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Nomenclature

Variable Meaning

ASI After Start of Injection

A/F, Air/Fuel ratio

AHRR Average Heat Release Rate

A Area

BMEP Brake Mean Effective Pressure
BSFC Brake Specific Fuel Consumption
BSN Bosch Smoke Number

BSNOx Brake Specific Nitrogen Oxides
CA Crank Angle

CHR Cumulative Heat Release

CO Carbon Monoxide

CO, Carbon Dioxide

COD Coefficient of Discharge

Cx Specific heat

DI Direct Injection

DOC Diesel Oxidising Catalyst

DPF Diesel Particulate Filter

Dr Dilution ratio

Dy Diameter

ECR Exhaust Closing Retard

ECU Electronic Control Unit

EGR Exhaust Gas Recirculation

FAP Filtre a Particules (French translation for DPF)
FSN Filter Smoke Number

HAM Humid Air Motor

HAT Humid Air Turbine

HC Hydrocarbons

HLB Hydrophilic / Lipophilic Fractions
hioss heat transfer coefficient

HPEGR High Pressure Exhaust Gas Recirculation
HR Hrumidity Ratio

HSDI High Speed Direct Injection

Hyx Enthalpy

hy Specific Enthalpy

ID Ignition Delay

IMEP Indicated Mean Effective Pressure
IOA Intake Opening Advance

IOD Injector Opening Delay

Kx Rate constant

LH latent heat

LHV Lower Heating Value

LPEGR Low Pressure Exhaust Gas Recirculation
Ly Lift

my mass

M,y Molar mass




m, mass flow rate

N Engine speed in revolutions per unit time
N/C Normally Closed

N/O Normally Open

NO Nitrogen Oxide

NG, Nitrogen Dioxide

NOx Nitrogen Oxides

Ny number of moles

O/W Oil / Water

OF overlap factor

OH Hydroxyl ions

PAH Polycyclic Aromatic Hydrocarbons
PM Particulate Matter

PV Piston Velocity

Px Pressure

q specific heat transfer

Q Heat

RH Relative Humidity

ROHR Rate Of Heat Release
RPM Revolutions Per Minute
RTWI Real Time Water Injection
R« Gas constant

SH Specific Humidity

SOC Start Of Combustion

SOF Soluble Organic Fractions
SOl Start Of Injection

TC Turbocharger

U Internal energy

u specific internal energy
UHC Unburnt Hydro Carbons

v specific volume

Vi Volume

v, Volume flow rate

w specific work

W Work

W/O Water / Ol

WI Water Injection

X uncertainty of function

Xy Molar ratio

y ratio of specific heats

e relative error

0 angle

A Ratio of actual and stoichiometric air/fuel ratio
PX density

0 equivalence ratio




Introduction

Depuis une vingtaine d’années la réduction des gions polluantes est devenue un
enjeu majeur pour les moteurs a combustion intem@Eamment ceux utilisés pour la
propulsion des automobiles. Ainsi les normes gquswsedent fixent des niveaux maximum
autorisés toujours plus bas dans les pays induséa et, plus recemment, dans les pays
émergents. En Europe, pour les moteurs Diesel, niggaux de NOx et PM ont été
respectivement divisés par environ 4 et 30 enseatemes euro 1 (1993) et euro 5 (actuelle).
En outre, les objectifs en termes de réductionéeissions de gaz a effet de serre font que la
dépollution ne doit pas se faire au détriment dedasommation.

Si le moteur Diesel dispose d’'un avantage dansoceathe par rapport au moteur a
essence, sa dépollution est plus délicate. En, effets que le post-traitement s’est imposé
pour le moteur a essence avec le catalyseur 3 vpm# les moteurs Diesel les systemes
disponibles pour traiter les NOx (SCR, pieges &N& les PM (Filtre a Particules) restent
couteux et complexes a mettre en ceuvre. C’est poulayréduction a la source a été la voie
privilégiée jusqu’ici. Pour ce faire, la techniquee plus répandue est la recirculation de gaz
d’échappement (EGR), généralement refroidis. Cepeindes possibilités de recirculation
sont limitées, en particulier lorsque la charge mente par le manque dair et
'augmentation des émissions de particules.

L’injection d’eau, par différentes voies (dans lecait d’admission, directement dans
la chambre de combustion avec un injecteur séparérnémulsion avec le carburant,...) est
un moyen utilisé sur les turbines a gaz et certamogeurs Diesel industriels, par exemple en
propulsion navale, pour réduire les émissions dexp@r abaissement de la température de
combustion. La tendance actuelle a la réductiorcgendrée des moteurs (« down-sizing »)
pour réduire la consommation conduit a une augmeoriade la charge moyenne et il semble
donc pertinent d’évaluer le potentiel de I'injectid’eau comme moyen de dépollution a la
source en propulsion automobile, comme alternaiiven complément de 'EGR.

Dans cette perspective, une étude bibliographiestetout d’abord menée pour rappeler
les connaissances actuelles en matiére de combuBiesel et d’émissions polluantes, puis
pour recenser les travaux existants sur l'injectide@au comme moyen de dépollution des
moteurs Diesel.

Le deuxieme chapitre présente ensuite le dispasiperimental développé et utilisé
pour I'étude, ainsi que les éléments de thermodymaannécessaires a l'interprétation des
résultats.

Puis, dans le chapitre trois, ces éléments sodisési pour évaluer les conditions
thermodynamiques (température, état de I'eau) dansrcuit d’admission du moteur apres
I'injection d’eau, puis dans le cylindre pendand [ghases d’admission et de compression.

Enfin, les résultats des essais expérimentaux faitjet du chapitre quatre.
L’influence de l'injection d’eau sur la combustides émissions et le fonctionnement global
du moteur est décrite, analysée, et comparée filénce de 'EGR.

Finalement, les principales conclusions de I'étsdat données, et des perspectives
sont proposeées.
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For over twenty years, the reduction of pollutanti€sions has become a major issue
for internal combustion engines, especially thosedufor on-highway applications. As such,
successive emissions standards define ever deegeasmissions limits in developed
countries, and recently, in emerging economies ab. \Wwor diesel engines, in Europe, the
permissible NOx and PM levels have been divideddiyeen 4 and 30 between Euro 1
(1993) and Euro 5 (in use) standards. In additionthis, the objectives of reduction of
greenhouse gas production means that the emissionsols cannot be performed to the
detriment of fuel consumption.

If a diesel engine has anything to give away tarls ignition engine, is that diesel
engine emissions controls are much more complicAédle after treatment in spark ignition
engines has been imposed for quite a long time 3vitray catalytic converters, the systems
used in diesel engines for reduction of NOx (NOapTand SCR) and PM (Particulate
Filters) remain expensive and difficult to implemérhis is why at-the-source reduction of
pollutant emissions has been favoured till now. H&Rhaust Gas Recirculation), generally
cooled, is the most widely used technique for tWl.the same, the possibilities of
recirculation are limited since, more so when eergload is increased since fresh air is
already limited and there is a increase in partatel matter emissions.

Water injection, by different means (in the intagstem, directly into the combustion
chamber via a separate injector, emulsion or stiedtion) is a method used on gas turbines
and certain industrial diesel engine, for examptenaval propulsion, for the reduction of
NOx by reducing the peak combustion temperaturbs. pgresent trend of down sizing of
engines implies an increase in average engine maa a driving cycle, and it would seem
pertinent to study the potential of water injectias a means of in-cylinder pollutant
emissions reduction in automotive propulsion, agkgrnative or as a complement to EGR.

