplét

f ~ fuel,friction,fixed
fb Fuel burnt

fi | Fuel injected

£1 - Liquid fuel

fv | Fuel vapour

h f,]“ '~ Cylinder head

in I Inlet conditions
inj B Injection

IvC : 7 Inlet valve‘closure
3 ;, Jet boundary, jet

J jf | Refers radial position

of spray elements

1 Liner,liquid
m Ceétre-line,manifold
mot ‘ Motoring
n Normal component
o Orifice
P Piston crown
Packet
prod Products of combustion
s ' Swirl,surface,standard conditions
sp \ Spray
sur Surrounding
t Tangential component,total

v Volume, vapour



vap
vb

vu

Superscripts

Vapour phase
Fuel vapour burnt
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wWall
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CHAPTER - 1.

GENERAL DISCUSSION AND LITERATURE REVIEW

3

1.1 INTRODUCTION
Diesel engine has been an unrivalled power source for heavy

A
duty vehicles and stationary app}ications in terms of fuel economy

for almost one hund}ed years ndw;j'With the continuing development,
it is méking inroads to the ligﬂé duty and automotive applications
as well. In present time, research and development‘efforts for
fuel éfficient and low pollution diesel engine lay emphasis on tHe
fluid méchanical ‘aspects of ;t;‘ in-cylinder procésses. The
7matching of fuel injéction characteristics with air motion are now
widely considered and has attained significénce for more rigorous
inQestigations téiachieve better emission ;nd speed characteristics
in direct injection(DI) diesel engine, which is primarily a fuel
efficient system.

An enhanceé_fuel-air mixing can be achieved either by high
pressure fuel injection and/or by generating swirling air flows in
the combustion chamber. The increase in the air motion is reported
to have increased losses due to heat transfer, volumetric
efficiencyb and pumping work(1l). On yhe other side, the high
pres;ure fuel injection, apart from its difficulties in terms of
hardware developmer . suffers from maintaining the high pressure of
injection in fuli operating range-of engine speed and load. Even,

the gains from electronically controlled high pressure fuel

injection system are optimum only when the injection system is in



tune with a particular combustion chamber(2).

In a DI diesel engine, the role of injection, air motion and
combustion chamber characteristics, therefore, is important from
better fuel-air mixing standpoint. The present work attempts to
study the interaction of the air motion and the fuel spray in a

direct injection diesel engine.

1.2 AIR MOTION

The air motion in a diesel engine is generally caused either‘
by the intake port and/or combustion chamber geometries during
‘inaﬁction and compression strokes respectively. Three different
elements of the air motion present. during intake to expansion
stfokes in engine cylinder have been classified as;

- sSwirl

- Squish, and

- Turbulence.
During the intake‘process, swirl is produced in the cylinder by the ’
annular jet flow through the intake port and valve. This then geté
modified during compression stroke. Squish is the radially inwaré‘
or transverse gas motion that occurs towards the end of the
compression stroke, when a portion of piston face and cylinder head
approach each other closely(3). The maximum squish velocity occurs
at about 10 degree before the top dead centre(TDC) position. The
magnitude of the squish velocity depénds on the bumping clearance
and squish area (determined by bowl-entry diameter) and islaffected
b& air leakage through piston rings,udimensions of the crevice
volume and heat losses to the cylinder wall and cylinder head.

" The complex fluid flow field inside the piston bowl 1is



i

determined by the s&irl—squish interaction. The competing
requirements of the céntrifugal forces associated with the swirl
and the opposing inward squish motion ére demonstiated in Fig
1.1(4). Ifhis mechanism has practical relevance for diesel engine
performance. In a high swirl ‘engine, . the flow near the swirl
centre does not experience the squish motion and retains its solid
body characteristics. It may be concluded that the squish flow

alone does not influence fuel-air mixing as it affects the velocity

field iﬂside the pisfon bowl through intéraction with the swirl.

: i
Such a resultant velbéity field is complex and its prediction is
-beyoﬁd the scope of the presént ihvestigation.

The definition of turbulence in the engine has been a matter
of debate(5). In caée the flows in engines were truly periodic,
the turbulence inte.ns;ity is possible to be determined from the

i
deviations of the instantaneous velocity at a particular crank
angie from an ensemble average%méan veiocity. An ensemble averaged
analysis will associate the c§clic velocity fluctuations with the
turbulence intensity.: The charactef of the turbulence at the end
of compression controls the fuel;air mixing and the burning rates.
0n1§ limited reliable data are available in literature in this
regard ahd not much is known in engine firing case. Fig 1.2
compares results of turbﬁlent intensity obtained for flows near top
centre by a number of investigators using motored engines(6).
These results cover a range of engine configurations with and
witﬁout the consideration of swirl. It is found that the order of
magnitude of the top centre turbulent vclocity is one half of the
mean piston speed. Usually, the magnitude of the swirl velocities

is reported to be about 15 times the mean piston speed(3) during

induction which further amplifies during compression. Compared to



the swirl magnitude, the £urbu1ence intensity seems quite low and
thus the contribution of:turbulence to the bulk flow affecting the
fuel-air mixing may be small.

. The swirl motion is geﬁerally recognized to be of greater
consequence in the engine flow charécterizatioﬁ and is amenable to
some sort of analytical description. The primary swirl produced
during the intake is augmented due to the effect of the piston bowl
during compression. The 'swirl motion is the mést important element
of the airlmotion in ﬁégard to the fuel-air mixing. The swirl
motion‘iﬁithis study, ﬁhérefore, will be referred to as the “air
"motion' for the followihg discussions. The genesis of the swirl
motion in the engine cylinder is classed in two distinct stages;

- Induction swirl |

- Compression swirl

1.2.1 :Induction Swirl ;

The intake air enters from the port into the cyiinder through
the openings of the intake valve as a conical jet. There are two
main tyées of ports producing swirl up-stream or down-stream of the
valve(?B: ' Helical ports produce swirl before the valve and
directed porﬁs have it afterwards. 1In the tangential plane, there
are two components of the angular momentum flux as shown in Fig
1.3, which contribute to the total in-cylinder swirl(7). The

details of the swirling flow in an actual operating engine are

!
rather complex. Three dimensional analytical modelling
‘approaches(8-13) and tize advanced experimental diagnostic
techniques(14-19) are employed for its characterization. The

simpler techniques such as the paddle wheel(20-21), the impulse

swirl meter etc. are used to measure the swirl levels on steady



flow test rigs. The swirl characterizatién is generally based on
the premise that the flow in the engine cy1inder approximates a
solid body rotation. There is adequate experimental evidence to
this effect on the basis ofILDA measurements(22-24). The solid
body rotation of the flow near the engine cylinder axis and uniform
velocities near cylinder walls is amply confirmed mostly at low
engine speeds. This fact is yet to be eétablishéd for the higher
speed range. b |

The relationship betweén the stea?} flow rig tests ana the
actual complex enginev ‘swirl pattefné ~ is also not Qell
estéblished(3). In practice, the_swirl'fatio is' normally used to
refer the intensity of swirl measured atvthe intake valve closure.
The swirl ratio is defined as the ratio.ﬁf angular velocity of a
solid body rotatiﬁg flow, having angu}éf‘ momentum equal to the

actual fiow, to the crank shaft angular.sbeed and is expressed as;

SR-“—%'-E&—O) . | N (1.1)
Despite 1inability of the above relationship (equation 1.1) to
represent the actual flow field, its application in the diesel
engine 1is convincing dqe to the fact that the emphasis of this
approach 1is on the estimate of the mean velocity which signifies

momentum exchange between the air and the fuel spray.

1.2.2 Compression-Induced Swirl

\Angular momentum of the air, which enters the cylinder during
induction, decays throughout the compression stroke due to the
friction at the walls and the turbulent dissipation within the

fluid. About 25 to 30 percent of the initial angular momentum is

lost at the end of compression(3). Application of momentum theorem



to tBe fluid flow during compression resultszS) in

d ' -
d—;[lw]-T, | (1.2)

Neglecting the effect of the wall friction (T, = 0), tﬁe equation

(1.2) yields :

lw = Const. : ' (1.3)

In conserving angular momentum, if the noment of inertia (If is
decreased during compression,rthe angular,Lelocity( w ) of air ﬁust
increaée. However, the t'oil:al angular méfnéntum of air does decay
due to the friction at the cylinder wallé;_ The éombustion chamber
cavity, therefore, tends to modify thg swirl as ﬁhe piston
approaches the top centre position. |

The influence of the piston cavit&‘ on the swirl during
compression 1is extensively studied u;ing various ’experimental
techniques such as;

(1) Laser Dopplef Anemcmetery(26-28)

(i1) Laser Doppler Velocitimeter(29-34) and

(iii) Hot Wire Aneﬁometer(35-40).
Some of these investiggtiéns(26,29) compare the influence of the
piston geometry, while some others(29,4l) consider the influence of
the bowl offset on the air motion both experimentally(29) and
analytically(41).' A variety of the piston cavity shapes viz. flat,
circular,‘square, re-entrant etc. have been investigated showing;

| (i) the TDC angular momentum per unit mass is 35 percent in
the square bowls compared to the cirrnlar bowls(29). .
(ii) the re-entrant bowl results in larger ~swirl decay

compared to the flat bowl.

The larger swirl decay .in the case of square and re-entrant bowls



is attributed to both the increased wall friction losses due té the
larger surface to volume ratio and an increased diffusion as a
result of higher turbulence at the end of compression.

The effect of the bowl offset on the swirl has been
investigated both experimentally(29) and analytically(41). A
decrease of six percent in angular momentum at TDC with the bowl
offset of 7 percent of the bore is reported(29). It is
observed(41) that the changes in the offset have noticeable
.influence on the flow structure near the bowl centreline(Fig 1.4).
It 1s, therefore, concluded that the shape of the piston cavitiéé
and the bowl offset modify the swirl levels during compression #nd

" hence need consideration.

1.3 FUEL SPRAY
1.3.1 Fuel}Injection

Despite some progress reported in the fuel injection syétem
development such as the high pressure injection and the

-electronically controlled injection, vehicular diesel engines

mostly use the conventional features of the fuel injection sysﬂem.

The limitations of the conventional fuel injection system in its

present form include dependence of

i) the injection parameters (injection period and pressure)
on speed and load.

11) the fuel injection quantity on the system dead volumes,
passage lengths, plunger springs, variable flow areas,
frictional and inertia forces due to moving masses, wave
actions in lines etc. |

It is apparent in Fig 1.5 that these disadvantages are not overcome



by meée increase in fuel injection pressures(42).

For the high injection pressures, the use of a higher air
swirl is .ineffeétive from the fuel economy and smoke formation
standpoint. In'sﬁch cases, the swirl can be either eliminated or
minimized to reduce the thermal loading in high specific output
engihes. The same effect helps improving the volumetric efficiency
and  the pumping. losses’' of the naturally aspirated engines.
However, in,case_of.smaller engines (less than 150 mm bore); the
esééhtial features of the conventional fuel injection system may
not 'allow reducing the requirement of the swirl, thus ﬁhe air
motion may hold‘the key to better fuel-air mixing in these engines.
The injection characteristics need to be tailored to aﬁomization
and the mixing requirements for a given combustion chamber geometry
andfthe air motidn. Injection scheduling and duration of injection
are ﬁﬁe contfqlling barameters infiuenéiné such an adjustment.‘

The inje&tion scheduling has a strong influence on the rate of
pressure rise. Maintaining a low 1initial rate of 1injection
prevents the diésel knock. The steeper beginning and the end of
the injection curves afe considered necessary to achieve finely
atomized spray free from the secondary injections and pronoﬁnced
dribble(43). Figs 1.6 and 1.7 show the influence of the injection
rate shapes on the atomization and spray motion(44).

The injection duration is particularly importayt at full load
and influences the engine performance, fuel economy and smoke.
Each type of gombustion chamber requires an optimum duration of
- injection. Both shorter and longer durations are not desirable.
Although with short injection duration; good fuel economy and less

smoke characteristics are achieved , the engine running becomes

rough. In case of the longer duration, the engine runs smoother
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'fbut the power, fuel economy and smoke levels deteriorate.
The use of digital computers for analyzing fuel injection
process 1S now a common practice. An 1iterative procedure for
solving'the equations of continuity and equilibrium of forces at
the nozzle end was proposed by Becchi(45-46). Including friction
and cavitation effects, the unsteady flow in the high pressure pipe
i was analyzed by Knight(47). Wylie(48) has used the method of
characteristics fof solving the equations of wunsteady flow.
" Thereafter, many different models have been developed to simulate
" the fﬁed :injection system of diesel engine combining the above

features. Many computer codes are available to simulate the fuel

injection process accurately.

1.3.2 Spra& Develobment
The development of fuel spray consequent to fuel injection is
controlﬂed by important physical processes viz; -
‘ Atomization,
Peneteation,
Entrainment and
Vaporization.
There are numerous investigations on each of these aspects
available in literature and their indepth review remains beyond the

scope of the present discussion. However, salient features

. .
relating to these processes are presented here.

Fuel Break-up and Spray Structure

A conical spray consisting of finely atomized droplets of
various sizes 1is formed over a ehort distance termed as

"atomization break-up regime". Fig 1.8 shows the four regimes of
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the liguid 3jet break-up(49). In an experimental study, it 1is
observed tﬁat the 1liquid break-up is not insfantaneous on
‘injection(50). The break-up length in the spray is reported to be
of the order of 10-20 mm. Arai et al(50) have proposed a
correlation of the spray break-up as;

t,=28.650,d,(p,4Puw) """ o (1.4)

i

!

The cyclic variations in the spray structure are observed(51)
as the penétration length is fdund to vary from cycle to cycle as
shown in Fig 1.9.  The effect is attributed to the variations in
the break-up procesé(Sl). It is apparent from the literature that
the spray ' break-up is an important but least understood
characterisﬁic in the diesel engine. The difficulties are
experienced in the measurements of the spray structure iﬂ the
break-up region due to high density and velocity conditions near
the nozzle exit. Bofh experimental and analytical studies relating
to this phenomenon a;e being continuously carried out(49,52-55).

Droplet Size Distribution

Sauter mean diameter (SMD) is the likely representative
parameter of the spray(56). Chin and Lefebvre(57) have mentioned
that any representative diameter is useful in describing the drop-
size _distribution, however, the SMD 1is gquite appropriate in
representing the fineness of the spray from the combustion
viewpoint.

Droplet-size distribution for the transient spray(58) at three
axial locations and five injeetion frequencies is shown in Fig

1.10. It is found that the SMD at eéch location 1is nearly

independent of the injection frequency except at 24.4 Hz where very
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high values of the SMD are obtained. Mean dréplet diameter is
found to decrease down-stream due to the possible breaking-up of
the bigger droplets.

Correlations for the prediction of the SMD(50,59-61) and the
droplet-size distribution(62-64) have been developed by several
investigators using either empiriéal or probability considerations.

Hiroyasu and Kadota(59) reported that volume distribution of
the diesel spray droplets is well correlated’ with Chi square
distribution and their expression is validated éver three types of
no;zles at several back pressufes and injectién condifions. In
their studies, the SMD varied significantly with the iﬂjection
conditions. Investigations of Arai et al(50) reféal that when the
viscosity of the fuel exceeds a certain value, the SMD is found to
increase rapidly. This critical value of the ;iscosity increases
with théwaecrease in the orifice diaméter. Wﬁenithé injectidn
pressure 1increases, the SMD décreases slightly but the}critical
viscosity shifts widely._ This is stated to be an upper limit of
the viscosity and a lower limit of the pressure to produce the fine
droplet distribution of the spriay. Correlation to predict the SMD

is also derived(60) and the droplet distribution measured(65-66).

Spray Penetration

The growth of the spray consisting of the atomized fuel
droplets is dependent on the fuel-air interaction through their
momentum exchange. From this viewpoint, the spray penetration and
the entrainment processes are quite important. While the
penetration is a measuré of the depth of the épray, the lateral
growth of the spray is expressed in terms of the amount of air

engulfed by the spray from its surroundings and the consequent
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vaporization of fuel in the spray.