It is in this vein, that a bibliographic researchasvperformed to recount the present
know-how and research that has been performeddrfighd diesel combustion and pollutant
emissions, and then to list the present work onemwatjection as a means of pollutant
emissions reduction in diesel engines.

The second chapter then presents the experimeeatiap svhich was developed and
used for the study, and thermodynamic relations #éna necessary for the interpretation of
the results.

In the third chapter, these elements are used teraene the thermodynamics states
(temperature, state of water) in the intake systdtar water injection, and then in the
cylinder during the intake and compression stages.

In the end, the results from experiments perforrmatte up the fourth chapter. The
different influences of water injection on combustiemissions and overall functioning of the
engine are described, analysed and compared tetbbserved in the case of EGR.

Finally, the principal conclusions are drawn fromet study and future perspectives
are proposed.
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1. CHAPTER 1: Bibliographical survey

La combustion Diesel met en ceuvre de nombreux gsosephysico-chimiques :
injection du carburant liquide, développement d'sippray turbulent qui pénetre dans la
chambre de combustion, entraine de l'air, s’évapdrersque I'avancement des réactions
chimiques est suffisant I'auto-allumage a lieu sbeffet de la pression et de la température,
puis la combustion se déroule pour partie en préange et pour partie en diffusion. Elle
s’accompagne en outre de la production d’espécdisignies, notamment des NOx et des
particules solides. La complexité des différentsrnmmenes et la difficulté a mener des études
expérimentales dans un milieu confiné et instatimenfont que les connaissances dans le
domaine restent encore incompletes, méme si alldse@aucoup progresseé.

Compte tenu des objectifs de la these énoncés &woduction, I'examen
bibliographique qui suit se décompose en deux @agrincipales :

v' La premiére partie fait un point sur I'état de ltaen matiére de combustion Diesel et
sur les mécanismes physiques et chimiques a llerides eémissions polluantes.

v' La deuxiéme partie porte sur l'utilisation de I'equour réduire les émissions en
combustion Diesel. Les différentes technologiestaxies sont passées en revue :
injection d’eau a I'admission du moteur, injectidieau directement dans la chambre
de combustion, et injection d’eau en émulsion aleccarburant. Les travaux
antérieurs décrivant les effets de I'eau sur la bastion et les émissions sont
analysés en détail et synthétiseés.

Diesel combustion combines a multitude of physibamistry processes; injection of
liquid fuel, development of a turbulent spray Jettpenetrates into the combustion chamber,
which mixes with air and then evaporates. Whercti@mical reactions have proceeded to a
suitable limit, auto-ignition takes place under tl®mbined effects of pressure and
temperature, the combustion then proceeds in parp@mixed and in part in diffusion.
Combustion is accompanied by the production ofupetits, most of which are NOx and solid
particles. The complexity of the different phencaneaking part and the difficulty in
performing experimental studies of a process thée$ place in a confined and unsteady
environment means that knowledge on the subjecainsmncomplete, even though it has
progressed a lot.

Taking into account the stated aim of this thetkis, following bibliographic study is
divided into two main parts:

v" The first part brings the reader up to date on castlon in general and its physical
and chemical reactions that lead to the pollutamissions.

v' The second part concerns the use of water injediworthe reduction of pollutant
emissions in diesel engines. Different existingnetogies are reviewed; intake water
injection, direct water injection into the combuwstichamber, and water injection via
emulsion. The past studies that describe the effgctvater injection on combustion
and pollutant emissions are analysed in detail ayigthesised.
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1.1. Diesd engine combustion
Internal combustion engine basics:

An internal combustion engine utilises the thererargy generated by combustion of fuel to
do mechanical work. This mechanical work is obtdity making use of the increase in
pressure and temperature of the working fluid (ali)is conversion of thermal energy to
mechanical energy is done by expansion of the wgrkiuid. For automotive applications,

generally a reciprocating piston engine is usedasBes for this are relatively low cost of
manufacture, high reliability and relatively higreamanical efficiency.

Reciprocating engines use one of two thermodynayates to convert chemical energy to
mechanical output. These two cycles depend onytee d¢f fuel being used and the mode of
combustion. The cycles are:

1. Otto cycle (the basic operating principles of tlyele are also attributed to Alphonse
Beau de Rochas — thus de cycle is also known a@3dahe de Rochas) [1]

2. Diesel cycle

Working under the Otto cycle: By thermodynamic definition, the Otto cycle is quused of
four processes. These four processes are cyclicinay be used an infinite number of times.
The processes are:

1. Compression of working fluid
2. Addition of heat

3. Expansion and work

4. Release of heat

The combustion in an Otto cycle engine is star@dguan electric spark — it is therefore also
known as a Spark Ignition engine. Physically, in@ possible to distinguish between the
combustion and expansion phase in the practical @ttle. The two processes are intermixed
and the duration and intensity of the combustiopedéels on various factors, such as the
mixture density, temperature dilution and sparki@ng

As stated earlier, Beau de Rochas outlined varmperating conditions of the Beau de
Rochas (or Otto) cycle to maximise fuel efficiernayich were:

1. The largest possible cylinder volume to the minimhwandary surface area
2. The greatest possible working speed

3. The greatest possible expansion ratio

4. The greatest possible pressure at the beginnitigeagxpansion stroke.

The first two conditions dictate the minimisatioihheat losses from the combustion chamber.
The third condition recognizes that the greaterpb& combustion expansion, the greater the
work obtained from the charge. The fourth condittenognizes the fact that the greater the
initial pressure of the expanding charge, the greilie average pressure throughout the cycle
and thus greater the work obtained from the expangrocess. Although Beau de Rochas’

14



unpublished work predates Otto’s, the fact thanbeer practically make a working engine
gives Otto the credit of being the first inventdrtbe internal combustion engine as it is

known today [1].
This theoretical cycle can be translated physidally four processes:
1. Intake of fresh air / fuel charge
2. Compression of the air / fuel charge
3. Combustion and expansion of the air / fuel charge
4

. Exhaust of the combustion products

s}
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Figure 1. Theoretical and actual Otto cycle Pressure — Voldiagram traces
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Comparing the theoretical and physical Otto cydies following table is presented

Theoretical Otto cycle Practical Otto cycle

Compression (point 1-2) Compression (point 1-2)

Addition of heat (point 2-3) Combustion of air gficharge (point 2-3)
Expansion and work (point 3-4) Expansion of combdstir / fuel charge (point 3-4)
Release of heat (point 4-5) Exhaust (point 4-6)

Gas exchange (point 5-6-1) Intake of fresh aiel tiharge (point 6-1)

Table 1. Comparison of theoretical and real Otto cycle pbas

Working under the Diesel cycle:The main difference between the Otto and Dieselecy
engines can be found in the combustion phase aadesser extent in the intake phase:

1. Intake of fresh air / fuel charge
2. Compression of the air charge
3. Fuel injection near TDC, subsequent combustionextpénsion of the air / fuel charge
4. Exhaust of the combustion products
A A
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Figure 2. Theoretical and actual measured Diesel cycle pressalume diagram traces

Theoretical Diesel cycle Practical Diesel cycle

Compression (point 1-2) Compression (point 1-2)

Addition of heat (point 2-4) Combustion of air eficharge (point 2-4)
Expansion and work (point 4-5) Expansion of combdstir / fuel charge (point 4-5)
Release of heat (point 5-6) Exhaust (point 5-6)

Gas exchange (point 6-7-1) Intake of fresh aiel tiharge (point 6-7-1)

Table 2. Comparison of theoretical and real Diesel cyclespka

Traditional diesel engine combustion is characterisy lean global air/fuel ratios, an initial

pre-mixed combustion followed by a diffusive comtws. If the time taken for the fuel jet to

burn (ignition delay) is shorter than the injectidaration, the combustion is termed as
diffusive combustion.
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For ignition and subsequent combustion, there wecelasic requirements, a flammable fuel
vapour / air mixture and an energy source. In aksgggition engine, the spark is the energy
source. In a compression-ignition engine howeve energy is supplied by the compression
of air entrapped in the cylinder which raises isnperature sufficiently to cause auto-
inflammation. The necessary temperatures of therati500°C and higher are obtained with
compression ratios ranging from 12:1 to 23:1 dependn cylinder size, combustion
chamber shape and whether the engine is superchargaturally-aspirated.

800 L L T T L L T T T
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Figure 3. Rise in in-cylinder air charge temperature witbpect to piston stroke in percent of movement from
BDC to TDC [2]

The curves shown in tHegure 3 are calculated from an actual pressure measuresueng

the compression stroke [22]. The full line in thmee figure shows the relationship between
the piston stroke and the rise in temperature. §vthie dashed line shows the relationship
between the crank angle and the temperature riseciiank angle is defined as a a percentage
of 0° to 180° with 0° being BDC and 180° being TD@e can see from the crank angle
history, that the last 10% or so of the temperatis® take place in the last 10% or so of the
crank angle movement (18°) or 10% of the total ttmeompress the mixture. For chemical
reaction, the temperature rise / time history ipanant.

As an example, a Rate of Heat Release (ROHR) draggresented [1]. This diagram is for
a direct injection diesel engine. The fuel injentiorofile is presented iRkigure 4. A curve
defining the rate of burning is shown in the bottpart of the figure for each slice of the
injected fuel amount.
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Figure 4. Injection rate for a DI diesel engine without fpngection [1]

For the same period of injection, the ROHR curvehswn inFigure 5. In this please note
that 180° and TC are the same reference pointgeitwo figures.

Ignition Premixed combustion phase

— delay
period

I { i Mixing-controlled combustion phase

Rate of heat release

Late
—w=fs— combustion

| 501 EOI

l‘ I | l I L I |

160 4 p 170 180 190 200 210
Crank angle, deg

Figure 5. Rate of heat release for a direct injection diesgjine [1]

The combustion process can be divided into fougesta

a. The first stage where the fuel is injected into tleenbustion chamber. The
fuel injector injects fuel at high pressure inte tieated air charge. The high
relative velocity of the fuel jet — or jets, fomaulti-orifice injector — against
the air charge causes the fuel droplets to atoriisis. atomisation also aids
in the mixing of the fuel droplets with the air,aporating the fuel in the
process. These evaporating droplets start to maay &om the core of the
jets. An air / fuel mixture has thus started taricand the high temperature
encourages the reaction of the mixture even thawghppreciable energy is

18



released. Ignition eventually starts to take plbetwveen the core and the
outer fringes of the fuel jet / vapour envelope #r&pressure in the cylinder
thus starts to increase above the compression The. first phase of
combustion thus ends. This phase is known as thigag delay (ID).

b. In the second phase of combustion, the fuel that iwj@cted burns quickly
and a relatively large amount of heat is relea3éds can be seen iRigure
5 between pointb andc. in the first half, the fuel / air mixture burnaigkly
and then the intensity tapers off. This is knownhaspre-mixed combustion
phase.

c. In the third phase of combustion is the mixing-coléd combustion or
diffusion combustion. Here, the combustion rateastrolled by the fuel
injection itself. This can be seenkigure 5 between the pointsandd.

d. The fourth phase of combustion continues well itite expansion stroke.
This combustion phase may be a result of partiatlgurned fuel. A part of
the fuel energy is present in the fuel-rich comimnstproducts and soot
which is released as better mixing takes placenduttie expansion stroke.
The reaction processes taking place during thisglae much slower as the
charge temperature falls. Figure 5, the combustion curve from poidto e
Is characteristic of this late combustion phase.

Dec et al. [5, 6] have developed a conceptual mddpicting the physical conditions of fuel
in the injected fuel jet. The shape of the develgpiuel jet is depicted ifrigure 6 in a
conceptual diagram:

Scale (mm)

[ Fuel-Rich Premixed Flame
B Initial Soot Formation

B Thermal NO Production Zone
B Soot Oxidation Zone

Figure 6. Dec’s conceptual model of combustion of a fue[5et6]

This model has been developed using laser imagmgis a qualitative in nature. A few
details on the optical-access test engine: It sngle-cylinder 4-stroke engine based on a
Cummins N-series DI diesel engine with a 140mmkstrand a 152mm bore. The cylinder
head is the original cylinder head that came withéngine to keep the flow characteristics as
unchanged as possible. The piston is a classieneat-piston design with a piston-crown
window. Additional windows are added around the ¢ the cylinder wall to provide the
orthogonal optical access necessary for the 2-&r lasaging. These windows allow the laser
sheet to enter the combustion chamber horizonfalpng the axis of the fuel jet). Details of
the installation may be seen in the figure shownwe
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Figure 7. Test engine used for investigation of fuel jet castion [5, 6]

The engine is made to run at 1200 rpm, with a neaktofDC temperature of 992K and

pressure of 50 bars, before the test was condutttecengine was heater to 368K. The fuel
load is relatively low ofd = 0.25 [6]. With reference tBigure 8, we see that the injection

nozzle needle lift and Average Heat Release RattR{R) are given.
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Figure 8. Time-based evolution of combustion of a fuel jdt [5

As the fuel is injected, the hot / compressed airapped in the combustion chamber is
entrained by the fuel jet. This continuous entrantnof air into the fuel jet increases its
temperature, and imparts heat energy to help ttlesAporise. This vaporised fuel exists as an
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envelope around the fuel jet and the temperataréssio rise to 750 K [5] and basic chemical
reactions start to take place. Heat produced fitoese reactions and the further entrainment
of hot air into the fuel jet increases the tempematto around 825 K [5]. At these
temperatures, basic oxidation reactions commenceowling to Dec et al. [5], the chemical
products at this stage are largely composed bf,CC,H,, CsH3, CO and HO. The short-
chain fuel components are the basic building blookgolycyclic aromatic hydrocarbons
(PAH) that lead to the production of soot. Durihgge reactions, the temperature in the fuel
jet increases to around 1600 K. These hot combugtioducts are pushed out by the fuel jet
and then re-entrained in to the jet with the hetiaithe cylinder. This has an effect of
stabilising the fuel jet similar to the one showrthe second frame @figure 8. In this case
the stabilised fuel jet / combustion plume is afdi at 10° After Start of Injection (ASI).
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Figure 9. State of the fuel jet during development and gstailisation [5]

Figure 9 shows the development of the fuel jet as it hapteind subsequently stabilises [5,
7]. The first frame shows the rise in temperatureghe fuel jet and entrained air in the
combustion chamber. The second frame shows adalitiaformation on the fuel jet using
three axes. The first axis correlates the lengtthefspray with the crank angle, the second
axis shows the evolution of the fuel jet in ternigime in milliseconds and the third axis
shows the average equivalence ratio estimated fnotmg correlations [5]. These values are
calculated using Siebers jet mixing correlations I7 the quasi-steady state, the temperature
of the fuel jet rises from around 350 K to 650 Kidlincrease in the temperature is due to the
direct transfer of heat from the hot compressedoaihe fuel jet. As the higher temperatures
are reached, exothermic reactions start to takeead the temperature in the fuel jet starts
to rise to around 825 K. At this point, rapid oxida of the fuel components starts and the
temperature rises. The energy of the low temperatxidation is sufficient to raise the
temperature of the rich air fuel mixture in the tetabove 1150 K. At this temperature level,
the speed of the combustion reactions increasadlydpading to the consumption of all
available oxygen in the fuel-rich region. The hpaiduced by these reactions increases the
temperature in the jet and entrained air to ardl6@D K.
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Figure 10. Evolution of temperature and chemical composiiioa flame plume [5, 6]

Figure 10 provides a comprehensive look into the thermalaremical makeup of an air/fuel
spray jet. Surrounding the burning plume, a thipetaor envelope of diffusion flame is
formed where oxidation takes place and productoofbustion are formed. In this diffusion
flame envelope, particulate matter and fuel fragimane converted to G@nd water vapour.