Several correlations are available for calculation of the
spray penetration in diesel engines. These are reviewed by Hay and
Jones(67) . Among the various correlations evaluated by them, the
correlétions suggested by Wakuri(68) and Dent(69) were found
satisfactory over a reasonable range of operating conditions. With
such é large number of correlations available in the literature,
there is always a confusion regarding their suitability. However,
the Dent's correlation is widely used. In general, a. spray

penetration correlation takes the form(70);

g=ctt” 17? - (1.5)
where “k' is an exponent having positive value less fhan unity and
*C' is a éroportionality constant detefmined from the fuel and air
properties, the injection pressure and the nozzle diameter. The
complexity of the relation for constant “C', however, does not
change the basic mathematical form of equation 1.5, which is rather
éimplistic. The value of “k' is taken in the range of 0.4 to 0.7
in different investigations(70). Harrington(70), however,
maintained that the spray-tip penetration correlations in the
present form, reported in the literature, do not have the correct
mathematical form. These correlations, in which penetration is
propértional to a fixed power of time, prédict an infinite spray
velocity at zero penetration and do not exhibit the experimentally
observed velocity maximum at a point down-stream from the injector
as shown in Fig 1.11. Correlations for the spray-tip kinematics
are most accurately developed in the velocity-distance phase plane

and a simple form is expressed as;
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du !
- » 106
ds 11 ( )

where u,, is.the centreéline tip vel&city.

Even when a penetratién correlation is obtained using
integration of the velocity-time correlation instead of direct
penetratién-time equation, it ié recommended(70) that a three
regime corrélation for the spray-tip péﬁetraﬁién is necessary. The
three stageé- the earlycjthe middle and the léte time regimes; are
dominated by the inject;oh system characteristics, the spray-drag

"and the in-cylinder aif_ flow field respectively as shown at

segments A, B and C in Fig 1.11.

‘Air Entrainment

During the entrainment process; air is drawn-in the spray
throﬁgh its conicalrsquaée. Thegenfrainment process controls the
air-fuel mixing and thus the enefgy release rates 1in engines. A
summary of the gituations arisihg in an engine for the entrainment
énalysis is giyen in Table 1.1. This includes free and wall jets
and, with or without air motion.. The fuel-air interaction in the
engine is commonly refgrred as the "confined turbulent jet”.
Thring and Newby(87), in their similarity analysis, suggested the
concept of an equivalent diameter (defined as the nozzle diameter
through which the fluid is emerging with the same initial momentum

and the same velocity, but with the density of the surrounding

"fluid rather than the nozzle fluid) and expressed as;

d,=d, 2 (1.7)
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table-1.1 Different types of Bntrainment Avalysis in

Turbulent Jets

of swirl flow.

Type Surrounding Description Representation References
nedium
Free jet Quiescent - Injection of a fluid ‘ {711-12)
{surrounding medium  into an infinite |
without motion) stagnant reservoir i
Pree jet Swirl {surrounding Jet flow directed normal {73-80)
in cross sedium with motion)  to a fluid in motion (If ~
flow jet enters the surrou-
. nding fluid at an angle,
it 18 known as Transverse
flow)
Wall jet Quiescent (surroun- Jet flow along the wall (81-83)
diog sedium without  after impingement
sotion spreading as a disc.
Wall jet Swirl (surrounding Jet flow along the wall (84-86)
in cross sedivm with motion)  after impingement
flow spreading in direction
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This relation became very useful in the engine mode#s in order to
consider the fuel spray as a confined jet‘with variabie density.
For the jets in cross-flow, the entrainment rate is consideréd
as a combined effect of the tangential and normal components of the
excess velocity between the jet and tﬂe surrounding fluid. The
change in the air entrainment rate with the distance along the
trajectpry of a non-burning spray in the presence of the air swirl

is expressed following the work of Sinnamon et al(79)ﬁas;
I

dﬁl 0.5 ' |
—'.2“1'](9“7.) [atlu.-—U,l-*a,IU.I]' o

T .8

Where Pn is mean jet density and a, and a. are two entrainment
constants determined experimentally. The values of these constants

are recommended as 0.035 and 0;05, respectively.

!

1.4 AIR MOTION AND FUEL SPRAY INTEﬁACTION f
| A cpnsiderable insight 1into tﬁe fuel-aif mixing‘ in diesel
engines 1s gained by understanding the Aynamics of the fﬁel
spray(88). In 1971, Adler and' Lyn(89) attempted a detailed
solution of appropriate spray momeﬁtum equations by tfeating the
spray as continuum and the air» motion as so0lid body rotation.
There are several other simplified assumptions made in their work
in order to solve the integral equations. These assumptions are;
i) Transient phenomenon is treated as steady state one,
11) Rectan'wular spray cross-section with cbnstant height to
width ratio, and |
iii) The velocity and temperature are represented as the
average guantities viz. an equivalent velocity and an

equivalent temperature.
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Following this work, many subsequent investigators(75,78) made use
of the continuum approach.

Elkotb and .Rafat(90) computed the‘ spray structure and the
movement frcm the trajectory of different fuel droplets moving in
the air. The effect of various operating conditions on the spray
shape, trajectory, and the penetration is studied both
expefimentélly and analyticallj. The correlations are suggested
for fuei!épray aiameter and spray volume in terms of different
medium préésures,.initial spray velocities and injection angles.

Using  mass and momentum conservation equations, Sinnamon et

al(79) validated a spray model for predicting the penetration and
trajectory‘ of the spray in an engine situation through a two-
dimension;I spray modei for a turbulent gas jet; This study has
proved”to_be guite qséful especially in tefms of the evaluation of
entrainment law for-{he spray in the presence of the air motion. A
comparison.between their'predicted and experimental data is shown
in Fig 1.12. Dent ef al(91) have used Sinnamon's approach in
,conjhction with the spray defléction equation of Chiﬁ et al(92) to
predict the effect of the swirl on the fuel-air mixing. This
approach, however, retained the limitations of the applicability of
the analysis to the central injection case inherent in the
correlation of Chiu et al. Prior to these attempts, the engine
models have been characterizing the effect of the swirl on fuel-air
mixing in quite an implicit manner through either enpirical
constants(93-94) or altering the local concentration values based
on arbitrary mixing criteria(95).

A major criticism of the integral continuity approach is

generally, made owing to the required pre-assumption of the shape
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of the spray cross-sectional area andi the other property
distribution laws for»convenience of the soiution of the governing
equations. This poses limitations on the use of continﬁum approach
to predict features like vortex structure of the flow, true shape
of the spray and the aécurate velocity and temperature
distributions(96). |

As an improvement, Adlér and Baron(77) took a kidney like
spray cross-section shape considering the distribution of vortices
along the boundaries of the spray in fhé 'lagrangian coordinates
following Chen{(97) and Strauber(98) . Thevbross-seétional area was.
assumed to grow at a rate, which was the sum of thé gréwth rate for
a jet in the stagnant fluid and the growth rgte of the vortex paifs
followihg Tulin and Schwartz(99). Fig '1.13 shows a typical
computation of the development of the kiéney shaped crbss—section
compared with the measurements of Kamotani And Grebqu80). Except

. i
the spray geometry details, the approach of Adler and Baron(77) was

implemented in the work of Mehta and Gupta(100) through two

momentum equations written along. the tangential and ﬁormal spray
directions characterizing the spray-swirl interaction effects.
This eliminated the need of three momentum equations necessary in
orthogonal system of coordinates. All through, vectorial approach
has been used in their calculations generalized for a compact
analysis procedure. They made comparison of the predicted reéults
with the experimental data from several .sources. Fig 1.14 shows
the effect of the injection pressure on thé spray movement. The
results indicate that the spray is shifted to the centre of the
cylinder with the increase ‘in injection pressure due to the
increased initial velocity causing reduced deflection.

Wilson et al(101,102) adopted the approach of Adler and

-
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i

Baron(77) and exteﬁded it to the genefal case of a Jjet
incorporating temperature and concentration diétributions making it
suitable for incorporation in a combustion model. In éddition to
equations for momentum change, area growth and cross-section shape
following Adler and Baron, two éxtra equations for conservation of
mass and energy were written by them vin order to predict
teﬁperature and concentration. Fig 1.15 shows the predicted axial
temperature decay in agreement with the expeﬁimental data(102).
Despite the limitations inherent in t&efintegral models and
its assumptiéns, they are widely accepted as means'ﬁor predicting
the trajectory of the turbulent jéts in crosé-fléw to meet
developmental requirements of the engine designs mainly due to the
computational economy and ease of use in comparison to multi-
dimensional models. However, the combination of multi-dimensional
vcalculations and the -experimental measurements are pdnsideréd to
provide valuable insight into the flow evolution in iiesél engines
of variety of designs and éperating features. There are some very
useful review papers on the in-cylihder air motion(4,7,103) thch
provide very comprehensive informations on the topic. .The multi-
dimensiongl models are glso being developed and #tudied considering

spray development(52,104-106). These studies are presently not

under discussion here.

1.5 FUEL SPRAY AND WALL INTERACTION

In the development of small direct injection diesel engines,
the interaction of the spray with the cylinder wall of the
combustion chamber is of significance. On impingement, the spray

mixing is governed by the pattern of spray growth along the wall.
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1

This growth paétern has different consideration than the spray
. growth in thej free region discussed earlier. Therefore, an
understanding of the lgrdwth of the wall Jjet and the related
processes viz. air ‘entrainment énd the wall shear stress etc. is
essential.
A . few attempts only have been‘ made to model the wall jet
development the diesel engines particularly in the case of engines
- _
having the swirl motion. Table ‘1.2 includes the 1list of the
empirical cor#élations of the sp;éy'penetration_applicable in the
kall region of,; quiescent chamber DI diesel engine(107-110). The
correlations of Katsurafet al(107) and Lakshminarayan and Dent(108)
are obtained based on the measurements made in combustion bombs
under quiesceng conditions. The correlations used in the diesel
combustion model by Dent and Mehta(109) and Payri et al(110) are
derived following the work_. of Rajaratnam(111) and Lakshminarayan
and Dent(108) respectivﬁely. These correlations are empirical in
‘nature and are derived based on the experimental data without
. consideration Sf the air motion._ These correlations, therefore,
can not be accurately applied ﬁé the engine situations in the
presence of air motion without proper correction co-efficients for
the effect of the air motion.
| The irrotational flow induced‘by an impinging spray may be
related to the rate of the mass entrainment like the free spray.
The uncertainties experienced in calculations of the rate of the
mass entrainment for the free spray continue to persist in the case
of an impihging spray(83). There are still fewer experimental
results available concerning the entrainment aspect. The situation
is further complicated in the wall jet case. Most of the

entrainment data, based on the integration of the measured velocity
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Table 1.2 Correlations of Spray Penetration in Wall Region

Investigator(s) Correlation

N. Kat t al(107) s _ |
atsura e a s'.3.87(Ap)°-39p‘0.2‘(t-t')ot,“

- . — e - = — — e e fa S e A A Y e . e G G - e S G S S e e CwS e e e e A s S e e

Lakshminarayan | 24p\°° -
and | s,-O.?S\[(—) d,(t-t.)
Dent (108) | AWrY .
Dent and ‘ '

Mehta(109) s,=y2.06u,d,(t-t,)
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profiles, show more or less a linear relationship of the mass flow
rate in the wall jet with the radius, similar to the development
region of a free jet. Harris et al(112) reported a correlation from

studies conducted at Cranfield(82,113) as;

EL. ‘ r T, 0.5
zoea(1)(7) 4

- Where fr' is the radius of the wall jet and T4 and T. are the
temperatures of the jet and the air respectively.

A detailed analysis procedure of ;the entrainment in the
turbulent boundary layer and the wall jet based on the "Unified
theory" of Spalding(114) is suggested by Escudier and Nicoll(85).
The assumptions made for the free flow developed into the boundary
layers or the wall jets are:

- the fluid properties are uniform,

-~ the wall is hydrodynamically smooth and impermeable,

- the flow is two-dimensional.

A two-parameter velocity profile having two components - one
accouﬁting for the effects of the mass and the momentum transfer to

the wall, and the other for the interactions with the main stream -

was recommended as;

1 1
Z-Z,[l‘*(-nT{)]fi(l-Z,)'(l-cosnf) - (1.10)

Where Z is the velocity ratio, ¥ is the non-dimensionalized distance
and 2. is a profile parameter and can be interpreted physically as
the ratio of the law-of-the-wall velocity at the outer edge of the
boundary layer to the main stream velocity. The quantity (1-Zg) is

a measure of the relative magnitude of the work components of the
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velocity profile. Typical wall and wake components and the total
velocity profiles are shown in Fig 1.16. In correlating the
experimental data, Escudier and Nicoll(85) recommended the

following entrainment functions in terms of the profile parameter

Ly as;

OSZtS'l . : h=0.075(1-2Z;)p, U, (r.11)
Z;>1 th=(0.03Z,-0.02)p,U, (1.12)

A. comparison of predictions from equat?on (1.10) with thé

.experimental velocity profiles for the-fiat plate boundary layers
is shown in Fig 1.17.

In the diesel modelling work, there are attempts to include
the wéll' jet features which 1is an ®"important aspect 1in the
development of small DI diesel engines. Khan et al(94,115) adopted
the velocity and tgé ﬁet.thickness equéﬁions follpwing Glauert(81)
but neglected the time and loss of the kinetic énergy in the

direction of the flow during transition from the free to wall jet.

In a gquiescent chamber diesel engine model, Dent and
Mehta(109) adopted the wall jet description following
Rajaratnam(111l), where the effects of the viscous friction is

neglected and the similarity profiles for the velocity and the
concentration related to the free jet are assumed to hold in the
wall region as well. The wall jet penetration is also determined
in a manner similar to that for the free 3jet(69) and the
entrainment of air into the wali jet is calculated using Hertel"s
correlation(116);

8
m'- o: -—"- .
) ( 8683 1)m, (1.13)
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Subsequently, the wall jet model is modified by Dent and co-
workers(86,91) following the work of Escudier and Nicoll(BSY-and
Campbell(84) for incorporating predictive capability Vof. the
influence of swirl motion in the engine simulation model.
Investigations using Campbell®s approach have been repérted to
overestimafe the air entrainment rates(91). The wall jet model
following Escudier and Nicoll(85) is successfully adopted bylthese
authors in the engine including the effect of the wail' in an
implicit manner by solving the von Karman integralA momentum
equation.

Recently, Naber and Reitz(117) considered the impingement of
the oblique spray on the walls of the combustion chamber of an
engine following Taylor(118). Three different 'dréplet—wall
interaction sub-models considered-by fheh are shown in}fig 1.18.
The predicted results from this study are given in Fig 1.19 and Fig
1.20. However, the basic model used in this study has the multi—
‘dimensional consideration.

In a recent experimental investigatioh(lO?) usiﬂg ‘a laser
light extinction method, the shape of the impinging spray and the
temporal and spatial distribution of the droplets density are
measured. It is reported that

(1) the droplets density is greater near the wall and the

peripheral region of the impinging spray and its
distribution has two peaks (Fig 1.21) - one near the
spray axis and the other at the peripheral region on the
radial distribution, |

(ii) the SMD is found to be abouf 30 micron and remains

approximately constant with the time,
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(iii) there is not much difference between the results of the
SMD in the impinging spray and that in the free spray
region. |
These observations tend to suggest that the correlations ﬁsed‘for
the SMD of a diesel spray in the free region can as well be

applicable near the wall region.

1.6 ENGINE MODELS

The engine models so far developed are either phenomenoiogical
or multi—dimensional. Each of these approaches have their own
merits depending upon the purpose for which the models are to be
used. The former describe the processes based on thé experimental
correlations, while the later are developed around |Dbasic
conéef&ation.iéws.6f.£hefmb-fluid mechaﬁics., The'adjuéiment of
bofh of these 'types of models to make accurate prediétions is
inevitable in case of their application to a particular engine.
While the phenomenological models use constants deséite the
properly evolved relationships with the controlling parameéers, the
multi-dimensional models remain handicapped due to the use of
empirical details of chemical kinetics, turbulence etc. In the
present work, only the phenomenological diesel models developed so
far are reviewed, particularly, the nodels which include the wall
jet aspects in their formulation.