In this region, temperatures are high, providingaidconditions for NOx production. Inside
the hot envelope, we find a rich premixed combustamne. The products of the rich
combustion are oxidised at the diffusion flame acet

Siebers et al. [60] have performed a correlatiomveen the flame lift-off length and oxygen
concentration of the air charge. In general, thieoff length is defined as the distance
between the surface of the injector nozzle tiph@e) and the point where combustion takes
place in the air / fuel jet. The test apparatussiia of a constant volume combustion vessel
of 108mm length per side. The fuel injector is mednin one of the walls of the combustion
chamber while each of the other walls has a 105mameter sapphire port for visualisation.

Spark Plug

- » Pressure
Mixing I i - Vessel
Fan 4 )

Fuel
i Injector

o

Combustion
Chamber

Sapphire J L Window Retainer

Window
Figure 11.Cross section schematic of the combustion ve882I [

The temperature, density and composition of thechasge in the combustion vessel can be
varied. The possible ranges of temperature andtgieaishe time of fuel injection are 600 to
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1400 K and 3.6 to 60 kgfinrespectively. Some tests performed on the apgasitow the
following results

80

f=)]
(=]

53]
[=]

W
(=]

7of

Lift-off length [mm]
S
| ZEGLASER By AT RO S |

Ty

L] v T L) ] v ¥ v ] v ¥

0, [%V]), Z
- =¥= = 15,0.046 .
p=73kgmd ... @ 17, 0.051 4
\ --m-~-19,0.057 1

‘-‘\ —— 21,0.062 ]

b2 1

e 1 2 1 A 1 A 1 A L n 1 A
900 800 900 1000 1100 1200 1300 1400

Ambient-gas temperature [K]

Lift off length versus ambient gas
temperature for four gas oxygen
concentrations. Ambient gas densities of
7.3 and 30 kg / th

80

USATSSR S, SEEL o e e L R DU Lift off length versus ambient gas
0, .
70l \ Op[%v].Z¢ 1  temperature for two gas oxygen
p =148 kg/m? - -¥--15,0046 {  concentrations and three ambient densities.
o 60} 7.3 —— 21,0.062 4
E 50l -
£ | ]
2 a0} -
g ]
=
o 30F B
“d_n__: i 30.0 |
— 20t -
10k .
- E
C A 1 L L 1 L P | I - I | Y
700 800 900 1000 1100 1200 -1300 1400
: Ambient-gas temperature [K]
e s e N e TS Lift off length versus ambient gas
7ok '14\8 kg/m? O.[%vl 24 1  temperature for four gas oxygen
i £ = “"‘ - 15,0046 1 concentrations — where ambient density is
'560: 4 T s 1; ggg;'_ 14.8 kg/ni and for oxygen concentrations
A e ' 0 0 i
E sot . o— 21,0027  Of 15% and 21% at a density of 58.5 kg/m
2 4of :
s ! ]
%5 sof -
~ 20f J
1oF i
[ ]

A 1 L 1 A i i [l 4 { I A
900 800 900 1000 1100 1200 1300 1400

Ambient-gas temperature [K]

Figure 12.Lift off length comparison for different densitiasad oxygen concentrations [60].

Conclusions drawn from the research are as follows:

1. Lift off length is inversely proportional to the @mnt gas oxygen concentration,
increasing as the oxygen concentration decreaégs [6
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. Due to two cancelling effects, the total amounbvxygen entrained upstream of the lift off
length does not change with the ambient oxygen exnation. The two effects that
cancel each other out are the reducing oxygeniantemt rate due to a smaller fraction of
oxygen in the entrained gas, and the increasdtioffilength that allows for more total
ambient gas — and thus oxygen — to be entrainetteaps of the lift off length. This
however does result in the dilution of the air élfiet due to increase in diluent in the
ambient gas [60].

. Soot formation reduces as the amount of premixiegveen fuel and ambient gas
increases, becoming negligible when the oxygenagmtrent is sufficient to reduce the
cross sectional average equivalence ratio in thmefuml jet to below a value of
approximately two, at the lift off length [60].

. As the ambient gas oxygen concentration decretdse#ft off length increases in relation
to the liquid length. This trend indicates a regurctof interaction between combustion
and fuel evaporation processes as the ambientgagei® concentration decreases [60].

. The regions in a fuel jet where combustion and $mwhation occurs is pushed along the
fuel jet further away and stretched out as oxygencentration in the ambient gas
decreases. These trends are due to the increasésoifi length and decreasing rate of
oxygen entrainment per length of jet length withcrdasing ambient oxygen
concentration. This in turn decreases the localleation rate, increases the length of the
fuel jet and the time required to complete the costibn process [60].
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1.2. PM and NOx production in diesel engines:

1.2.1. Health effects of PM and NOx emissions
Nitrogen Oxides:

As for PM, the evidence of effects of W@n health comes from different sources of
information. These sources include observationaegpiology (study of factors affecting
health of populations), controlled exposures of Anmto the pollutants in question and
animal toxicology tests. The observational datademved from studies outdoors where NO
is one element of the complex mixture of pollutantissions found in ambient air. This is in
addition to studies of NQexposure indoors where its sources include unedeabmbustion
appliances.

Interpretation of evidence on outdoors N&posures is complicated by the fact that in most
urban locations, the nitrogen oxides that formzM€ primarily emitted by motor vehicles,
making it a strong indicator of vehicle emissionscluding other unmeasured emitted
pollutants). NQ (and other nitrogen oxides) is also a precursorafarumber of harmful
secondary air pollutants including nitric acid, thigrate part of secondary inorganic aerosols
and photo oxidants (including ozone). The situatisralso complicated by the fact that
photochemical reactions take some time (dependmg¢he composition of the atmosphere
and meteorological parameters) and air can trawelesdistance before secondary pollutants
are generated. These relationships are shown sthaltyan Figure 13,

0, PAN

Motor vehicles and other

\ / oxidants
. —» :> Increased risk for
NO: NO, > adverse health

/' \ olnfcomes

Other sources
PM (via HNO;)

Figure 13. Simplified relationship of Nitrogen Oxides (NOxnhissions with
formation of NO2 and other harmful reaction proguct

Health risks from nitrogen oxides may potentialgsult from NQ itself or its reaction
products including @ and secondary particles. Epidemiological studieNO, exposures
from outdoor air are limited in being able to separthese effects. Evidence of the health
effects of NQ by itself thus comes largely from toxicological dies and from observational
studies on N@exposure indoors.