Table 1.3 1lists the purpose and the approach used in the
several phenomenological models from the earlf sixtiesAtiil date.
Earlier models, until the eariy seventies, concerned the engine

performance predictions formulated on the single zone basis with

vd
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table 1.3 Phenomenclogical Models of Direct Injection
Diese] Bngines {In chronological order)

N. Waston(95)

Author(s) Year Purpose - Concept used
1. w1, Lyn{119) 1963 Heat release Burning rate law
2. 6.L. Borsan{i20) 1964 Performance Thersodynanic cycle . |
3. R.D. ¥Whitehouse 1969-70 Beat release Single zone burning faw
and R.Ray{121) i
4. J. Shipinski, P.S. Myers  1969-70 Heat release Single droplet spraf
and 0.A. Dyehara(122) burning -
5. D. Adler and W.T. Lyn{123) 1969-70 Evaporation and - Quasi-steady integral
piring approach
6. H.C. Grigg and M.H. 1969-70 Beat release Puel-spray air
Syed(124) * entrainment
l
1. B.K. Bastress, k.M. 197 performance and  Thermodyramic analysis
Chung and D.M. Dix{125) Ritric oxide vith empirical rate
processes
8, I.M. Ehan, G. Greeves and 1971 Ritric d1ide and Spray miring
D.M, Probert(94) soot
9. S.M. Shahed, W.S. Chiu and 1973 Nitric ozide Burning rate lav
v.S. Yumlu(126) '
10. R.D. Whitehouse, W.S. Chin 1974 Heat release Two zone spray mixing
and B.K. Sareen(127} '
11. S.M. Shahed ¥.S. Chiu and 1975 Conbustion and Spray miring
W.T. Lyo{128) Ritric oxide
12. D. Hodgetts H.S. and B.D. 1975 Ritric ozide Multi zome spray mizing
Shroff(129)
13. H. Hiroyasu and T. 1976 Combustion, Intermittent spray
Radota(93) Ritric oride miring
and soot
14. C.J. Rau, T.J. Tyson 1976 Beat release,  “Spray mizing
and M.P. Heap{130] Nitric ozide
~and soot
15. #. Mequerdichian and 1978 Beat release  Kulti zone spray mizing
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16.

17

18.

19,

20.

.

22.

2.

J.C. Dent and P.S.
Mehta{109)

J.C. Dent, P.S. Mehta
and J. Swan{91)

B. Hiroyasu, T. Eadota and
M. Arai(l13l)

S. Kono,'A.Ragao and
M. Motooka{l32}

8.C. Kriakides, J.C. Dent
and P.S, Mehta(B6)

A.R. Gupta, P.S. Mehta and
¢.P. Gupta{l3dd)

W.B. Lipkea and

A.D Deejoode(134)

F. Payri, J. Benajes and
F.V. Tinaut{110)

1981

1982

1983

1985

1986

1986

1987

1988

26

Combustion and
goot .

Combustion and
soot

Combustion and
Bnissions

Combustion and
Emissions

Smoke and
emigsions

Combustion and
goot
Performance

and (NO),

Performance

and heat release

Spray mizing

Spray miring
Spray miring 1n swirlind
air

Spray miring

Spray miring

Multi zone spray mixing
from spray-swirl
interaction

Spray miring

Spray mixing
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empirical .burning rate iaws. A detailed integral approach to
consider a spray structure was first incorporated by Adler and
Lyn(123) in vtheir work. Thereafﬁer, the concepts like spray
mixing(94), two-zone(l27) and ﬁulti—ione(lZQ) spray structures were
used in the diesel models as the predictions of the oxides of
nitrogen(i25), soot(94) etc. bedamg necessary.. The efforts to
improve the models are still coﬁtinuing‘ By incorporating new

\ = . .
features and complexities to make more and more accurate
o

predictidné.

The. details of the varioué  physical and chemical processes
involved in the description of the earlier models are highlighted
in Table 1.4. For ch;racterizing the injection process, the
"experimental injection Yp}essure data(91,133), constant injection
rates(130,132,139) ana( the detailea fuel 1injection simulation

models(93,131,143) are utilized. ;Tﬂe air motion considerations are
. {

l

made in' these models‘by either using empirical coefficients in the
'parametric analysis(94,L10,130,131,135-137,139,143) or detailed
calculations of the air motién considering solid body
rotation(91,93,100,132,134). The consideration of the impingement
and the wa11 effects of the spray is.either not made(100,132) or,
wherevgr considered, the description similar to the free
spray(93,110,131,134) | is extended. In a few cases, the
experimental correlations are used for predicting
peneération(91,109,110) and the air entrainment (86,94,130,135-
:1‘7,143) in the wall region. |

For evaporation rate calculations, the gas jet assumption
eliminated the need of detailed evaporation models in several
cases(94,132,134,135-137,143). Whérever, the evaporation

calculations are necessary, the models for the SMD and the droplet-
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Conbustion Model

Nodel --) CAV Dltrasysten Riroshima Iaperial Loughboreugh
(94,135-137)  {130,139) (93,131} {143) (86,91,109)
Process '
1 2 3 4 5 6
Injection Assumes Bses an Puel injection Riperimental
uniform injection systen wodel injection
ihjection simulation with governing pressure
. programee diagram
approximated
through
straight line
segaents
Penetration Schweitzer's - their own Dent's(69} In quiescent
equation{138} experimental  equation with  case, corre-
correlation an impulsive lation of
in two regimes jet factor Biroyasu(131}
correction “for early
period and
Dent's{6%) in
latter part.
In case of
Swirl, Chiu
et at(92)
Bvaporation HNot considered Dropiet eva- Single spray  Not Isolated
poration droplet eva-  considered droplet
through upper poration evaporation
lisit size  through SMD throngh SMD
distribution and droplet - and droplet
function size distri- size distri-

Bsing steady
state jet
theory along
vith emsirical
constazt

Botrainment From conical
spray and
its movement

bution

From spray
configuration

Fo explicit
expression,
isplied
through conce-
ptration value
obtained from
profile shape,
and conserva-
tion equations

bution
equation

Ricou and
Spalding(71)
correlation
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Impinge-
sent and
wall jet
growth

Swirl

Beat
Transfer

Ignition

Bnergy
Release

Characterized
as un-confined
vall jet using
Glauert's
equation(81)

Suggests an
empirical
entrainment
ratio to
increase air
entrainment

in presence of
gwirl

Based on
experimental
data

Brperimental
ignition delay
values

Triangular
burning rate
law

Characterized

29

Spray configu-

un-confined jet ration and

izpinging on a
plare wall
following
Abrasovich{140]

Air entrainment
and evaporation
rates modified
through
constants

Anand's
equation{l4])

_Shipinski's co-

rrelation{122)
for ignition
delay

Cloud combu-
stion pheno-
»enon with
three models
of energy
release,
premizxed,
homogeneous
and hetero-
geneous
diffusion
corbustion

amount and
temperature of

air entrained

are nodified

Arbitrary
factor
introduced
to modify
air entrai-
mment rate
{131} or

detailed

analysis of
spray carried
out{93)

loséhnifs.
equation(142)

Own ignition
delay corre-
lation in

terms of
pressure,
temperature

and equivalence
ratio

Local Stoic-
hiometric
conbustion

Bxtends free
jet analysis
using Glauert's
equation{81}

Entrainment

in the jet is
nodified by
changing local
concentration
values

. Woschni's

equation{142)

Ignition is
recognized by
the onset of

3 rapid rise

in burning rate

Nizing
controlled
Arrhenius
type equation
accounts for
prenized and
diffusion
conbustion

Relations of
Giralt et
al{lyd),
Rajaratnaas
(111), Bra
and
Saima({145)

Based on

Sinnamon's
(79)
assumptions, = .
spray '
trajectory,
air
entrainment,
wall
impingement
and turbulent
pizing
calculations
nodified

Woschni's
relation{142)

Hardenberg &
Hase(188)
relation -

Local
Stoichio-
petric
combustion
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SPARISH

spray width is
assuned following
Lakshainarayanan
(108). Bntrainment
as in a free jet

Node] --) UOR JOHR DEERE MAZDA
' (100,133) (110) {134} (132)
Process ’ :
1 1 8 9 10
Injection Bsperimental | - - Experimental
injection pressure equation{154) by
diagrae is used Hiroyasu has been
to evaluate mass applied to the
flow rate by. - initial condition
assuring constant of the jet
discharge velocity. Constant
coefficient injection rate is
assuned
Atomization  Break-up is computed  Break-up length  Hot Not considered
following Arai et al  is computed considered
(50),5D from Elkotb  following Levich
and Abdalla(61) and {153} and
Droplet -size related to break
distribution from up period through
Simzon's BDM(146) constants
|
' Penetration  The centre-line Baged o Jet penetra- By solving mass
o velocity vector/ Hiroyasu's tation is and soeentun
continuum nodel (154) calculated equations
approach is : using Dent's
used(100) approach{69)
Entrainment  Sinnamon's A sodified The corre- Is assumed to be
correlation{?9) version of lation of proportional to the
Lakshainarayan  Patrick(74,  contact area betwen
and Dent(108) 157-158) for spray and air, the
relation is a round jet  turbulence
estended for in cross intensity and the
liquid spray by flow is used jet relative
considering velocity
three different
. regions
Ispingesent  Hot considered Wall penetration Wall jet Kot considered
and wall is considered peneiration
jet growth following i8 s:eilar
Rajaratnam{lll) to free jet
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table 1.4 continue...

Swirl Swirl is calculated In order to Following Mean flow mode} of
following Dent and account for air Dent and Borgnakke et
Derhan(25) motion, the air  Derham(25) al{159) is adopted
entrainment is '
corrected by
seans of
, coefficient
Bvaporation A Spherico-symsetrical The evaporation The fuel jet ot copsidered
droplet evaporation is calculated by is assumed
sode] using empirical d*-lav model to be all !
correlations for {155) and is vapour ‘
convection is used(147) corrected by o
Ranz and Marshal
correlation(156) H
for relative
potion
Turbulent The rate of change of Not : Not . As proposed by
Mizing kinetic energy is considered considered Dent et al(109)
calculated from the ‘
algebraic sum of ' i
changes of K.B, due ' '
to air motion,
viscous losses,
injection and energy
release. Turbulent
dissipation rate is
cosputed following x
{148-150)
Beat Transfer Woschni's Woschni's Anannd's Woschni's
equation{142) equation(142}): equation{141) relation(142)
Ignition Hardenberg and Ripression Ignition Some experimental
Base(151) relation proposed by delay is not determined time 0.5
Hiroyasu et - input but is msec is assumed.
al{134) the result of
combined
effect of
kinetic and
‘ Bizing rates
Energy Local Stochiometric Local Local Local Stochiometric
Release combustior within Stochiometric Stochiometric ‘
limits o -nflama- combustion conbustion
ability following with no arti-
Glassman(152) ficially

ispoged flams-
ahility linits
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d

size distribution laws are adoptéd‘(86,91,93,109,131). Mostly, a

spherico-symmetrical droplet evaporation model(147) has been

popular in engine simulation studies.

In these models, predictioné are; compared' with the
experimental data. The response of the models to tHe variations
such as iﬁjection scheduling(93,;09,131>, injection
pressure(91,109,131,133,136), injection duration :(i31,133) and
inﬁection timing (86,93,131,133,i36) on the engine pérformance and
the emissions | are reportedt f The effect of the air
swirl(91,93,131,i33,136), engiﬂé_ speea; (86,93,131,136), engine
load(93,133,136) ahd“ exhaust ~gas recirculation(86) are also
studied. The typiqal trends arejshown in Figs 1,22-1.27. Besides
‘these, the influence of 'tﬁe' air swirl on the spray

i :

deflection(91,100,131) and the wall jet growth(86,91,131) are also

considered in earlier investigations.
. i

|

Although there are numerous diesel simulation models available
but so-far only few of ;hese have included the wall jet features.
There is a defihite scope\for improvementlof the description of
the wall jet uEing more comprehensive analysis in fhe presence §f
air swirl. The present work has been férmulated on fhis

motivation.
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Fig 1.1 Schematic diagrams of air flow in piston bowls at
TDC. a and b without swirl, ¢ and d with swirl(4).
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Fig 1.2 A comparison of fluctuation or turbulence intensity
versus average piston speed(6).
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(b) Aspirated swirl '
around cylinder axis A '

l | (a) Aspirated swirl
R i around valve

(¢‘) Developed swirIQ .

after collision l

Fig 1.3 ; Components of thg sw@rl motion generated by a
 helical port during induction(7).

{ 1RGP

PEAR LT
e\,
(-\\\\s“
o \\\~v¢ }
5’0 “\\-’ -
. " rn"',

9.6% Offset .

\b.‘

Fig 1.4

o . e e . N — J L

Effect of bowl offset on TDC bowl vortex structure,
swirl ratio = 4.27(41).
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Fig 1. 6 Effects of injection rate shape and pressufe on
droplet size(44). '
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Fig 1.7 Droplet transport history(44).
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Fig 1.8 Four regimes of liquid jet break-up(49).
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Fig 1.9 Penetration curves for spray pulses, with crossflow
12.5 m/s, pressure 4.3 MPa, temperature 293 K(51).
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Fig 1.12 Spray trajectory and width calculated using one
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experimental data taken in special visualization
direct injection stratified charge engine(79).
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PRESENT CALCULATION KAMOTAN & OREDER '

35

504

X-penetration

Comparison of cross sections and velocity contours

measured by Kamotani and Greber(80) with calculated
results(77), where the velocity maximum is located

on the centre-line.
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Figvl.14 Effect of injection pressure on spray

trajectory(100).
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Fig 1.17 'Compérison of calculated and experimental velocity
profiles for flat plate boundary layers(85).
!

Stick - % %

Reflect

Fig 1.18 Schematic diagrams of the Stick model (drops adhere
to wall), Reflect model (drops rebound) and liquid

jet analogy model(117).
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.—— Measured

Comparison of predicted spray parcel locations(in
the line of sight) with spray outlines, 5.3 msec
after the start of wall impingement at inclination
angles of 0, 26.6, 45 and 63.4(117).
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Fig 1.20 Computed engine spray wall impingement details at
TDC for swirl ratio 2.9. a) end view b) spray is
directed towards the reader c) plan view(117).
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CHAPTER . — 2
PROBLEM ENUNCIATION AND FORMULATION

In development of small DI'diesel engines, avéiiability of a
limited combustion chamber spagﬁdis a major constrainé. High brake
specific fuel qoﬁsumption(BSFC5 ;of sﬁa}ler. engines- results, as
-reportéd in literature, ,primafily due =tq..the wall wetting and
higher heat transfer and frictiob losses. The wall wetting causes
in-adequate vaporization, mixingfand burning, resulting in thermal
efficiency losses and higher ;éihaust enissions. In a detailed
comparison of performance datarof.over a hundred different engines,
Uyehara et al(?4, 160) observed a linear;rélationship between BSFC
and PCDIL(per Eylinder displacement in litres)-the BSFC increases
as the PCDIL is decreased(Fig 2.1). Further, it is found that for
PCDIL below 2, the trends of BSFC depart from - larger engines
substantially.];The wall wetting is expected to commence, when the
combustion chamber radius is less than about three hundred times
the nozzle orifice diameter. The air swirl in small DI diésels
~acts as means of reducing the wall wetting by the injected fuel.

{
It is noted that, the well developed engines show lesser increase

in the BSFC, when the PCDIL is reduced from 0.8 to 0.4(160). This
underlines thg‘deéirab;}ity of bri ging in the considerations of
the chamber geometry, air motion and fuel injection process
célculatigns simultaneously in the engine design evolution. The

_intricacies of these three critical elements, needing consideration

here, suggest the usefulness of mathematical simulation model.
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There is a definite gap found in existing engine simulation models
in terms of characterization and prediction of the wall Jjet
effects. Iherefore, the characterization of the wall jet processes
has to be modelled to improve the predictive capabilities of the
phenomenol&gical as well as multi-dimensional engine models.
The,}present work is an attempt to analyze spray/wall
interaction in the presence of swirling air motion in a diesel
combustion chamber. The modelling of spray impingement and other
Wall jeﬁ characteristics is central to the present work in view of
. the objective of improving the engine performance of small DI

engines for automotive applications.
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Fig 2.1 BSFC vs. PCDIL (44,160)
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CHAPTER - 3
MODEL . FORMULATION |

3.1 DESCRIPTION OF SWIRL MOTION

The relations for thﬁwanalysis of'compreséion-induced swirl
‘are generall&idescribed cbnéiaering the cylindrical shape of piston
gedmetry(25,161). Moment éf,inertia of the air depends upon the
shape‘ of bowl-infpiston. and& bowl offset and thus influence the
angular swirl- velocity neari‘top centfe position of the piston.
Therefore, the influence of;piston bowl geometry on the air swirl

i .

is important. |

The ,éctual angular momentum 9f: the air at the end of
compression will be lower than the aLgular momentum at the closing
of inlet valve due to the wall friction. This frictién is
estimated ﬁsing friction formulae developed for flow over a flat
.plate, wiéh a suitable definition of characteristic length and
velocity scales as suggested by Heywood(3) and estimations made by
Dent and Derham(25), where side wall effects of the bowl are not
considered.

The rate of change of angular momentum at any crank angle is

3

equal to the sum of all the torque forces acting on the fluid and

is expressed as;

d
a—o[lw]-T, . (3.1)

Moment of inertia of the trapped mass inside the cylinder(1) for

different shapes and offset of the bowl is estimated by splitting
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the boundary of the bowl into a'number of segments and obtaining
best  fit equations using various mathematical functions. The
torque force dﬁe to the wall friction(T,) is estimated as given in
AppeAdix-A.

Equation(Bpl) is evaluated numerically by 1iteration to
détermine instantaneous swirl ( @ ). The computation is initiated
from the instant of inlet valve closure(IVC). The swirl at IVC is

estimated as

_2nr(SR)N :
w‘"vc —6"6_— . - (3.2)

The swirl velocity vector can be obtained as the cross product
of the swirl Velocity(an) and the position vector of the spray(ri)

with respect to the combustibn chamber axis;
ome, 1, ' (3.3)

The suffix i represents X, Y and Z components of vectorial
guantities in gquestion. Owing to the assumption of solid body
rotation for air motion about the Z-axis, the angular swirl

velocity vector becomes;
w,=w-K (3.4)

Where K is a unit vector along Z-axis. The swirl velocity
vect;r(u.) can be resolved in two components, one parallel to the
spray axis (called'tawgential conponent, U.) and the other in a
direction éérpendicular to the plane of the axis(called normal

component, U,,). These are obtained by using

U.=(U,- 1)t (3.5)
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and
Uu,-U,-U, (3.6)

where § is the unit vector along the tangential direction.

3,2 FUEL INJECTION
| Fuél injection rate is a function of fuel injection system
chafacteristics, and its computation regquires compleﬁe simulation
of the injection unit. The fuel injection rate is synthesized by
solVing continuity and forces equilibrium equations at different
sections of the fuel injection system like pump chamber, relief
valve, high pressure pipe and injector etc. The geometrical flow
area of different sections and discharge co-efficients are
calculated by correlationé, which are well proven, showing fairl&
good agreement between calculated and measured data of effectivé
flow areas of barrel intake and spill ports, delivery valve and
injector nozzle and are available elsewhere(42). The scheﬁe of
calculation of fuel injection simulation is included in Appendix-B
alopg with the méthod of solution. The model for the fue;
injection simulation is well validated and can predict injectign

characteristics to a high degree of accuracy.

3.3 SPRAY MOTIbN

' The model is formulated based on the aspects related to the
nature of spray and air motion and the growth of spray in the
impihgement region. The basis of fhe model formulation is as

follows;
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#

i

A transient liguid fuel spray 1is charaéterized as a gquasi-
steady isothermal incompreséible turbulent jet.

.The presence of spray poténtial core-regiop is faken into
consideration in the analysis. The conditiohs at ‘the end of
potential core region act as initial values and it is assumed"
that no entrainment of air:during potential core}lepgth takes
place. ‘ L o o

The free 3jet is axi—éymhetric and hhs a circular cross}
section. The wall jet iégtaken to be‘sémi—elliptical in shape
with major and minor axes as perpendicufér and éarallel to the
chamber wall respectiveLy. "The mgjor axis ié téken to be
twice the minor axis and 'their value; are determined by
considerations " of circular jet flow area at the time of
transition from free to the wall regiog. This simpfification
is merely taken for the convenience of the analysis.

The impingement of ihe free spray penetratind through the
swirling air, on walls of the piston is taken on the basis of
geometrical considerations as described in Appendix-c. The
criterion of Skifstad(83) is used to determine the point of
deflection of the free 5et near the wall. .Fig 3.1 represents
the schematic of the wail jet.

The three-dimensional formulation is made following the
approach of Adler and Baron(77) for the free jet, in which,
‘two momentum equations are written: one along the spray
centre-line and another normal to the centre-line. The wall
jet flow is considered two-dimensional and the wall as smooth
and impermeable.

A composite velocity distribution is arrived at by combining

one-seventh law of velociiy distribution in turbulent boundary

*
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layer at the wall

u . 17
u, (v) (3.7)

and velocity profile of Abramovich(140) in the free jet region
!

u (l !)3 '
—-] -y’ '
Un | (3.8)

on the basis that the boundary layer to total wall jet

thickness (g) is 0.1(140). The concentration distribution is
, |

'ji-(li)ms |
The assumption makes use of Powerful integral method, which

transforms partial differential equations into ordinary

differential equations.
The two components Sinnamon's equation(79) for the rate of air

entrainment of the free spray in swirling environment
m 172 .
s - 27bi(papd) Ve (ua-U,)4 a,(u,)] - (3.10)

is also adopted in the wall region by suitably modifying the

value of the co-efficient  of axial component of

; entrainment(a,) based on the experimental data concerning

entrainment of air in the wall jet taken from the
reference(83), detai.s of which are included in Appendix-D.
Four conservation equations of mass and monmentum
are formulated for spray motion both as free and wall jet.

Conservation of fuel mass

The fuel mass flow rate at any cross-section of the jet
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remains constant and is expressed as:

ds[ﬁ"”‘f“]‘o - ' | (3.11)

(b) Conservation'of total mass
The conservation of total mass(fuel plus entrained air mass)
is givenjb&
.

dm _ d | va,
?;-——[fpudA] Pnb(p p.) “la,(ua-U,)+a,(U,)) _ (3.12)

Where P is constant, the valﬁé of which depends upon whether the
spray is_free or wall jet. b, is the radius of circular free jet
before‘;iméingement or the vthickness of the wall jet after
impingément. P = g for free spray and P = 0.79 for spray motion

along the wall. f

(c) Momentum equation along axial direction
For steady flow, momentum equation neglecting the effect of
gravity, represents the balance between the momentum entrained,

wall friction force and momentum change along the spray as :

Upu dA] (‘:lm)a'n, L | (3.13)

Des represents the drag force due to shearing stresses, which
emanate from viscosity usually expressed in te s of skin friction

co-efficient Ces and is given By;

o r B s -
Dy=Cb, 5 (ua-U,)’t | (3.14)
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The value of C. is taken from(162);:eD; is not valid for the free
region.
(d) Momentum equation in dlrectlon normal to spray

The normal momentum equation represents a balance between the
drag force (form drag), centrifugel body forces and the momentum
flux'due to entrainﬁent. On neglecting the buoyancy term and the

drag force due to normal stresses, the expression is written as

Rt

[fovalg-ell) 0 e

Where da is the angle by which the jet is deflected as it advances
by a distance ds. |

The local density at any point in the jet can be expressed as
N , o
a function of the density of surrounding air and the density and

concentration of fuel as:

S IE) O O I

In the absence ok evaporation(m, = 0), eguation(3.16) reduces to

the form of reference(79), that is

P '
PET=CcE : . (3.17)

The composite concentration profile shape as developed for

wall jet is'given as

f(y)=1.24(1-y"®)yo® ‘ (3.18)



62,

and for free jet following Abramovith(140), the profile shape is;

f(y)-(l-y’") (3.l§)
== [f(y)]? (3.20)
u, | L _

Z = f(y) | ST S (3.21)
Can ' ’ . .

[

Fig 3.2 is the plot showing pémparison of predictions from
individual similariéy profilesl ;ﬁa the composite profile thus
developed. )

Substitution of | equation9(3.17,3.20 and 3;21) into
equations(3,11-3.15) and subsequent'simplification results in a set
of the foilowing four first orderﬁl&hear differential eéuations in

terms of four dependent>variable§. . The details of the derivation

of these equatiohs is included in Appendix—Ej

deg du, db,

byu,l, i -b,l,F-bQu,I,i;-O - (3.22)
i .
dc, du db .

bugly—==+b,l, ds’v«zu,x‘?s-’-mn (3.23)

de du db

bull, ds‘+2b,u,1_° ds‘+2 :1.—d—s‘

C.(u.-U,)%t

=P, U.E+[ «{ ‘” ! ] (3.24)
ds b,uil; ( | )
Where P, is constant. Py = 1 for the free spray and P;I= 1.58 for

wall jet. The equations(3.22-3.25) contain the derivatives of four

dependent variables viz; concentration, velocity, free jet radius

or. wall jet thickness and the direction. Of these four
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d

derivatives, the value of the di;gctional derivative is available

directly‘from equation (3.25). The other three derivatives can be

evaluated by solving equations(§:22~3.24) g}ggpraicgllz. Thus, the

model reduces to an-initial value problem. The integration at each

step is carried out using modified Euler's technique.

i
b

3.4 TUR’ﬁULE_N'!‘ MIXING

At%phe end of the injection period; the jet momentum due to
fuel iﬁﬁection p#ocess becomes zero. Hence, the entrainment of ;ir
cén not Be compuféd in a manner, it is done during the injection
period déing spray-swirl-wall interaction forhulation of section
3.3. Hoﬁever,,the mixing and spray growth still continues and is
thoughﬁ to be controlled by the turbulence kinetics of the system.

Following Dent(150), turbulent energy dissipation rate( € ) is
€=y-(Rate of eneri'gy input to the flow/méss) (3.26)
Where vy Iis some fraction, and after Corsin(148), is taken as 1/2.

For a solid body forced vortex air swirl, the rate of energy

input is ;

Nw?w
2 . 4 : ‘ (3.27)
For a cylinder rotating about its axis [.5123
8
cm éusDi'
32 Co (7.28)
and
y)!73
rnm'(‘)
€ : (3.29)

Putting equation(3.28) into equation(3.29),
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i \w?3D? : (3.30)

Considering also the turbulent mixing rate by the energy input

to the fuélvsprays during the injection process(109),

N \* vV :
e,-C(~——) — 2 : .
i DINJ '(dfn) : , | (3.31) °

]
toy

on various, substitutions, the value of constant C comes out to be

4.924 x 10-5.

The mixing rate equation, therefore, becomes,

.l € 172 _ . :
Ry = -(75!) . (3.32)

Considering these rates to act in parallel(91),

R= Rln}Rlvltl . . ’
R»‘n"" R"lﬂ. . ! : . (3.33)

Where R,uin*" 1

from equation (3.30)
T owirnt .

Hence total mixing time becomes,

R | (3.34)

, The mass transfer rate of the air by turbulent mixing into the

burning spray from the surrounding regions is expressed as,
m,»C,m,/v l (3.35)

Where m, is the mass of air, and C, is constant, which is evaluated

by equating the entrainment rate computed at the instant of

termination of injection process of the right hand side of



65

expression(3.35).

3.5 ATOMIZATION, DISPERSION AND SPRAY STRUCTURE

Atomization is the process of breakingfup of continuous lump
of injected 1liquid into a large number of small dropléts and
consequently enhancing tot&l surface area of the ligquid.' This
' eﬂables rapid evaporation and combustiohr of the fuel. The
disintegration of injectediliquid is understood to be the result of
the oscillations and perturbations caused by the mutually opposind
surface tension and aerodfﬁamic forces acting on the surface of the
liquid. The atomized fuel spray consists of droplets of various
sizes.

Sauter mean diameter(SﬁD) is the diameter of a droplet that
has the same volume to surface area ratio as that of the actual
spray. The instantaneous sauter mean diameter (SMD) is:computed

from the correlation of Knight(47);

SMD-8(Ap)'°"“v(V,)°'2°9(v)°'m | '~ (3.36)

Where A4p 1is pressure difference ‘' in Paécals, Ve is the injection
rate in m®/sec and v is the kinematic viscosity of the fuel. |

i The fuel spray is divided into many elemental zones. The
axial divisions are formed in terms of each packet of injection in
discrete time step. When time step is taken equal to 1 degree
angle, the number of axial divisions become equal to the injection
duration in degrees of crank angle. The spray in the free region

is divided radially in 16 equal divisions starting from central

portion and upto the periphery of the spray. In the wall region,
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the radial divisions are assumed to begin from the surface of wafl.
The correlation of sauter mean diémeter for the free spray is used
for the spray motion after impingement as well as suggested by a
recent 1investigation(107). The droplet-size distributionl is
assumed to follow Simmons's binary droplet division model (BDM).
Simmons(146) suggested the BDM coﬁsidefing succeséive break-up‘of
droplets from their maximum size to the various. sizes in loﬁér
range such that every break-up stage results .in two equal- #ize
droplets of diaméeter = (0.5)*/3 x the diameter of the originating
droplet. The model assumes that

i) there are total 16 classes of droblet sizes in the normalized

droplet diameter( D" = Da./SMD) range of 0.112 < D" < 3.6, _L
ii) the dropléts in each class are spheres of the equivalent

volume, and o
iii)ithe'probability of division associated with each droplet size

is such that a portion of the droplets ;emains undivided and

constitutes the droplet-size/number distribution.

Simmons's BDM not only describes the physical phenomenon of
droplet division, but has a added practical advantage of upper and
lower size limits similar to upper ;limit distribution
functions(59,163). The applicability of Simmoné's model is well

established for diesel spray and hence chosen in the present work.

|

3.6 FUEL DISTRIBUTION
The fuel distribution pattern in the spray is established

assuming that the droplets of biggest size are ‘distributed in the

centre of spray in the free region and at the wall in the wall
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region and subsequent 2zones towards the outer periphery of the
gpray contain smaller size droplets according to 16 classes of
droplet sizes of the Simmons's model(146). Therefore, the

following correlations .establish. the fuel distribution in each

packet ;

Total no of drops

_5.183 Vs |
(SMD)6N (3.37)

T

Commulative number of drops of class J
Ny = 1.38826 (773N : (3.38)

. Commulative number of drops of class J+1

Nea=1 .38820'(“;:../1,2)NT

(3.39)
where b;.,-(O.S)”’D;
Number of droplets in each packet
Nuy=Ng.,-Ng (3.40)
Mass of fuel in each packet
-g(sun»n;,)’n.,p, < | (3.41).

The assumption of largest droplets on the jet axis and the
smallest at its edge is reasonable in the light of the experimental

studies of Lee(164) and Hiroyasu et  al(l131). - From the fuel
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distribution thus calculated and the concentratién' distribution
from the spray-swirl-wall interaction model, the equivalence ratio

in all the zones in the spray is specified.

i

3.7 1IGNITION DELAY

The ignition delay time is ﬁhe perioa between' the start of
fuel injection and the conmencement of cg&bustion. ' "In
literature(165,166), the beginninngf combustion ﬁaé beeh.defined
by several methods, such as sudden increasé:_in presgﬁre,
temperature, light emission or the conéentration of“free radicals.
However, for éngineering applications, ignition délay period in

t

terms of pressure rise deléy(lSl) is commonly usedr
Most investigators correlate the ignition deiaylperiod with an
overall Arrhenius expression. Pl?e and Ahmad(166) and othe;sle?)
have reported that no empirical fbrmula can predict ignitioA delay
in a wide range of operating conditions.
"An empirical correlation of hafdenberg and HaseilSl) has been

i
widely considered suitable, hence chosen in the present model.

This is expressed as

] 1 21.2
== )+
RT.CR®' 17190° (P.CR-12.4)

ID=(0.36+0.22v,)- exp[E ,( ] (3.42)

i
1

" Activation energy EA-§3§840

CHd+25
R is universal gas constant = 8.31434 j/mol

P. is absolute manifold pressure in bar

T,. is absolute manifold temperature in Kelvin
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Index c-k-——E:l——
. l1.1v,+1

where K = 1.4 and v, is mean piston speed in m/sec.

3.8 EVAPORATION

The fuel spray evaporation containiné‘droplets'of wide range
. b

of sizes is a complex phenomenon. The v§porization of an isoclated

droplet obeying d*-law is a simple‘-déécription widely 'used.

Alongwith this,' the spherico<symmetry of droplet is generaily

assumed(93,109,110,123,128,133). ' Many'; diesel engine models
consider the gas Jjet assumptions valid.- The vaporization is,
therefore, instantaneous. However, Kﬁmimbto and Matsuoka(168)

suggest that the evaporation rate profile in diesel engines 1is
similar to the fuel injection rate curve but delayed by 0.4
milliseconds. This is mainly due to the droplet break-up process.

This consideration has been adopted in the present work.