PM:

Airborne Particulate Matter (PM) represents a ca@xphixture of organic and inorganic
substances, whose mass and composition in urbanoements can be divided into two
classification groups — coarse particles and fiadigles. The limit between these two types
of particulates lies in between 1 and 2.5 um (nrmsjoFor general cases however, the limit is
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set at 2.5 pum, in aerodynamic diameter (Aerodynahameter is an expression of a particle's
aerodynamic behaviour as if it were a perfect sphdth unit-density and diameter equal to
the aerodynamic diameter. Such a model has the sameal settling velocity) as PM for
measurement purposes. The smaller particles cortambustion particles, secondary
aerosols (gas to particle conversion) and re-casgteorganic and metal vapours. The larger
particles usually consist of earth crust materdqald dust from roads and industries. Most of
the acidity (Hydrogen ion) and the mutagenic cayadf particle matter is present in the fine
fraction. Whereas most of the mass is found irfitlteefraction (between 100nm and 2.5 um),
the largest number of particles is present is founithe very small sizes, i.e. below 100 nm.
As anticipated from the relationship of particlduroe with mass, these ultra-fine particles
often contribute to over 90% of the particle cowttile being only a few % of the total
particulate matter mass [4].

PM air pollution is a mixture of solid, liquid ookd and liquid mixture suspended in air.
These suspended particles vary in size, compostioth origin. It has been considered
convenient to classify these particles in termghefr aerodynamic properties, since it allows
us to: (a) govern transport and removal of PM fraim (b) govern their deposition in the
respiratory tract and (c) they are associated thighchemical composition and source of these
particles. These properties are summarised by #sodynamic diameter. Particles are thus
sampled according to their aerodynamic diametexsally simply called the particle size. The
sizes of these suspended particles vary over falars of magnitude, from a few nanometres
to tens of micrometers. The largest particles,edathe coarse fraction, are mechanically
produced by the break-up of larger solid particBast from agricultural processes, dirt,
mining operations, particles from evaporation da-spray, pollen grains, mould spores, and
plant and insect parts all come under the coamtelgarange [4].

The amount of energy required to break these pestioto smaller sizes increases as the size
decreases, which effectively establishes a lowmit Ifor the production of these coarse
particles, the limit of which is of approximately dm. Smaller particles, called the fine
fraction or fine mode, are for the most part fornfemn gases. The smallest particles, less
than 0.1 um, are formed by nucleation, that is,deosation of low-vapour-pressure
substances formed by high-temperature vaporizatonby chemical reactions in the
atmosphere to form new particles (nuclei). Fouranajasses of sources with equilibrium
pressures low enough to form nuclei mode partides yield PM: (a) heavy metals
(vaporized during combustion); (b) elemental carffoom short Carbon molecules generated
by combustion); (c) organic carbon and (d) sulphated nitrates [4].

Particles in this nucleation range or mode grovedggulation, that is, the combination of two
or more particles to form a larger particle, ordmndensation, that is, condensation of gas or
vapour molecules on the surface of existing pasiclCoagulation is most efficient for large
numbers of particles, and condensation is mostieffi for large surface areas. Therefore the
efficiency of both coagulation and condensationrei@ses as particle size increases, which
effectively produces an upper limit such that gées do not grow by these processes beyond
approximately 1 um. Thus particles tend to “accuateilbetween 0.1 and 1 um, the so-called
accumulation range [4].

Sub micrometre-sized particles can be producedhbycbndensation of metals or organic
compounds that are vaporized in high-temperatumebeastion processes. They can also be
produced by condensation of gases that have beemited in atmospheric reactions to low-
vapour-pressure substances. For example, sulpbuiddiis oxidized in the atmosphere to
form sulphuric acid (EBOQ:), which can be neutralized by Nk form ammonium sulphate.
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Nitrogen dioxide (NQ) is oxidized to nitric acid (HN€), which in turn can react with
ammonia (NH) to form ammonium nitrate (NMOs). The particles produced by the
intermediate reactions of gases in the atmospherealedsecondary particlesSecondary
sulphate and nitrate particles are usually the danti component of fine particles.
Combustion of fossil fuels such as coal, oil anttgdecan produce coarse particles from the
release of non-combustible materials, i.e. fly dgie particles from the condensation of
materials vaporized during combustion, and secgngarticles through the atmospheric
reactions of sulphur oxides and nitrogen oxidesaihy released as gases [4].

Sulphate and organic matter are the two main dmutors to the annual average RMnd
PM,s mass concentrations, except at kerbside sites wimeneral dust (including trace
elements) is also a main contributor to KMOn days when PM> 50 ug/m®, nitrate becomes
also a main contributors to Ryland PM . Black carbon contributes 5 — 10% to Pjand
somewhat less to PMat all sites, including the natural backgroundssitiés contribution
increases to 15-20% at some of the kerbside gijes [

Because of its complexity and the importance otiglarsize in determining exposure and
human dose, numerous terms are used to describ&&ke are derived from and defined by
sampling and/or analytic methods, for example, psusled particulate matter”, “total
suspended particulates”, “black smoke”. Othersrrefere to the site of deposition in the
respiratory tract, e.g. “inhalable particles”, whipass into the upper airways (nose and
mouth) of the respiratory system, and “thoracictipl®s”, which deposit within the lower
respiratory tract, and “respirable particles”, whigenetrate into the gas-exchange region of
the lungs (alveoli). Other terms, such as “BMhave both physiological and sampling

connotations [4].

Exhaust gases emitted from diesel engines are ceedpof different constituents. Carbon
particles, organic and inorganic compounds, ashoétihe gases / vapours emitted, the main
constituents are £N,, water, CQ, NOx, PM, UHC and CO.

Diesel engine combustion is characterised by leemadl air / fuel ratios. It is for this reason
that UHC and CO production rates are relatively lmsvcompared to S| engine. These are
relatively easy to oxidise using Diesel Oxidisingt&lysts. Hence most efforts are focused on
PM and NOx control.

1.2.2. Particulate Matter production

“Particulate Matter” (PM) consists of all the cheali species existing in the exhaust gases
after cooling. Particulates are suspected to cesmgratory problems in human beings. PM
can be divided into three groups in general [In@ 4:

a. Soot: These are solid carbonaceous particles. dteegomposed of spherical
carbon aggregates

b. The Soluble Organic Fraction (SOF): These includeavly organic
components, such as unburnt Hydrocarbons (UHC)genxgted derivatives
(ketones, esters, aldehydes, organic acids) as aseRolycyclic Aromatic
Hydrocarbons (PAHS) and their oxygenated and eitraerivatives.
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c. Non-organic residue: These consist of mineral tesscthat may be present
in the fuel itself or in the lubricating oil. Nittes and Sulphates are the most
common form of non-organic particulates as weksts.

1.2.2.1. Fundamental mechanisms of Particulate Matter produton:

According to studies done by Dec et al. [5], paftate formation follows the path as
described in the following paragraph.

The products obtained by the early stages of cotidsugare small. These products are as
described earlier, composed of partially burnt ticacs of hydrocarbons of [Cor smaller.
Generally, GH,, GH4 and GHz combine to form PAHs that are considered to be soo
precursors. The temperature reached during thisapaixidation of fuel is of the order of
1600 K. This high temperature coupled with the abeeof oxygen is considered to be
favourable for the formation and agglomeration aflidn particles.

The appearance of small particulates in the conmuusir/fuel plume has been indicated by
various diagnostics performed by Dec et al. the sizthe particles appears to increase as the
particles move along the air/fuel spray plume.