3.9 COMBUSTION

It is postulated that following the ignition‘delay period,
combustion occurs at the stoichiometric condition in the elements
wheﬂe the actual air-fuel vapour equivalence ratio falls within the
limit of inflammability. The limits of inflammability selected are
0.3 <9< 3, as récommended by Glassman(152).

The amount of fuel vapour burned(m,,) in an element of spray

is expressed as

Adm, =4m,, ' fores1 (3.43)

and
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4m,,

Amw = 2FRS

forg> 1 ' : (3.44)

Where Anl# and Am,, are the available amounts of fuel vapour and
entrained éir“ in the element respectively. AFRS is the
stoichiometric air fuel; ratio. The mass of burned air in any
glgment will be- |

|
\

Am,, = Am,,- AFRS ' (3.45)

The sum of masses of burned fuel and consumed air gives the
neffmass of products in each element. In the small increment of
t%mé} energy burned rate due to combustion is
N . '
dQ. 16

E—é—-cvr{;?m" | (3.46)

Wheére CVF is the calorific value of the fuel.

3.10 HEAT TRANSFER

Heat transfer rate from hot cylinder gases to the walls is

given by the expression

aQ.
g0 " BuA(Tu-Ty) | | (3.47)

Where h,, is the instantaneous heat transfer co-efficient and, Tag
and T. are the mean temperature of cylinder gases and wall
respectively. Heat transfer between spray elements is not

considered. Heat transfer surface area (A.) includes the areas of
cylinder head, side walls, and the piston crown.
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The mean cylinder gas temperature represents the weighted mean

itemperature of the spray and the surrounding gas in the following

form

i

T., - m” Tl' + mannr

mc)"mui

(3.48)

Where sp and sur refers to spray and surrounding fluids
respectively. |
_The heat transfer co-efficient(h,) is computed using Woschni's

correlation(142)}

B VT
hw-o 012793D 2T > p°°[C,v,+ c,v——ﬂ'i-( P-Pure)) (3.49)
) e * Pive

Where Pmoe 18 1nstantaneous motoring pressure, Piveor Tive and Viio
arL_the pressure, temperature and volume of cyllnder at inlet valve
closure. The constants C, and C» are taken as 2.28 and 0.00324
m/sec-k, respectively during compression and expansion strokes
(142).

Total heat transfer 1is proportional to the surroundings and

spray fluids in relation to their mass and temperature as

dQue _ _m,,T, dQwv

d¢ m,Ty+meTe, d6 - (3.50)
dQ"’“l‘ “nr L dQv

460 My fe* M Lo 46 (3.51;

The mean temperatures of walls are calculated by correlations
based on the basis of temperature measurements on a number of
supercharged and naturally aspirated engines. The wall surface

températures are calculated as a function of engine speed, inlet
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pressure and temperature, excess air co-efficient and the bore of
engine. Two correlations are used, one for fixed wall like
cylinder head, piston crown etc. and another for liner.

The fixed wall temperature(T.e) 1S

Tur=T,+30.35Z, ' | o (3.52)

where, T. is coolant temperature in Kelvin and

' . :0.35 0.42 T, 0.35 0.5 : ‘ L
z,-7.s(%:) (}J ('r) (;'—(’3) (10D)°™ \ (3.53) |

Where, psin and Tin are the pressure and tenmperature of the air at

inlet conditions and p. and T. are the air pressure and tqmﬁérature
. I N

at standard c¢onditions respectively. a is the excess air co-

efficient.

For cylinder liner

Ty=T.+7.5Z, o ' ' (3.54)

where
L\ o.a2r 0.35 ‘ V
22-8.4(%) (f:) (?L) (%)(100)"'_" , (3.55)

Therefore, equation(3.47) can be written as,

dQy -
36 " hvA(Ty-Tu)thuAy(Ty=Tw) | (3.56)

where A, and A, are the surface area of fixed wall and liner of

cylinder respectively.

3.11 THERMODYNAMIC ANALYSIS



Thermodynamic. analysis of the control volume of the system
begins at the onset of injection. .Conservation equations‘of mass -
and energy are written for the spray and surrpunding fluiés. The
initial masses and composition in the spray elements are determined

from spray-swirl-wall interaction and turbulent mixing mddels.

Mass Conservation Co

. . L | . . :
A schematic diagram showing mass balance in the .engine

i
-
'

cylinder is shown in Fig 3.3.
(i) For the spray

Rate of change of = Fuel mass + Air entrainment
mass in spray - injection rate rate into spray

dm.,-dm" dm‘.

;(3.57)

- +
de de. de
This can be further subdivided as : , , i
Rate of change of = Fuel injection - Fuel evapbration
mass of liquid = rate _ rate
fuel in spray '
dm"_dmﬂ_dm" b
dé de de | ' (3.58)
Rate of change of = Fuel evaporation - Fuel burning
fuel vapour mass rate rate
in spray
dm;vn dm,, dm,

de  de  de | (3.59)

Air entrainment - Air burned rate

Rate of change of

air mass in spray 2 rate into spray due to burning

dm,, dm, dm,

de deé do (3.60)
Rate of change of = Fuel burning + Air burning rate

mass of combustion rate

vroducts in sbprav
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dmpm_ dmfl+ dm,,
de de de

(1i) For the surroundings

Rate of change!oft = - Air entrainment rate
mass in surroundings into spray
¢ ‘
4
dmur - _dn?u
do -dé

i

.Enefgy Balance

(1) Energy conservation equation for spray

_d....[m u ]-dI_Q_’-_____dQ“"
ae' " »IT 46 "de |
| +Zf!£" v,

a8 " P74e

;
I

i
L.H.S. of equation(3.63) can be expanded as ;

d d
d_o'[mcpusp]. d—a[(maucva+mllcll

* (m tv — M l’l)cvvap +I . cv’nd)Top]

Which can be further written as;

d .
"ﬁ[m‘»u»]'[mncn"'mncvn"'(mn'mn)cn.,+ m,“.C,,,,.]S—%
dm,, dm dm
*Ch=gg *Cmgp *Crrm (g
dm., ' dm
= de )+ c'pud _dél‘].rq

Equating equation{(3.63) and equation(3.65);

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)
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i

dT,,
de

dm,, dm dm, dm,\_
*H[Crgg *Cm d0"+( don‘ den)C""

dm,. dQs dQu, _dV
*Comi =30 1Tw" 39 " ~ag P as"

[m ncu'.',,mﬂcnlv"(mfv-mrl)cyvap*mprodcvprool

. dmy dm,, dm,, -
*hy d6 ~hy d9!+h- de : (3.66)

;(ii) Energy éonservation equation for surrounding fluids

i: dQHllr dvgay dm.,,
a6 (™ e a6 P~ge ‘Page (3.67)
N
oY
cnrcu d9..+c'°T°°’ do“'
-_dQ\hnr_ dV;,,+h dm.“ ‘
"Tde  PTgg " 40 (3.68)
putting 'dmnr._dmu
a6 de
and volume constraint as ;
dv“, dng) dv.’
a0 _de  de into equation(3.68);
1Y
dT r dm“ dQ sor
m'“c'l-—a—'og—-cn.rnt a0 - = d;
dV,, dV, . dm.,

(iii)Equation of state for spray
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pVy=m,R,T, - (3.70)

Differentiating .both sides;

dVy . dp dT
p_d—o._"""'ana-é"[mnRa"'(mtv'mn)Rh*mproiRnu]'—d—gL
| dmn dmtv dmn dmprod '
+[Rl de +( de - da )R"".—d—a—R,"‘ Tl’ ) (3’71)
(iv) Equation of state for surroundings
pvllr-msnrRserur' (3.72)
Differentiating equation(3.72);
dv '§' ] d P_. Tur . dm sur . .
P de "'vnrdo mnarIW*’Ruran de (3.73)

Taking_volume constraint
vur - veyl = vop
and putting it into equation(3.73) and simplifying;

vt!t de v;|r do pdo

! 1 dTnu'+ 1 dmy,,
Te dO m,,, do

(3.74)

Now before the commencement of injection, equation(3.69) and

equation(3.74) can be used to calculate p and T... after assuming

dVv
-—d—:‘? and d;n.. equal to zero.

The thermodynamic properties of air, fuel and combustion

products are computed following procedures given in Appendix-F.



.Equationsj3.66,3.69,3.71 and 3.74) contain changes during time
step in four variable parameters concerning the spray and
surrounding conditions in the cylinder. The variables are spray

volume(V,,) and temperature(T.g), the cylinder pressure(p) and the
surroundings temperature(Ta...) . These equations are solved by

Gaugs-Siedal method to give value of these variables . at any
a4 !
i?stant.

|
o
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INVECTOR

—
AIR SWIRL
U

WALL

Fig 3.1 Schematic of wall jet growth

i

Normalized velocity of jet

0.0 [ 1 1 ] 1 i 1
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Normalized thickness of jet (y)
---- Profiles,Eqs 8.7-3.8 —— Composite Profile

Fig 3.2 Odmparisowof velocity profiles
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Mgy —w————g—== {Mgir ) SURROUNDING [ Malr UNBURNT

L (mgir) sPRAY M air BURNT
M BURNT TOTAL
. ™¢ BURNT
{meuer) SPRAY = m¢vAp ———————— :
' | — M UNBURNT
b m¢ LiQuiD :

Fig 3.3 Schematic of mass balance in engine



CHAPTER - 4

COMPUTER PROGRAM STRUCTURE

b

4.1 INTRODUCTION

The computer program 1s developed in a modular fashion based
on the formulatlon descrlbed in Chapter-3. The program is designed
to work on any: operating system compatible with FORTRAN with
economie:use of computer storege and run‘time. Computations are

done on;the PC/386 system with 80387 math processor available at

the Indian Institute of Petroleum, Dehradun.

i
.
4.2 PROGRAM INPUT
Input data required in the model are listed in Table 4.1. The

time step for computation is an input and has a value of 1 degree

scrank angle. Where necessary for accuracy, this step size is

reduced to 0.1 degree crank angle.

4'3i FLOW CHARTS AND PROGRAM MODULES

A flow chart of the computer program is given in Figure 4.1.
The main program calls major subroutines supporied by other
subprograms (Table 4.2). The subprograms listed in Table 4.3 are
concerning the expressions relating to similarity profiles,

vectorial and integral functions and those needed for calculations

of the properties of working substances.
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Table 4.1 Program Input

- — . — " G G WD P G e N e e SR G WD G S G e D e e G G e P e e D . D A W A n e -

- ——— e — . D - —— —— - - - ——— - ——— - —— A — " - A SV M M S e > S G A S Gee i e -

1. Engine dimensions
2.. Intake conditions
3. Injection parameters
|
4. Piston geometry
parameters
5. Valve timings:

i

6. Fuel properties

I

Bore, stroke, connecting rod
length,compression ratio and
engine speed

Inlet temperature and
pressure

(a)

(b)

Number of orifices,
orifice diameter,
injector location angles
with respect to X, Y and
Z axes and injection
timing

Plunger lift diagram,
diameters of plunger and
high pressure pipe,
areas of relief valve
piston, needle and
needle seat, opening
force and spring rate of
relief valve and
injector needle, mass of
moving parts of relief
valve and injector and
length of high pressure -

pipe

Shape of combustion chamber
in X, Y and 2 coordinates

Inlet valve closing and
exhaust valve opening

tlumber of carbon and
hydrogen atoms, density,
heat of combustion, surface
tension, absolute
viscosity, cetane number,
inlet temperature and bulk
modulus of elasticity
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Table 4.1 continue...

7. Coefficients/ Coefficients of heat and
Constants ‘ enthalpy properties and
’ .constants for heat transfer
coefficient, universal gas
constant, polytropic index,
o stoichiometric air-fuel
\ | ratio and drag coefficient
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Table 4.2 Usage of Subprograms

D G o = - ——— - —— . P S W T T e T W W S e W WEe i G G W A W S G MR G W D WD A G G e e G S -

Main routines Purpose Supporting Subprograms
Subroutine | Functions
b : ) )
----------------------------------------- r—------+-—~—--—--—
SPRAY ‘Defines spray structure v$0LEQN ‘ EN
before and after the - - CROSS . FW
impingement in the : DOT o FC
presence of swirl. Also UNVEC ! SQT
calculates air entrained SIMP ' " FU
due to turbulent mixing. WIMP SWC
ZONES Defines zones in the SPRAY

spray in both radial and
axial directions. Compute

" SMD, droplet size and N
fuel mass distribution :
and rate of burned mass.

RMASS - Specifies mass of fuel _  ZONES
injected, air entrained, | S
spray mass, liquid fuel
mass, vapour fuel mass, '
and mass of burned fuel,
unburned air and products
of combustio?.

GASP Computes Thermodynamic
properties of gases.

HTR Computes heat transfer
rates and temperatures
of walls of cylinder,
piston and head.

COMP, Computes temperature of HTR
surrounding fluids and GASP
cylinder pressure
before start of the
injection.

ENERGY Computes cylinder RMASS
pressure, volume of HTR
spray and temperatures . FL
of surroundings and FFV
spray fluids after the GASP

start of injection. SOLEQN
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Table 4.2 Continue.,..

INJ Computes injection rate
curves
WIMP Evaluates spray

impingement through
! coordinate geometry
considerations.

RKSSK
GUPCB
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Table 4.3 List of Subprograms
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SOLEQN Solves simultaneous algebraic equations by |
Gauss-Siedell method

CROSS Finds crdss product of vectors
DOT Finds magﬁitude and projections from vectors
UNVEC Finds magnitude and direction cosines’and
angles
v s1MP Integrates using Simpson method
EN Evaluates entrainment functions
FW o Evaluates integrals of conservation equations

both for free and wall regions

FC Evaluates similarity profile functions of
concentration both for free and wall regions

SQT Finds square root of vectors
FL Computes specific heat and enthalpy of 11qu1d
fuel ,
FFV Computes specific heat and enthalpy of
fuel vapour
/A RKSSK Solves differential equatlons by Runge- Kutta
method
V" GupcB Evaluates equations for fuel injection

g simulation
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1

Flow chart for injection c$lculations (subprogram INJ) is
shown in Figure 4.2. The input data related ‘to the simulation of
injection process are listed at item 2(5) in ?able 4.1 and are read
in subroutine INJ. 1In case the injection rates are available to be
read directly as input , then the'injection siﬁulation routines are
avoided by suppressing call of subroutlne INJ. This .enables the
flex1b111ty of either taking the full injection simulation or
directly the 1n3ect10n rates as. nhe case may Be. Flg 4.3 depicts
the 1nteract10n of several modules of the program developed. Flow
charts for subprograms SPRAY, ENERGY and ZONES are given in Figures

404—406-

4.4 MODEL OUT PUT
The program. output is available in ?erms of the following
quantities of int;rest: |
i) Injection;rate diagram
ii) - Spray motion and trajectory

i
iii) Instant and location of spray impingement on the piston

iv) Rate of air entrainment

v) Rate of fuel évaporation

Vi) Rate of fuel burning and heat release

vii) Cylinder pressure, spray temperature and surroundiné air

temperature as a function of crank angle

viii) Performance parameters of 2ngine
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INPUT DATA

— DESIGN AND OPERATING
CONDITIONS

—EMP{ RICAL COEFFICIENTS

|

O =0ve .

1

INITIALIZATION AND INITIAL
CALCULATIONS

)
MOTORING CALCUL ATION

NO

iNJ =TRUE

?

—1 ves
CALCULATION OF

— INJECTION

— ATOMISATION .
— SPRAY/WALL INT.

HEAT

TURBULENT -TRANSFER

MIXING

YES

COMBUSTION AND HEAT
RELEASE CAL.

!

MASS BALANCE
+
Fusm BALANCE

%

JTHERMOOYNAMIC ANALYSIS

0=0+ 40
NO

Fig 4.1 Flow chart of full computer program
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INPUT PARAMETERS -
~DESIGN PARAMETERS
—PUMP PLUNGER

LIFT
~GEOMETRY DATA

ESTIMATE FLOW AREAS
E
~INTAKE & SPILL PORTS

—DELIVERY VALVE
—INJECTOR

ESTIMATE DEAD
VOLUMES OF :
~TDC IN-BARREL
- DELIVERY VALVE -
HOLDER
~INJECTOR
- HP TUBE

EVALUATE CONTINUITY
AND FORCE EQUIVAL -~
ENCE EQUATIONS FOR
DIFFERENT SECTIONS
OF FIE

' SOLVE EQS FOR
PRESSURES AT

SECTIONS BY
R-K METHOD g

CALCULATE
INJECTION RATE

0=0+d0|

Fig 4.2 Flow chart of Bubprogram INJ
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@ P ’ Tﬂll’

INJ.

HTR |
GAsP|

FL

FFV

‘PyTep +TourWVep

Fig 4.3 Interaction of program modules
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INPUT DATA

= INJECTION PARA”ETERS
—~SWIRL PARAMETERS

- PROPERTIES OF FUEL AND AIR

INITIALIZATION AND TRANSI-
TION POINT CALCULATION '

CALCULATE

— POSITION VECTOR
— DIRECTION COSINES

i=— SWIRL VECTOR

FREE JET
ANALYS!IS

WALL JET
ANALYSIS

COEFFICIENTS

OF CONSERWATION
EQUATIONS

COEFFICIENTS
OF CONSERVATION
EQUATIONS

SOLVE SiIMUL.
EQS. BY QGAUS

SIEDELL METHOD

S

3

PENETRATION
SPRAY WIDTH

VELOCITY

CONCENTRATION

} |

0 =0+d0

NO

RETURN

Fig 4.4 Flow chart of subprogram SPRAY




COEFFICIENTS OF CON-
SERVATION EQNS FOR
PRESSURE , TEMP. AND
VOL. OF SPRAY AND T
SURROUNDING 8.

' J

o SOLVE SIMUL EGNS.
8Y GAUSS-SIEDELL
METHOD. .

CALCULATE DERIVA-
TIVE OF,

- PRESSURE

- TEMR AND VOL. OF

SPRAY AND SURROUN-
DINGS.

CALCULATE

- PRESSURE

—TEMPERATURE |

- VOLUME OF SPRAY
AND SURROUNDINGS

es=0+ d6

i

RETURN

Fig 4.5 Flow chart of subprogram ENERGY



- FUEL AND AIR PROPERTES

| -ENTRAINED AIR

|
e |
.

Js i

ESTINATE

‘ ~FUEL NASS "
; . EVAPORATED .

—1
DISTRIBUTE

. | ENTRAINED AIR

-] FUEL VAPOURS AND -
l LIQUID FUEL, IF ANY
' IN ZONES

UNBURNT AND BURNT
FUEL MASS FRACTION

AND COMBUSTION
PRODUCTS

RETURN

Fig 4.6 Flow chart of subprogram ZONES



CHAPTER - 5
EXPERIMENTAL PROGRAM

5.1 GENERAL EXPERIMENTAL PLAN | -
Verification of the analytical results of cylinéer pressure .
history obtained from the model is done using expé;imental data
gﬂnerate; on three engines. The steady'state dgta redb;ded dﬁring
the study incluae;

| -~ fuel consumption,
- engine speed and

- brake power.

The dynamic data. rgcordgd cdrrequnding to cfank an?lé
positions are; | i
- engine cylinder pressure and | l
- injection characteristics.

The specifications of the threeée test engines are given in

Table 5.1.

5.2 MEASURING INSTRUMENTATION

iRicardo engine is directly coupléd to an electric dynamometer
which could be used either as a generator or a motor. The ' eneral
view of the engine and instrumentation is shown in Figure 5.1.
Eddy current dynamometer is used for other two engines (engine A
and B). The cylinder pressure is meagured and processed by a real

time data developed by Institut Francais du Petrole. The system is
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Table 5.1 Design Data of Different Engines

Parameter Engine-~A Engine-B Engine-C
.Type of Cylindrical  Semidivided Toroidal
combustion (Open) (Re-entrant) (Ricardo
chamber ' research)
Bore/Stroke, 110/120 , 115/150 ‘80.3/89
mm i
- Compression 17 17.7 20
ratio
No. of 2 1 o
cylinders
Swept
volunme per .
cylinder,litre 1.14 1.56 0.45
Number of T4 o 1 4
orifices -
Diameter of 0.27 0.36 0.21

orifice,mm

S n e T VR W S e . G R S e T G R G VIR MM T W W T T e mm gee e e G e N i G e e fve G - G D G G L G SR W S S e - -
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comnercially available and is designated as DIGITAP'an abbreviation
of' ‘Digitization-Anéle-Pressure'. A piezo—électrig pressure
transducer AVL CVK 8QP500CQ is mounted flush with thé combustion
chamber wall. The time base signal is obtained by a photo-
sensitive transducerj'Angle Coder;’Model»MCB typé'G-10-768,coup1ed
to the engine crank shaft. For analysis, an aver?qe of 128 cycles

is taken. ' L . I

5.3 MEASUREMEI:IT OF FUEL INJElCTION RATE
The instanténeous injection fates are obtained using TSNITA
chamber technique. It essentially cﬁnsists'of injéction in a small
volume, from which the fuel is discharged through calibrated
orifice into a calibrated burette or a fuel weight measurement
system. The instantaneous pressure in the small volume o% TSNITA
chamber 1is measured by'a ;ﬁezo;ébectrh: pressure trangdﬁcer AVL
Aavetoged Dves (22 cycled. l , .
12QP3OOCVK;/'The technique has been developed by Research Institute
for Fuel injection Equipment, Moscow, USSR. For determination of
the injection rates, the folléﬁing assunptions are made while using
the TSNITA chamber technique. |
1. The instantaneous quantity of fuel discharged from the TSNITA
chamber is egqgual to the fuel injected, once the chamber is
filled with the fuel.
2. The effect of fuel compressibility is neglected in the chamber
as maximum pressures and rateé of pressure rise in the chamber
are small.

3. The discharge co-efficient of - the exit orifice of TSNITA

chamber is constant for all the ﬁpstream pressures.

The instantaneous pressure of TSNITA Chamber is measured with
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the hglp of 'DIGITAP' pressure acquisition system. The fuel pump
of the engine B is fitted on a camshaft box and a variable speed
drive is used to drive the camshaft at different speeds. The
angle;coder for getting signal for crank angle position is driven
separately at twice the speed of camshaft by a sméll variable speed
mot§r‘ so that it <corresponds with the engine spéed. The

arrangement is shown schematically in Fig 5.2.

5.4 'TEST CONDITIONS

Experiments are conducted by varying engine speed and fueling
rate. Table 5.2 shows the test conditions for the three test
engines. The instantaneous injection rates are only measured on
engine-B at different speeds and are shown in Figs 5.3-5.6.

Thé results of fhese tests are validated with the model

predictions and are included alongwith the other results and

validations discussed in Chapter-6.
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Table 5.2 Test Conditions of Engines

————--————---”---—-——.—---------‘-----------——————-———-—-——-—-

Engine Engine Speed . Fueling Injection
RPM ‘bﬂ?/Cycle&Cyl Advance,
: o deg, BTDC
i
- - |
Engine-A 1200 58.89
1600 .. 62.5
1800 ' - 61.0 27
2000 . 60.2 |
Engine-B 1100 e 87
1300 ‘ 88 27
1500 - 86.4
{
1650 | 85
Engine-C 1800 | - 23.5 | 15
| 2400 19.0 . 13
2400 - 23.8 13

3000 18.0 . C11

T e e e o o e cr o o o T i s = ——— - - —— — i - — = = = W e . S -



ENGINES LABORATORY
INDIAN INSTITUTE OF PETROLEUM DEHRA DUN.,

Fig 5.2 General view of arrangement for
neasurement of injection rates

-
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CHAPTER - 6

!

RESULTS AND DISCUSSION

t

The results of prediction for ’the following aspects are
presepted and disédéged in this chapter. These include;
fi) the»effecﬁrof injé@tion parameters on the trajectory and
air éntrainmént rate.of the free spray,

(ii) the effect of bowl geometry and offseﬁ_od'tﬁe air motion
during compréssion,

(iii) the validgéion and paramétric stuﬁy of the spray-swirl-wall
interaction model,

{iv) the comparison of thel calculated and measured pressure-time

histories on three different engines to validate the

1

combustion model, and

(v) the deductions of the influenée of bowl geometry and the
.\_‘
air swirl on mixedness and combustion.

6.1 EFFECT OF INJECTION PARAHE'_I‘ERS ON SPRAY CHARACTERISTICS
b An effort to evaluate the effect of injection

characteristics like injection scheduling, nozzle orifice size and
ts made
1n3ecto&* location etc on spray trajectory and air entrainment etc,/

Foytfon

/h parametrlc study is conducted with the help of model consgidering

- B

‘only the free jet formation of the spray & S ,_,,1n order to

see how the injection characteristics influence the Spray formaflon
9t i ecsentia

and mixing in the presence of swirl before impingementg.‘//the free
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spray must becone fﬁily formed and penetrate certain. length in
order to avoid wall wetting since the spray is confined to a
relatively small space in;small DI diesel engines.

The engine geometry and swirl conditions used in the study are
given in Table 6.1. An attempt has been made to study the spray
development and air- fuel mlxlng ‘by varylng the different injection
parameters 1ndependegt1y. The injection variables investigated are
llsted in Table 6. 24 The base 11ne 1n3ect10n rate diagram (Case 1)
is’a 51mp1e step functlon hav1ng 5 6 mm3/deg7&?dé'of fuel delivery
 for 16= duration of injectioﬁ at 1800 rpm. The conditions 2 to 5
in Table 6.2 represent some of the.practical combinations of the
size and nﬁmber of or}fice holes in the injector nozzle.

In -engines, whethhe injection gquantity is varied e.g with
change in enginé load, both the rate and duration vary
simtltaneously, However, forithis analysis, the injection quantity
has}'been varied by changing‘ the rate and keeping the injection
duration constant (Case 6). The effect of shortening the injection
duﬂation is studied by increasing the rate of injection maintaining
a conétant fuel delivery (Case 7).

Two different extreme shapes of fuel injection rate curves-
positiQe slope ramp (Case 8) and negative slope ramp (Case 9) are
investigated. Additionally, the effect of stepped injection
scheguling (Case 10 and 11), which is reported to produce lower
peak pressure and a reduced and delayed peak in the enerqgy
releasé(lOQ) is also studied.

By varying the injector location 6n the cylinder head, the
effect of swirl on the spray varies. To inyestigate this effect,

three. injector positions viz. side, mid point along a radius and

the centre of the cylinder are chosen. Spray angle with axis of



Table 6.1 Engine Specifications

Engine type Ssingle cylinder engine
Bore/stroke, mm 1257135

Compression ratio 17:1

Engine speed, rpm 1800 _

Injection direction 10 (from injector axis)
Swirl ratio ' 3

Swirl direction Clock-wise

——— - - - = — . > - A - - S . e - - ——— . —— —— % L M e = @ S e G e e e -

Table 6.2 Input parameters for injection

conditions
]
c -
CASE | NOZZLE HOLE INJECTION n%gca%gﬁrge ,
No. SIZE _ SCHEDULING MEAN INJECT- | REMARKS
Nos.xDIA.,mm ION PRESSURE
MPo
’ mm3 . )
1. 4x0-35 56 24.0 BASE LINE
O °CA I8
2. 3x0- 4 " 28.0
. NOZZLE
: 3. 6203 ’ o 20-0 HOLE
.. 4%03 " _ 44-0 Size
5. 3x038 " 42-4 EFFECT
3
Amm
.. 4x0-38 28 .0 EFFECT OF
. e RATE AND
‘ DURATION
7 420-38 [ 3 or
. x |1 nmn 96-0 INJECTION
[ )
mnS
8. 4x0-38 na 480
EFFECT
0 _°CA 18 H
mm3 | or
9. 4x0-38 ne 480
INJECTION
O °CA &
amd .
» se n : SCHEDULING
i0. 4x038 | 28 220
0 2°A I?7 N i
. nm
. 42038 8¢ 25
-0 | 0




104

the engine cylinder 1is another variable considered for these
parametric studies. The important parameters of the spray
propagation identified are - spray tip penetration, spray to swirl

momentum ratio and the air entrainment.

6.1.1 Effect of Nozzle Size/Flow Area

i 1

With fixed duration and rate of injection, the nozzle flow
area is varied by changing both the number of orifices and.theirf;
diameter. To maintaiﬁ the cyclic fuel delivery constant, different .
injection pressures ére needed for different orifice numbers/size
combinations. The moﬁentum change experienced in the five Cases 1-
5 studied here are attributed to the changes in the fuel mass flow
rate and .the injecﬁion velocity. The nozzle with the largestf
number of holes and ha§ing smallest orifice diameter (Case 3) has
the lowest spray to swirl momentum ratio and shows the maximum
deflection (Fig 6.1). For side injection, the air momentum at the
spray tip continuously decreases as it moves towards the axis of
cylinder, thus resulting in an ‘increase of the momentum ratio
giving rise to the peak seen in Fig 6.2.

Higher penetrations (Fig 6.3) are achieved Qhen the nozzle
size is large with a fewer number of ofifices. However, the effect
of the orifice size is more pronounced, as shown by the curve for
Casé 5 vis-a-vis Case 4, due to the reason that the total flow area
varies as second power of the crifice diameter, as against the .
linear relationship with the number of holes. The effect of
injection pressure (Case 5 vis-a-vis Cése 3) is even more
significant . Larger tip penetrations with Ah}gher injection
pressure and larger hole diameter are reported#?:n the work of

Elkotb and Rafat(90) and Kuo and Bracco(171), reépectively. The
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experimental evidence(172) of the increased air entrainment and
spray advancement with increase in the 1injection: pressures are
confirmed in the predictions of the presént wo}k.

The orifice size has a dominant effect on the air entrainment.
It is 1illustrated by Fig 6.4, when the differences in air
entrainmentsbetween Case 4 (0.3 mm dia) and Case 2 (0.4 mm dia) are
compared with the differenqes between C%ée 4 (4 hnles) and Case 3
(6 holes). The analysis thus, helps in selecting the orifice size

1

fulfilling the requirement'of higher air éntrainment alongwith good

penetration and fuel atomization requiring: higher injection

pressures.

6.1.2 Injector Location

For injection conditions of Case.l,.three different injector
positions i.e side, mid-way and central are inve%tigated. Due to
variation in the locaéion, at a given time after the _start of
injection, the correqunding sprays would experience different air
velocitiés. A continuélly-increasing velocity of the swirling air
is realized by the growing spray as the origin of the spray moves
towards the centre from the side. 1In the case of central spray, a
higher entrainment‘(Fig 6.5) in the later stage and slightiy faster
drop in tip velocity (Fig 6.6) in the earlier period are observed.
This is mainly attributed to the higher differences in spray and
air velocities (higher excess spray velocity)'in the early period.

At 7= CA after injection. the air entrainment is about 30
percent higher in‘the case of the central injection compared to the
other cases. This may be explained on the basis that the

orientation of spray relative to air velocity vectors exert a

significant influence on the spray history. The point at and the
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extent to which the air motionkélters the spray development depends
upon .relative valﬁes of the ﬁomentum of swirl and momentum of
injected fuel(70). Fig 6.7 and Fi§ 6.8 show the‘spray deflection
and momentum ratio plbt. A peak in thé momentum ratio for the
spray originating from the mid—position is possibly due to the

sbray being near to the center of cylinder at ‘that particular

‘ e . . , .
instant, where very low swirling air velocity is experienced.

.
6.1.3 InjectiqniQuantity/Duraéibn Effect

For the base condition_of-Case 1,5the two situations analyzed

here include; | ) |
. —cy

(1) Half the injection rate (2.8 mm’/deg/’~but the same

| injection duration gcgée 6). |

(1i) Half the injection duration and the rate of injection

correspondingly increased to 11.2 mm3/degffggée 7).
In both the éases, the cyclic fuel delibery is kept the same as in
the base case.

The resuits for the side injection with the injector
perpendicula;lté the cylinder axis (Figs 6.9-6.14) and the central
“injection with the spray angle of 20° with the horizontal plane
(Figs 6.15-6.19) are presented. When the injection duration is
reduced, the deflection of spray (Fig 6.9) by air swirl decreases
cons?derably and results into a peak in the momentum ratio curves
(Fig 6.10) due to its proximity to the centre of the cylinder.
Red'ting the injection duration by half amounts to only 1% percent
reduction in the penetration length (Fig 6.11).

Theaspray peﬁetration and the air entrainment generally follow

the trend of the injection pressure effects (Fig 6.11 and 6.13).

The tip velocity curves (Fig 6.12) are observed to follow the
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trends of local swirl velocities (Fig 6.14) particularly in the
later stages where the spray moves in the direction of swirl.