The overall chemical and thermodynamics analy$osval the speculation on local conditions
in the air/fuel spray plume such as temperaturggen/fuel ratios, and the energy or heat
release rate in different zones of the flame.

Figure 14 shows a potential evolution of chemical reactiamsan air/fuel spray plume.
Temperature, cumulative heat release, soot pramyctixygen and NOx concentrations are
shown. The time scale at the bottom of the grappwshthe relative time taken by one
molecule of fuel from its injection into the hotr @harge until it is fully consumed. These
times are of the order of .3 to 2 milliseconds.
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Figure 14. Speculation on the types of reactions presertarair/fuel spray plume [5]

As shown in the figure, the fuel enters the airrghaat a relatively modest temperature. This
fuel is then heated by the entrained air. Theahithemical reactions start to take place and
the temperature steadily starts to rise to 650 &th/& point, no significant chemical reactions
have taken place, and the rise in temperature effubl is due to the mixing with the hot
compressed air present in the combustion chambyer.riBe in temperature at this point is
governed by the degree of mixing and the initiedperatures of the air and that of the fuel.

Inside the diffusion flame sheath where the tentpesaof the air/fuel mixture increases
rapidly, temperatures of 825 to 850 K are obsenddhese temperatures, chemical reactions
start to break down the fuel components into smalhains that use up all of the available
oxygen to form CO, C@ and HO. As a result of these chemical reactions, the@é&rature of
this mixture of combustion products reaches 1600K.

As the half-reacted fuel fragments travel towardle flame sheath, the convective and
radiative heat transfer from the flame sheath catise temperatures of these fragments to
increase. The flame sheath itself is a very thactien zone. This thinness owes to the fact
that the local reaction rates are very high. Ldeatperatures of 2500 K are observed and
these combustion reactions accelerate markedlyeab@00 K.

Referring to the cumulative Heat Release diagramsee that only 10 to 15 percent of the
total heat is released in the primary reaction zdree rest of the heat is released at the
diffusion flame interface. This can be referencethg the relative time frame shown at the
bottom ofFigure 14.

Speculations [5] have been made concerning theuptimeh of Particulate Matter in that they
could be a result of the fuel passing from the fogctor directly to the flame plume without
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being oxidised. The resulting pyrolysis of the fasblecule may result in the formation of
soot patrticles. It has been seen however thatabltng structure of the soot molecules is
different to that typically obtained from diesehfas.

There are six processes that are well defineddot generation processes, and they are listed
as follows:

a. Oxidation

b. Pyrolysis

c. Nucleation

d. Coalescence
e. Surface growth
f. Agglomeration

The first process, oxidation, can happen at any timthe air/fuel flame plume converting
hydrocarbons to CO, COand HO.

Oxidation: Oxidation is the conversion of HC to CO, £énd BHO. Once carbon has been

partially oxidised to form CO, its will no longenfluence the production of soot. It has been
stated in a review by Tree & Svensson [8] thatsthat oxidation starts from 1300 K onwards.
The structure of soot is graphite-like and haraxalise. Generally, the oxidation process of
small carbon particles is believed to consist ofgen molecules being absorbed by the
carbon on the surface, and then desorption of thedecules combined with the carbon. OH
radicals are responsible for oxidation in rich atmlchiometric conditions, while a mixture of

O, and OH radicals will dominate for lean combustiomditions [8].

Pyrolysis: Pyrolysis is defined as the changing of chemitaicsure under the influence of

heat without oxidation. In general, pyrolytic raanos are endothermic and their rates of
reaction depend on the temperature and reactardentration levels. Pyrolysis reactions
generate soot precursors or building blocks. Theegdion of soot precursors is a
competition between the oxidation rates and thelgiic reactions. As temperature rises,
both pyrolysis reactions and oxidation reactiorsespup, although the rate of reaction for the
oxidation reactions speed up faster as temperatses. This fact may explain that both
premixed and diffusion flames produce less sodheis temperatures are increased. All fuels
undergo pyrolysis and produce essentially the stypes of species; PAHSs, unsaturated
hydrocarbons, polyacetylenes and acetylene.

Nucleation: Nucleation is the process by which particles areméal from gas-phase
reactants. It is generally believed [8] that theleation process consists of radical addition of
small aliphatic HCs to large PAHs at temperaturetsvben 1300 and 1600 K. These particle
nuclei do not directly contribute to the soot masst provide sites for particle growth.
Nucleation sites are generally restricted to aaegiear the primary reaction zone where
temperature and radical concentrations are theebigh

The presence of a general fuel-independent sootdion mechanism [8] is indicated which
has different routes to intermediate species. Thesgtes are affected by the initial fuel type
and temperatures. The tendency to soot is thushdepé on the initial formation of the first
and second ring structures. Soot nucleation andtgrare similar for all fuels and these
processes are faster than the formation of the rdimg structures. Thus, the relatively slow
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initial ring formation process determines the dootnation rate, which in turn determines the
amount of soot formed. Two propynyl radicalgHg are likely to form the first ring. This
aromatic ring absorbs alkyl radicals and develops & PAH structure. This PAH structure
grows in the presence of acetylene and other vaploase soot precursors. At some point in
time, the PAH is large enough to develop into digarnuclei, which at this point contains
large amounts of Hydrogen.

Surface growth: Surface growth is the process by which mass is chdolehe surface of a
nucleated soot particle. There is no clear distincbetween the end of nucleation and the
start of the surface growth. During surface grouwltle, hot surfaces of the soot particles easily
accept gas-phase radicals, usually acetylenesnénedase in soot mass is thus encountered
without an increase in the number of particles. ftagority of the soot mass is added during
surface growth and thus the residence time in dime of surface growth has a large influence
on the total soot mass. Surface growth rates ayleehifor smaller particles than for larger
ones as smaller particles have more reactive roslies.

Coalescence and agglomerationCoalescence and agglomeration are both processes b
which particles join together and combine. Coaleseeoccurs when particles collide and
coalesce, thus reducing the number of particledewhaintaining the soot mass. Typically,
agglomeration leads to string-like structures bdorghed. It has however been noted in some
cases that the agglomerate clumps together.

1.2.2.2. Physical parameters and their effects on soot fornien

It is of interest to see how physical operatingapagters like stoichiometric ratio, pressure,
temperature etc. affect the soot formation proc®&s.nature, diesel engine combustion
consists of a turbulent flame that burns in partpremix and in part in diffusion. This
variation in operating conditions makes it a veiffiailt combustion system to analyse and
model. Researchers have however, tried to resblsetissues by studying these flames in
controlled laboratory environments in combustiomrobers where physical parameters and
fuel compositions can be closely controlled. A suaryrof these studies is presented here.

Temperature: Temperature has, of all the known physical pararsethe greatest effect on
the soot formation mechanism. Temperature hasetidency to increase the rates of all types
of reactions in the soot formation process. It haen generally noted that soot inception
begins around 1400 K while soot burn-off ceasesvibdl300 K [8]. As temperature increases,
the rate of oxidation increases faster than the odtformation of soot. In a well-mixed
combustion reactor, where the oxidation and foromatieactions are occurring at the same
time, the highest rate for soot formation is in tagion of 1500 to 1700 K [8]. In the case of
premixed flames higher temperatures decrease métf@onation. In the case of diffusion
flames however, the soot formation rates increagh imcreasing temperature. On tests
performed in an optically-accessible constant-vauwombustion chamber Siebers et al. [9]
have studied the effects of injection pressure,iantkdensity (or pressure, indirectly) and
ambient temperature on flame lift-off and soot fation characteristics. Their studies have
shown that while a rise in temperature decreasediftboff length, similar ambient pressure
i.e. density dictates that the equivalence ratidtadff length is higher. This would lead to an
increase in soot formation rate as well.