The tip penetrations in X, Y, and Z directions are compared in
Figs 6.15-6.17 and the resultant spray trajectories are given in
. Fig 6.18 forvthe three-dimensional situation. The trends of the
spray penetration are opposite to that of the side injection in Lhe
sense that the spray having lower rates of injection is prohibited
by the swirl to penetrate towards the periphery of the cylinder.
Thé air entrainment (Fig 6.19) process is mainly governed by the

injection pressure.

6.1.4 Injegtion Rate Curve

The effect of different shapes of the inﬂection rate curves on
the spray development are investigated for the sprays originatiﬁg
'from the side as well as the centre of the cylinder. For the side
injection, the two-dimensional spray trajectories and the
corresponding momentum ratios obtained from different injection
rate curvés are shown in Fig 6.2d and Fig 6.21, respectively. The
effect of the initial velocity of injection and the momentum ratio
is guite significant on the spray deflection. The sprays with the
positive slope ramp (Case 8) and the stepped injection (Case 10 and
11) having lower injection rates in the beginning are deflected
considerably towarés the cylihder wall. Fig 6.22 shows that, among
the various cases considered, the air entrainment capability of the
spray having higher mass averaged in,action pressure seems
superior. | This may be emphasized that the injection scheduling
shapes having lower injection rates in the beginning entrain less
air, but the overall fuel-air mixing is controlled by the combined

effect of the mass averaged injection pressure and the initial
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injection rates.

For ' the central injection, the three-dimensional spray
development is presented in Figs 6.23-6.26.. Fig 6.27 shows the air
entrainment rate for the central injection, where a higher air
entrainment compared to the side injection‘(Fig 6.22) is observed
for all'the types of‘injection :éte curyes,studied. The reason for
this is,'possibly, the higher excess spréy velocity in the former
case(100). It is obéervédfthat ﬁhe initial injection rate is one
importént variable influencing the fuel-air mixing of the sprays.

The effect of sprays w;th positive slope ramp (Case 8) and
negative slope ramp (Case 9) on the rate of air entrainment and the
co-efficient of air ;_utilization (ratio of air entrained to the
total mass trapped 'in the engine cylinder) is also studied taking
into account also.-the air entrainment during turbulent mixing.
Figs 6.28-6.29 show- the res+lts. It can be observed that the
higher initial rate of inféction (case 9) helps in utilizing
(entraining) most. of £he air available in the cylinder at about 30°
CA after the start of injection, whereas smaller initial rate of
injection (case 8) results in utilizing only 50 percent of the
available air éven after 50 CA. It emphasizes the significance of
the initial rate of injection as far as fuel-air mixing is
concerned.

|
6;1.5 Effect of Spray Angle

The studies are carried out for centrai injection sprays
having 10=, 20=- 30= and 40° inclination‘with the horizontal plane.
 The spray penetration in Z-direction and corresponding trajectories

are shown in Fig 6.30 and 6.31, respectively. The sprays having

higher inclination tend to go deeper in the engine bowl, while the
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air entrainment (Fig 6.32) more or less remains the sémé for all
the cases. There is a marginal variation in the air entrainment

far amay from the nozzle tip.

6.2 EFFECT OFlBOWL GEOHE:I‘RY AND OFFSET ON AIR MOTION ;

Fig 6.33 shows a comparison betweeh’the predic?ed mean air
motion .expressed in terms of normalized angular
momentum (the ratio of instantaneous . angular momebﬁum to the
angularimomentwm at exhaustlport clbsimg) accounting : for viécpus
friction and the data'of Mckinley et al(5) compﬁted using a mul£i—
dimensiomal flow code. The generally assumed constant angular
momentum is found to decay due to the effect of f;iction at
cylindef walls. The slight variations in the predicted results of
the angulér momentum compared to the data of Reference 5 is
attributed to the absence of- crlterlon for turbulent d1831pat}on
effect in the present analysis. when taken into account, this
should further decrease the momentum 1evel(7).' The predicted swirl
ratio at TDC of 12.2 in the present apalys1s compares well with the
average TDC swirl ratio of 12.9 for the centered cylindfical cup
obtained by 1linear inter- and extra;polations of the velocities
measured by Iijima and Bracco(éQ) using the Laser Doppler
Anemometry technique (refer Table‘6.3).

i Further, the compression swirl predictions are made for
commonly used piston bowl shapes, size and position. The details
of bowl guometries studied are given in Table 6.4. These include
the cylindrical, the re-entrant and two designs of the open.chamber
variety. These bowl geometrieé are fitted interchangeably in an

engine whose specifications are givem in Table 6.1. The volume of
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Table 6.3 Average TDC Swirl Ratio.
Parameter Predicted - Experimental (29)

Average TDC 12.2 12.9
swirl ratio

- ————— ——— — . -— - - —————— - —— W WS W G Ghw G GRS EEN WS MMV MO W GEe e G - - — - -

. : L
Table 6.4 Different shapes of piston bowl’

ﬁomom of inertic

Shaope| Shape of bowl Type of
No. mm. Combustion | of bowl per unit
Chamber mass , mmE

i

c ' 30 | Cylindrico!. A A50

| L—/\)Z’B }Opon | 591

£ \/\j;{!’  Oper e
< ¥ :

§
3 : C 522-3 Re-entrant 724
v | '
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the combustion chamber and.the compression ratio are therefore,
maintained constant in these cases.

Thé results of predictions of compression swirl neglecting the
wall frictioﬁ for different bowl configurations are Shown in Fig
6.34. It is observed tﬁat the re-entrant bowl has the minimum and
the cylindfical bowl the maximum swirl level because of the maximum
a#d minimumv values"of moments of inertia, respectively. The
. replacement of a cylindrical shape bowl with another bowl geometry
ﬁé@ing the same entry diameter and equal bowl volume (refer shape-1
in Table 6.4) shows about 12 percent decrease in swirl intensity at
' ﬁop centre position. "It brings out that the assumption of an
equivalent cylindrical bowl geometry, whenever made, 1is not
vdﬁé£ified and causes ah overestimation in the swirl level.

Oon a cylindrical bowl geometry, the effect of bowl offset
(distance befween cylinder and bowl axes) represented as a function
of engine\bore are studied and the results concerning compression
swirl for 0 ,», 5 and 10 percent offset are computed (Fig 6.35). The
bowl offset is accounted for in the moment of inertia calculations.
An increase in the offset shows a reduction in the swirl level due
to enhanced gas inertia. A decrease of about 12 percent in the
swirl level at top centre position for an bowl offset of 10 percent
shows that the assumption of central bowl-in-piston overestimates
the%swirl during compression. The wall friction is assumed to be
un-affected due to the bowl offset in the analysis. It has been

reported that inc 2asing the offset virtually had no effect on

friction torque on the air(41).
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6.3 VALIDATION AND PARAMETRIC STUDY OF SPRAY-SWIRL-WALL
INTERACTION MODEL
In this section, results of the predictions of the spray
‘ﬁotion—both  in free and wall regions are discussed. The
predictions‘are validated with the experimental data taken from
published literature. Results on the influence of the combustion
chamber géometry on fuel-air mixing are also presented. These

results are given in Figs 6.36-6.46.

6.3.1 SPraybPenetration and Velocity

Fig 6.36 shows the spray penetration extending in the wall
region and Fig 6.37 has the spray tip velocity results. The wall
jgt commences after 0.8 ms from the start of iniection (Fig 6.36).
‘The predictions of the penetration and velocity data are comparing
.well with the experimental results of Tsunemoto and Ishitani(173)
obtained on a simulated combustion chamber. There is a slight
gnderprediction in the tip velocity results of the early period.

Fig 6.38 compares the calculated spray peﬁetration aiong the
wall with the experimentalidata observed under simulated diesel
engine conditions(174) for three different rail pressures of 4.7,
6.1 and 7.8 MPa in a constant volume bomb using high speed
photography technique. The predictions compare well except some
overprediction after about 0.6 ms, which may be due to the fact
thaé the experimental data were obtained from high speed movies of
the back-lit spray pattern and the start of injection could not be
e;actly determined possibly due to the limited frame rate of the
camera(174).

Fig 6.39 compares predictions of the spray tip penetration

with the experimental data of Hiroyasu and Nishida(175) at
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different air velocities. The spray impinges on thé wall after 1
ms. Although, the general trends are in agreement, the differenges
in the compared results ére likely due to the possible errors in
reading of the experimental data from pﬁotographs(l?S).

The influence of the dimensiong of cylindrical bowl on spray
penetration at the instant of impinéement normaliéed with méximum
free jet penetration is studied and plotted against different
combinatiohs of the bowl diameter to Sore ratio (%}D) as shown in
Fig 6,40. It can be observed from the results (Fig' 6.40) that the
penetration length of - the déflected spray. at fﬁe instant ‘of
impingement increases with the increase of d/D rat%o from 0.4 to
0.48 but reduces with the increase of d/D ratio grea£er than 0.48.
It is due to the fact that, in the case of d/D r?tid larger than.
0.48 ,  the depth of combustion chamber becomes;smgller and the
spray impinges on the bottom sur#ace of phe bowl ins;ead ?f:the
side walls. Hence, it can be said that the model-predictions may
help in selecting injection, air motion and bowl geometry
parameters in order to make use of the benefit like increased air
entrainment characteristics of ébe' wall jet formation without
suffering any penalty on account of wall wetting due to early

impingement.

6.3.2 Spray Growth

| The predicted results of the spray growth in terms of the half
spray width based on the test conditions of Nishida et al(176) are
compared with the experimental values in Fig 6.41. The hélf spray
width defined as the radial distance between the spray axis and_the
farthest dispersed spray boundary ié measured by them through

microscopic observation of the real image of the spray. The
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measurements are taken for the diesel spray injected»into a high
pressure bomb with the helé of hologrephy technique. The
predictions compare well with the experimental deta. -
Fig 6.42 compares computed volume of the impinéing spray at
three ' ambient densities of 6.15, 9.23 and 12.3 Kg/m® with the
experimental éata of Katsura et al(107). The sprayitip reaches the
wall at 0.2 ms after the start of 1n3ect13n. The predictidns of

model compare well with the experlmental data at dlfferent.'alr

] ' |
T

densities.

6.3.3 Air Entrainment

Air entrainment is an important parameter controlling air-fuel
mixing. Variations in the mass of air enéréined as a}function of
penetration (non-dimensionalized with the eguivalent orifice
diameter d.) for free and wall regions are plottea in Fig 6.43,
snowing that the presenée-of‘swirl and the wall Loth enhance the
mixing. The comparison of the air entrainment data of the free
region taken from Reference 110 given at several injection
pressures to that predieted in the model 1is found to be
satisfactory.

The prediction of the rate of air entrainment and the mass of
air entrained during the spray formation obtained on an enéine
specified in Table 6.1 are given in Fig 6.44 and Fig 6.45,
respectively. In these results, the instant of commencement of
v .11 influence and the enhanced air entrainment due *r wall jet
flow are depicted; ‘The increased air entrainment after impingement
is the combined effect of increased exial entrainment, the spray

surface area available for entrainment and the wall shear stress.

Fig 6.46 compares the influence of the depth of a cylindrical
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bowl keeping the samé volume on the rate of air entrainment. The

effect shown is due to different instant of impingement of the
spray for different combinafions of the bowl to piston diameter
ratio (d/D) studied here, The smaller bowl diameter (50 mm)

results in a higher amount of air entrainment (Fig 6.46).

i

=
6.4 VALIDATION OF COMBUSTION MODEL

The“model prédiétion results are validated with the measured
pressure-time histories obtained in the laboratory on three
different engines specified in Table 5.1 of Chaptgr-S.

Figsh6.47-6.58 éhow the‘comparison of measured and predicted
pressufe—time histories for data obtained on three test engines at
varying operating;c;nditions. Figs 6.47-6.50, Figs 6.51-6.54 and
Figs 6,55-6.57aré the results at different speeds for the engine-
A, engine-B and eng;ne—c respectively.ﬂ Fig 6.58 shows the result
of varying the fuel delivery from 19 to 23.8 mm?/stroke at 2400 rpm
for engine-C.

The above comparison of experimental and predicted pressure-
time histories shows that the model responds well to the changes in
the engine size, injection and combustion system of each engine
design. The variations between thé model and the e#perimental

Il
]

values are found to be within 3 percent.

6.5 STUDY OF COMBUSTION CHARACTERISTICS
Since the rate of air entrainment and the mixing rate are

controlling the combustion process, it is considered necessary that
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the relationship between the air entrainment rate and fuel mass
burning rate be studied from the model. For this purpose the test
daﬁa of a research engine (engine-C), having combustion chamber
geometry as shown in Fig 6.59 are chosen.

Fig 6.60 sths the rates of fuel injected, vaporized and
~burneé. - The fuel‘injection rate 1is computed'with the help of fuel
' injectibn simulation model . The fuel mass burning rate curve
contains the three distinct stages of combustion (Fig 6.60):

(1) _premixed combustion phase which occurs at the end éf the
| vignition-délay period and consumes the fuel which gets
mixed wifh. enough air during ignition delay to form a
flammable mixture,
(1i) - diffusion-combustion phase during which the rates of
.‘burning and heat release are considerably lower than those
j during the premixed phase and
(iii) the combustion tail region in the end.
It is clearly observed here that a major portion of the fuel is
burﬁed in the diffusion mode which is mixing controlled.

Fig 6.61 contemplates the fuel mass fraction burned comparing
the influence of the combustion chamber wall on the fuel burning.
It may be seen that the fuel burning is accelerated on impingement
due to a higher amount of air entrainment. Fig 6.62 shows the time
hisgory of the fuel mass injected, vaporized, combusted and
under-mixed as a percent of fuel injected. The combustible fuel
mass fraction is <Jdefined by integrating those fuel-air mixtures
which have the equivalence ratios within the rich and lean limits
of combustion specified in the model_formulation. The amount of

under-mixing is defined by integrating the amount of fuel available

in the mixtures richer than the rich limit of combustion.
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The ‘effect of swirl on the preparation of a combustible fuel
mass and the fuel mass burned are shown in Fig 6.63 and Fig 6.64
respeétively. The swirling air enhances mixing,v due to. an
increased air entrainment, resulting in a higher amount of
combustible mixture formation (Fig 6.63) and a faster fuel burning
(Fig 6.64). | |
.'Ihe effect of the cylindrical bowl diameter keeping the same.
bowl volume on combustible fuel mass and the fuel mass fraction
burnf are shown in Fig 6.65 and Fig 6.66 respectively. The three
bowl diameters, 30 mm, 40 mm and 50 mm having the bowl depth
correépbnding to the fixed bowl volume are considered. The
smallest bowl diameter of 30 mm allows the faster formation of the
combuétible mixture (Fig 6.65) and the early burning of fuel in the
cycle (Fig 6.66) due to an early impingement of the spray én the
walls of the combustion chamber and the. higher amount of air
entrainment. In the case of 50 mm bowl diameter, the spray
impinges on the bottom surface of the bowl instead of the side
walls due to the reduced depth, resulting in higher air entrainment
compared to 40 mm diameter bowl. These plots relate fhe influence
of the size of the bowl on the rates of fuel burning.
These results alongwith the experimental pressure-time data

establish a consistent prediction capability of the model

devgloped.

6.6 iMPLICATION OF RESULTS FOR SMALL DI ENGINES
The results of model prediction show that the analysis of the
spray growth along the wall of the combustion chamber is central to

the accurate prediction of the fuel-air mixing and combustion for
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. small DI diesel engines due to the reasons as discussed in Chapter-
2. Since an earlier analysis of data, concerning the effect of
engine size, made by Uyehara et al(44,160) suggest that in a well
developed engine, the negative effect of reduction in per cylinder
displaéement on fuel efficiency is reduced considerably, a proper
matching of the fuel injection, air motion and piston gowl shape
particularly, in small diesel engines assumes a very high
impoftance. Thé consideration of the fuel impingement on the wall
is an important aspect and the usefulness of mathematical
simulation models with this feature is ever increasing. The wdrk
presenﬁed in this thesis is an attempt in this direction.

IThe results of the model prediction suggest that'the deflected
spray should be so oriented as to obtain the minimum wall wetting
and the maximum air entrainment during spray growth along tﬁe wall.
The model has a potential to compute wall wetting also, if a

detailed analysis of the  spray break-up and evaporation

characteristics 1s made.
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Fig 6.1 Effect of nozzle geometry on
' spray trajectory : "
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CHBAPTER - 7

CONCLUSIONS AND FUTURE WORK

{

7.1 QP&CLUSIONS

: Ergm the litefature, it is observed that the detailed analysis
of théﬁwall jét developmént in engine situation in the presence of
"swirl is not'aéequately done. In the present work, therefore, the

spfay—swirl-wall interaction model based on the continuum integral

approach is formulated by writing mass and momentum conservation
t ) .

‘

~ equations along the tangential and normal directions to the spray
for both free aqd wall regions. The effect of bowl geometry in
terms of momént of inertia and the wall friction on the
instantaneous sﬁirl level during compression is also considered.

The spray-swirl-wall interaction model is validated for fuel-
air mixing charécteristics i.e the spray penetrétion, growth, air
entrainment etc. with the .published data frbm literature. The
model predictions show good correlation with the experimental data
and respond well to the variations in input parameters.

In the nmultizone spray structure of the model, the simulation
~of atomization, droplet-size distribution, evaporation , turbulent
mixing and combustion processes 1is included. The cohparison of
experimental engine pressure-time  history at various test
conditions are made.

From the results it is concluded that;

(1) The rate of air entrainment is enhanced during the wall

jet flow due to the combired effect of increased axial
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entrainment, increased surface area available for
entrainment and the wall shear stress. .

(ii) Although, early impingement in small engines results in
wall wetting, once fuel 1is vaporized, the wall Jjet:
formation helps in enhanced mixing due to the higher.

rates of air entrainment.
(iii) The 1initial rate of injection and mass averaged
. _ ’ ! : !
injection pressure play significant role in the air-fuel{

' . 1

mixing.

v

(iv) The rate 'of entrainment is higher  in the central
injection case in comparison to the other injector
“locations in the cylinder.

~

(v) Changes in nozzle orifice size affect fuel-air mixing..

The effect is, however, predominantly injection pressure
controlled.

(vi) The predictions in. terms of thé _burning rates
and under-mixedness suggest that, if the spray is fuily
vaporized prior to the impingement, the rate of burning
is found to be faster in the presence o}\tﬁe wall.

(vii) The level of predictions from the model :is satisfactory.

A proper matching of injection characteristics, bb&l shape and

air motion is necessary and can be accomplished with the help of

the present model.

7.2 FUTURE WORK

A detailed analysig of the spray break-up and evaporation can
be dpne in order to predictAthe wall wetting effects for a small DI
diesel engine,

The prediction of soot and (NO). can be made and a trade-off



study between them can be done.
In the model, the: mutual interactfon of sprays in nmulti-spray.

nozzles can be incorporated.
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APPENDIX A

THE TORQUE FORCE DUE TO WALL FRICTION

i

The torque force due to the wall friction(Tg¢) is estimated as;
([ )

(a) Friction on Cylinder liner , ; .

Wall shear stress(tv ) and friction factor(Cy) ag given by flat

plate formulae are estimated as ;

1 (D)2 o | | o |
t-ip(wi) Cs | : | , j | (A.l)
C,;=0.037AR;%? | - e (A.2)

i
The value of constant A = 1.5 ‘is taken from(3) and is equivalent of
flat plate Reynold number(R.,), which is _ }

estimated as ;

- Q(un) | | A.3
R, p(Dz) . - o (A.3)

Restraining torque(T;):exertedaby chinder liner at any crank

angle is given by

T,Qrdnsce);i o (A.4)

Substitution of equation(a;l) into egiation(A.4) yields:

' w? n ‘
T.-C,pﬁnb S(6) o . (A.5)

r'

(b) Friction on cylindrical wall of'bowi

qriction torgue exerted by side walls of bowl(T,) is estimated
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i

by replacing bore(D) with bowl diameter(d) and instantaneous stroke

length(s(e )) with bowl depth(h,) respectively, in equation(A.5):

w? :
Ty=Cypygnd’h, (A.6)
Similarly, Reynold number (R.) is estimated as;
- .
w\(nd) L } A ‘
R .= pudll 3. Sl 4 . - o
' p(dz) # ! ’, . ' 0 Kr . . (A .7)

(c) Friction on Cylinder head and piston crown
Assuming that the torque exerted by these surfaces acts at
-mean cylinder radius(D/4), the wall shear stress( v ), Reynold

number (Re) and the torque exerted on cylinder head (T,) and piston

"crown(T,) are estimated by :

‘. N
r-%p(wg-)zc,' - :  (A.8)
D D | |
R..P(w:)(;) . ; | _ (A.9)
T.-T,-rgwg— - - © (A.10)

Substitution of equation(A.8) into eguation(A.10) gives;

w?nD®
Th ‘T,'C;p‘-—S-F (A.ll)

The torgque due to the.friction for 4.1 the surfaces(T.) is:

T,-T}#T.+T.+T, (A.12)



APPENDIX B

FUEL INJECTION SIMULATION MODEL

Referring Fig B.1(42),
(1) The continuity equation for pump plunger

Volume displacement = Flow through control of

of plunger port + Flow through
delivery valve +
Compressibility effect of

fuel.
2 2 '
A,S,=u, A, p—'(p.-p.)w.#\q/;—'(p.-p.)
V,dp, :
+A,S,+-"
.S, + T (B.l)

Where S, and S, are velocities of pump plunger and relief valve

piston respectively. H, and u, 2 are the discharge coefficients
for control port and delivery valve respectively. Vie is the pump
volume(over the plunger) and Pxr Pn: Px are the pressures at

sections as shown in Fig B.l1. E is the bulk modulus df elasticity.

Eq(B.1) can be written as ;

dp, é 2
rra V_.[A ,s.-u,A,‘/ B"(pt'P-)
_ [2 _ '
\ —'”VAV _E(pk-pl)-Avsv] (B°2)

(2) Continuity equation for relies valve holder
Volume displacement + Flow from chamber to
by delivery valve delivery valve chamber

= Conmpressibility + Out-flow into high pressure
effect of fuel pipe
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' [2 = v,Ldp, B | .
A,S,+u,A, ;:(Px‘Px)'T'a‘{""Acwl (B.3)

Where Wy is the in-flow fuel velocity at:section(I-I). L 1s length

of the high pressure pipe.3 Eg(B.3) can be written as;
dp. | 2, ! "
/__ - E A
dt [”VA p'(pk )"'A S -A w ]V L | i . (3.4)

(3) The Equilibrium of forces at the relief valve

‘Inertia force = Fluid pressure - - Reaction - §prihé
force of seat force:
' on valve
d*h, ' - ;‘ ' , :
mv'ﬁa"A'(Pk‘Px)‘cvhv‘Fn : . R (B'S)

i
Where h, is the relief valve piston iift Cv is the relief valve

spring rate and F.. is opening force of thq re11ef valve spring.
dh,

m. is the mass of the relief valve moving parts. Taking S, --a;-
: ' o
and rewriting Eq(B.5),
ds ' L 1
—P,)‘F""c'h']‘_"‘ ‘ ‘ (B.é)
my

(4) The Continuity equation for injector

" Fuel flow into = Discharge + Volume + Compressibility
injector from through exerted effect
high press' ‘e nozzle by needle °
pipe lift.

' dp V :
A,W..-n.A.\/—(p.. “PJtASH T (B.7)

Where S, is the needle lift and V, is the injector dead volume.
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Rewriting Eq(B.7);

dp, | 2 E .
dt“ [AW,- au.»*\.,/p—‘(pu-p.)—A,S.lv—i (B.8)

(5) Force Equilibrium eguation at the injector

Inertia force due + Force caused + Injector spring

to accelerated by pressing force
mass of injector the injector
moving parts spring
.= Force caused by + Force caused by fuel pressure
' . fuel pressure P;: Ps On needle seat area
2 ' ' o : A
m, dt? *‘c»hﬁ'r,,-(A,-A,)p"'ﬁA,pBf : '(B.9)

Where Ceown, For and m;y are the spring rate, opening force of the.
"spring and mass of the injector respectively. | Eq(B.9) can be
wéitten as;

dS L1
— [(A -A )pn"'AxPs Fob'hncn]i ' o (B.10)

Equations(B.2),(B.4),(B.6),(B.8) and‘; (B.10) are ordinary:;
differential equations and are solved with 4th orderlRunge-Kutté'
method. These equations calculate in-pump pressure, pressure at the
beginning of high pressure pipe, relief valve piston velocity, -’
pressure at the end of high pressure pipe and needle velocity as a"
function of time; The rate of injection with crank angle is then:-

computed. .he flow areas used in the above equations are computea

by correlations.
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(Ac)
{90, ~— ¢
(. \

2

AANN AN

A-Cam, B- Highpressure pump, B{- Plunger, B2~ Gallery,
C- Relief valve, C4—Piston , C2~ Spring,D- High pressurpipe,
E- Injector,E4~- Needle, E 2—-Nozzle orifices, E3- Spring.

Fig B.1 Schematic of ruel injection system(42)



APPENDIX C

IMPINGEMENT OF SPRAY ON PISTON WALLS

Referring Fig C.1 ;

The spray angle ( ¢) is given as ;

g-sin" (—g{—l—)- : | o | . .” (ci)

Length of spray tip tangent is :

H-R-Z.-(l,-r)cos(g) - (0'2.)‘I

Co-ordinates of characteristic points are ;

X,-X,nZ.sin(a-%) | } (C.3)
}:Y,-Y,\?Z.cos(a-g—) : B ' . - (C.4)
XC-XA+Z,sin(a+g-) | (C.5)
YC-Y,\-Z.cos(a'rg-) (C.6)
Xo=X,+(l,-r)sina . ' (C.7)
Yo=Y .-(1,-T)cosa . _— (C.8)
Xi;=Xo+r ’ : (C.9)
Ye= Yo (C.10)
X;=Xo#+rsinc « | | (C.11)
Y;=Yo+rcosa ‘ ' (C.12)

Xx and Y. are co-ordinates of corresponding points K of the piston

bowl
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i i

1 :!‘
Case 2 1f XB(_X,:‘S‘XC'

Yo YD’\/rz'(xl"xo)z

Xg=X,
Yc"YA"’(Yc‘Ya)x‘_xA-Yc(Casel_)
' ) c A .
. "lj ’
Case 3 If Xc<Xe<X;
. )
’ Yﬁ"Yo‘\/fz"(xg-xo)z-.Y,(Case2)
Vem Yo PO

If condition Y,SY <Y, is fulfilled,

(C.13)

(C.14)

(C.15)

(C.16)

(C.17)
(C.18)

contact between the

spray and engine piston is evaluated on the piston at point K.
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!
I

l
|
|
| PISTON

Fig C.1 Co-ordinate system for spray
impingement analysis



- AIR

‘an impinging jet, as shown by Skifstad (83), has been used ;

m,

I
dm

ds

APPENDIX D

ENTRAINMENT IN THE WALL JET

The relation for the rate of mass flow in a wall jet formed by

’

. -
0.68= { | -
T - | (D.1)

Differentiating equation_(D}l) with respect to s:

0.682 | | |  (D.2)
d. ’ : .

Using the concept of equivalent diameter for injected fluids

of different densities, equation(D.2) modifies to

Cd=

dh m,
_-0068_ ' ¢
ds d, : (D.3)
|
Mass flow rate through the nozzle orifice is :
n ’ o ‘
m,-zdfu,p,c. - (D.4)
y Orifice diameter(d.) in relation to equivalent diameter (d.)
1s
172
Pa : ' ‘
ara2) . o
Substitution of equations(D.4-D.5) into equation(D.3), taking
0.7 gives :
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%-0Q3738p.d,u, ; (D...6)
Considering eéuation (3.10) for air entrainment rate for non-
burning free jet in the absence of air swirl(Ut and Un equai to
zero) and proper substitutiop of relationship between jet centre-
line velqcity and the initiél jet velocity (uo), taking jet cone
angle of 22° and Ca = 0.7, equation (3.10) reduces to :
5:%-5.02'.5a,u,d,(,p,,pn)“2 . o o (D.7)
Equation (D.6) and equation (D.7) are similar provided is Pa
taken equal to P, in equation(D.7). Hence, the Qalue of a, = 0.074
is estimated Ey comparing.equation(D.G) and equation(D.7). Thus,
the estimated value of a, = 0.074 is used and adopted in equation
(3.10) for the wall jet. The value of normal entrainmenf-parameter
a2 = 0.05 following Sinnamon's work(79) is adopted for the wall jet
as well. ‘Hence, the following values of axial ana' normal
_ _ |

~entrainment parameters are used in eguation (3.10);

0.035 for free jet

al =
= 0.074 for wall jet
a2 = 0.05 both for free and wall jet.



APPENDIX E

THE DETAILS OF DERIVATION OF MODEL EQUATIONS

Equations(3.11-3.22) can be combined to yield the following -

S ) .
four conservation equations :
. } . :l

Fuel mass [

d|f, 2 'c,f’yay ~ I;
a[?:nble.u.~o -l—:-c-_fﬁ- -o,‘ (E.l)
Total mass
s | f2ydy: |
Slpnpu b2 YV |
ﬁs[ 2 Palla® ol-c.fB] | j
, !
-P_:t_h,(p_p,)"Z[a,(u_-Ut)'raz(U,)] . (E.2)

Tangential momentum
i

d lf‘»ydy
n
d[”"“bfl cfp]

=Pab(pap,)” [a,(u,-U,)-«»a,(U.)]U,-rc,b,%'-(u.-Ut)zi (E.3)

Normal momentum

l 1 ¢4
reontnl] [ ]G

-pab,(p_p,)"’[a,(u_fu.)fa,(u.)]u, | (E.4)

Where f refers to f(y)



Constants

. - Pa

Ie=

179

E_[a,(u.,-_Ut)+a,(U.)]
(l-clp)”z .

o' _flvdy

0 (!—c_fﬂ)’
- l‘c-faydy | ,
*"Jo (1-cafB)
' Bflydy
> Jo (1-cnfB)?

I -fl f’YdY .
¢ Jol-cafB

=" Bftydy
® Jo (1-cafB)?
L' flvdy
¢ Jo (I-cafB)

I

1

|

N

2 for free jet

0.5 for wall jet

2 for free jét

0.79 for wall jet



APPENDIX F

THERMODYNAMIC GAS AND FUEL PROPERTIES

v i
For calculation of thermodynamic properties of the gases at

any. temperature and composition, the polynomial ‘relations proposed
1 :,
by Chappel and Cockshut (169) have been used. iThese are based on

specific heat data of Fielding and Topps énd*ﬁthe values agree

closely with Keenan and Kay's gas tables. The  assumptions made

are;

(a) Dry air and products of combustion are assumed to be semi-

r

perfect gases.
{(b)  Dissociation effects are neglected
The spec1f1c heat data for dry air represented as flfth order

polynomials of temperature ;

CpumCa* €, T+C, T4 C T2+ C, T4 C, T (R
T c L€ c

h,-f C,,dT= 12, &2 Ry Ll L
CpudT=CoTe T2 22T 22T ST STCH (F.2)

Where CH is the constant of integration chosen to yield minimum
discrepancy from tabulated data and Co-Cs are constant.

The corrections applied to the air data for computing the
properties of products of combustion of varying composition are by

mear 3 of the theta functions defined as;

" (1+F, |
Hc,.(_;_._)(c,,-c,.) (F.3)

H.-(l;f')(h,-h.) S | (F.4)
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‘Where F. is the fuel-air ratio of stoichiometric mixture and Cp.

and h., are the specific heat and enthalpy of stoichiometric

mixture.

The above correction factors are then used to define the

properties of products of combustion as follows ;.

!

! c””‘ .c”;. _.F._.H

| 1+F 7 l _ ' (F.5)

!

(1,0

. H,=CH,+CH, T+CH,T?’+CH T +CH, T*+CH,T®

F'

'|: h'"‘-hql"'——H. !

1+F S | (F.6)
‘Where F is the fuel;air ratio.

The theta functions are represented as fifth order polynomials

‘s-i :

in temperature ;!

.

H, = CPo;'+CP,T+CP§T’+CP,T’.'+CP4T‘+CP,T‘ (F.7)

(F.8)

Where CPo-CPs and CHo-CHs are constants.

The liquid phase specific heat for hydrocarbon fuel is

computed from the relation(170) given as;

.- (38692.0+53.585T) |
c’ll- . pc').s (F.g)

' The constant pressure specific heat for ‘hydrocarbon fuel

vapour is evaluated using the sorrelation given in reference (170)

as ; ‘

C,r, = (0.296285 +0.000586 T){4000- p,) (F.10)
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