Pressure: Pressure changes in the gases enclosed in a coombcisamber cause changes in
the flame structure, propagation velocity, tempematand thermal diffusivity. Isolating the
effects of pressure changes alone can thus beuiffFor premixed flames, an increase in the
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tendency to soot as the pressure is increasedaesl f®]. In the case of diffusion flames, the
increase in pressure decreases the thermal ditfpsind changes the flame structure. It has
been seen that the soot volume increases with enease in the charge pressure. The
variation of soot formation volume with respectpi@ssure increase varies betweén &d

P?? [8] depending on combustion conditions. Highersptees have also yielded larger
particles, lower peak flame temperatures and atgrgarticle number density. Siebers et al.
[9] state that as a general trend, for the sam@deature, increasing the ambient pressure or
density forces the lift-off length to become shorfehe local equivalence ratio at the lift-off
length also increases as the ambient pressurersased. This would increase the propensity
of the fuel jet to soot. The soot processes alsoecoearer to the injector nozzle as the
ambient pressure increases. As a side note, ibéas noted that as the equivalence ratio at
lift-off length approaches 2.0 or below, no soatiésectable in the fuel jet [9].

Stoichiometry: The effects of stoichiometry on soot formation eoenplex. Oxygen can be
added to the fuel either via mixing with air, or ¢dlyanging the composition of fuel such that it
incorporates oxygen as a part of the chemical &trec For diesel engines, generally, only
premixing effects with air are considered. In gaheaddition of oxygen quantity in the
premixed mixture decreases the quantity of soohéat. This however, is not always the case
as oxygen also has the effect of speeding up tmebugstion reactions and increasing
temperatures. It can thus be very difficult to sapm effects of oxygen from the effects of
temperature change due to oxygen. Results preseni8pshow that in different air/fuel jets,
as the quantity of oxygen is increased, the ratgoof formation increases as well. This soot
formation rate increases to a maximum level afteictvit drops down to zero at the critical
sooting equivalence ratio. It was concluded froesthtests that the initial increase in sooting
is due to the fact that oxygen molecules favouinanease in the reaction zone temperature
leading to increased intensity of pyrolysis reawdioThese pyrolysis reactions as discussed
earlier, give rise to soot precursors. Eventualpeak in soot formation rate is reached where
the oxidation reactions and the pyrolysis reactians in equilibrium, after which, the
oxidation reactions become much more significarthagemperature rises. These phenomena
are much more pertinent to diesel engine combustiotihe equivalence ratios are between 2
and 10, where most fuels tend to soot the mosadidtion to this, it is not necessary to
decrease equivalence ratio to stoichiometric tmiakte sooting as it is only required to
convert carbon molecules to CO and they can noeongke part in the soot formation
reactions.

1.2.2.3. Modelling of soot processes:

Seeing that the soot formation processes are splegjra large number of models have been
proposed that try to explain the effect of diffdreparameters on the soot formation rates. In
general, these models divide the overall soot ftionarate into two steps: soot generation,
and soot oxidation. The difference between these tates determines the overall soot
formation rate. An example model originally propdsey Jung and Assanis [12][18] is
presented below:

d E
M - Am, P%expg-— 1
dt ’ RT
P
—dn‘gb = Abmsipl-8 ex _E 2
dt P RT

Where:
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Msf, My . Mass of soot formed and burnt respectively

ms . Mass of soot

M ev : Mass of evaporated fuel

P . Cylinder pressure

Po, . Partial pressure of oxygen

T . Temperature

R . Perfect gas constant

A, A . Constants that are used to calibrate the measuarkdadculated values of
soot

Esr, Esb : Energies of activation of soot formation and saghing respectively with

values of & = 1.25 x 10 cal/mol, Ep= 1.40 x 16 cal/mol
The net soot formation rate can then be expressed a

dm _dm; dm,

dt dt dt
Another soot formation model is the Nagle and &kaied-Constable oxidation model. This
model is based on experiments of oxidation of gtagh an Q environment over a range of
partial pressures. In this model, the oxidationussdy two mechanisms whose rates depend
on the surface chemistry involving more reactiy€ Sites and less reactiveB” sites. The
chemical reactions are:

A+0O, - A+2CO
B+0O, « A+2CO
Ao B
The NSC soot oxidation rate as implementeHdn 3is given as:

M
am, _ M. m.w 7

dt  pd, °
Where M is the carbon molecular weight (12 g/molg)is the soot density (2.0 g/érand d
is the soot diameter (4.5 x 1@n). The term w irEq. 7 is the net reaction rate of reactions as
given inEqs. 4to 6, and is defined as:

K.P
W=(a—OZJx+ KPR, (1= x) 8

1+ K, R,

3

Where Pg s the partial pressure of oxygen given in atmesgh and the proportiox™of A
sites is given by:
Po, o

X=—2
Po, +(K(/Ky)

33



The rate constants used in the NSC oxidation ma@egiven inrable 3 below:

Rate Constant  Value Units

Ka 20 exp(-15100/T) g-C/cfrs.atm
Kp 4.46 x 10° exp(-7640/T) g-Clcfs.atm
K 1.51 x 10 exp(-48800/T) g-Clcis

K, 20 exp(-15100/T) ath

Table 3. Table giving the rate constants and their valoesi$e in the NSC soot oxidation model [21]

1.2.3. Nitrogen Oxides production

Nitrogen oxides group two types of chemical produtgether, NO and NOIn general,
internal combustion engines produce more NO thap &Ca product of combustion. In spark
ignition engines, N@NO ratio is very low. In the case of diesel engit®wever, this ratio
can be as high as 30% [1].

1.2.3.1. Fundamental mechanisms of NO production:

The main source of production of NO in internal Gwstion engines is atmospheric Nitrogen.
This atmospheric Nitrogen, under the effect of higmperatures and chemical reactions,
combines with oxygen in the air to form Nitrogeni@®s. For the most part, four sources of
NO from internal combustion engines have been ifiedt

a. Nitrogen Oxides formed as a result of the reactietween atmospheric
Nitrogen and Oxygen at high temperatures is cdlleermal NO.

b. Nitrogen Oxides formed as a result of the “fasthwersion of atmospheric
Nitrogen and Oxygen in the flame front during comstimn is calledPrompt
NO.

c. Nitrogen Oxides formed as a result of an interntedi@action of MO
production is calledNitrous NO.

d. Nitrogen Oxide can also be formed by the Nitrogencentent in fuel and is
called theFuel NO.

Thermal NO: The mechanism of Nitrogen Oxide formation from @spheric Nitrogen and
Oxygen has been studied extensively. The produafoNO takes place both in the flame
front and in the hot post combustion gases. Inddwe of the internal combustion engine
however, the combustion occurs at very high pressuso the reaction zone were the
combustion process takes place is very thin. Thesrésidence time in the flame is very
short. In addition to this, the cylinder pressuses during the process of combustion. Thus
the pressures and temperatures that are encoulggases are greater than during or before
combustion. It is for this reason that the quanpitgduced ofThermal NO is greater than
Prompt NO [1]. In the case of near-stoichiometric air/fuektares, the principal reactions
governing the formation and destruction of Nitrog@xides from molecular Nitrogen are as
follows and were proposed by Zeldovich [1]:

O+N, =NO+N 10
N+0O, =NO+O 11
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To further improve the quality of the Zeldovich nebdLavoie et al. [1] proposed an
additional reaction to the mechanism which contebtsignificantly:

N+OH =NO+H 12
For reference the rates of reaction for each reaetre given imTable 4

Reaction Rate constant, Temperature Uncertainty factor of
cm’/mol.s range, K or %
(1) O+N, ~ NO+N 7.6 x 1G%xp(- 2000-5000 2
38000/T)
((1)NO+N - O+N, 1.6 x 16° 300-5000 +20% at 300 K
2 at 2000-5000 K
(2) N+0O, - NO+O 6.4 x 10exp(-3150/T)  300-3000 +30% 300-1500 K
2 at 3000 K
(-2) NO+O - N+0O, 1.5 x 10exp(-19500/T) 1000-3000 +30% at 1000 K
2 at 3000 K
(3) N+OH - NO+H 4.1x16° 300-2500 +80%
(-3) NO+H -~ N+OH 2.0 x 10%xp(- 2200-4500 2

23650/T)
Table 4. Rate constants for the Nitrogen Oxides formati@athanism [1]

As can be seen from the table above, the reactimmges are relatively high for NO
formation. It is for this reason that NO productiabes are insignificant until at least 1900 —
2000 K [1]. The rate of formation of NO via reactsoas detailed ikq. 10to 12 is given by:
d[NO]
dt
Where [] denotes the species concentrations in snoée cubic centimetre when lkave the
values as given iiable 4. The forward rate constants figq. 10 and11 have large activation
energies which results in a strong temperature rigpece of NO formation rates. A similar
relation toEq. 13may be written as under:
d[N]
dt
Since [N] is much less than the concentrations theo species of interest (~10mole

fraction), the steady state approximation is appatg: d[N]/dt is set equal to zero aBd. 14
is used to eliminate [N]. The NO formation raterthecomes:

WhereK = (k' /k; Jk: /k;)

=k [oN, ]+ k;[N]o, ]+ k;[NJoH] - k7 [NON] - k; [NOJo] - ks [NOfH] 13

=k;[0]N, ] -k;[N]o,] - k; [NJoH] -k [NON] + k; [NOJo] + k;[NO[H] 14

15

As detailed earlier, due to high pressures, thebemtion reactions happen in a very thin zone
and the residence time being short, the majorithefNO produced is in the post flame zone
of hot gases. It is thus appropriate to assume ttiatcombustion and NO processes are
decoupled and to approximate the molar concentratef @, O, OH, H and W by their
equilibrium values at the local pressure and eguilm temperature.

To introduce this equilibrium assumption, we may uséhe notation
R, =k [O].[N,]. =k [NO].[N]., where [} denotes the equilibrium concentration, for the
one-way equilibrium rate for reaction given Iyg. 10, with similar definitions for
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R, =k;[N],[0,], =k;[NOL[0]. and R; =k;[N].[OH], = k;[NO],[H].. Substituting [}
[O2)e. [OH]e [H]eand [N]e in Eq. 15 we have,

dino] - 2Rt~ (NoJ[NOL. )]
dt  1+(NOJ[NOJ)R /(R +R))

Typical values of R RyR, and R/(R,+R3) are given inTable 5 As can be seen, the
difference between the second and third terms gineislea of the importance of the reaction
given byEq. 12when added to the mechanism.

16

Equivalence Ratio B Ri/R> R1/(Rx+R3)
0.8 5.8 x 10 1.2 0.33
1.0 2.8x10 2.5 0.26
1.2 7.6x10 9.1 0.14

Table 5.typical values of R RyR, and R/(Rx+Rs) [1]

The strong temperature dependence of the NO formatbe can be demonstrated by
considering the initial value of d[NO]/dt when [N{O].<<1. Then fromEqg. 16,

d[NO]
dt
At equilibrium, the oxygen atom concentration igegi by

_ Kyol0.])”
[0]. = W 18

=2R, =2k [O]e[Nz]e 17

Where Kyo) is the equilibrium equation for the reaction

%OZ=O

And is given by

K oy = 36%10° exp( - 31090) atm’? 19
T

The initial NO formation rate may then be writteyy dbmbiningEq. 17 to 19 using k; from
Table 4as:

6 _
d[NO] _ 6x10° exr{ 6$°9°j[02112[N2]e mol/cr? [ 20

dt TY?

The strong dependence of the NO formation raténeridmperature in the exponential term is
evident. High temperature and high oxygen concgatrs result in the production of high
NO formation ratesFigure 15 shows us the NO formation rate with respect to fbst-
combustion gas temperature and equivalence ratie. ificlusion of the equivalence ratio
gives an indication of the composition of the postabustion gases. Also shown is a curve
giving the adiabatic flame temperature given by lbostion of an air/fuel mixture initially at
700 K and 15 bars of constant pressure. The cirowsthe variation in final temperature for
different air/fuel equivalence ratios. As can bersérom the graph, the NO formation rate
peaks at stoichiometric air/fuel ratios and dintieis on either the lean or rich side. This is of
course only true if the combustion is performedadhabatic conditions. In a system where
heat transfer is pronounced between the fluid dwedwalls, this assumption may not hold
true.
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Figure 15. Variation of NO formation rate with temperaturaagquivalence ratio [1]
A characteristic timeyo for the NO formation rate can be defined as foow
o 1 d[NO] 2
N INO[,  dt
[NO]e can be obtained from the equilibrium constant

Ko = 203x exp( 21650T) 22

For the reaction
O, +N, =2NO 23

As [NO]e = (KNO[OZ]e[NZ]e)%. Eqg. 21and22 can be combined to give

_ 8x107°T exp(58300T)
Thvo = 7 24
p

Whererno is in secondsT is in Kelvin,p is in atmospheres. It is assumed at this jundhat
the molar ratio of Nitrogen is 0.71. For engine rgpien conditionszno is comparable to, or
longer than the time durations that are charatiersf changes in engine conditions.
Therefore, the formation process is kinetically tcolled. For near-stoichiometric conditions,
however, at maximum pressures and temperatugess comparable to typical combustion
times of 1 ms and thus equilibrium NO concentratioray be obtained.

Prompt NO: Of the total NO production during combustion irgeres, a part is produced in
the active flame front [12]. Here, the thermal N@&s not had sufficient residence time to
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form. A small amount of the prompt NOx is producad the Zeldovich mechanism, in
regions where the O and OH radical concentrations hkigher than equilibrium
concentrations.

Various numerical analyses [12] have shown thatftmnation of Prompt NO is linked
principally to the reaction between, ldnd radicals produced during the combustion psces
such as Ckl CH and C to produce&N, HCN and CN. Going by the reactions, we get;

CH+N, « HCN+N 25
CH,+N, « HCN+NH 26
CH,+N, o H,CN+N 27
C+N, o CN+N 28

The species §CN, HCN and CN are formed in the rich flame regjasf$erwards, these are
transformed into NCO, HNCO or NHx to form NO. Ogtreaction noted above, the reactions
given by Eqgs. 25and28 are much stronger than those giverBog. 26and27 [12]. Thus, it
can be said that the Prompt NOx formation reactiaks place in the following zones:

a. Inthe rich zones in pre-mixed flames

b. In the fuel-rich zone in diffusion flames, whereetth is a simultaneous
destruction and production of reactive chemicatmse

As it stands, the formation rate for Prompt NO stayferior to that of Thermal NO for
combustion temperatures below 2500 K [12]. It sHde noted however, that the prompt NO
reactions are invariably linked to those of TheriN& formation, most notably, the inverse
form of the reaction given yq. 10where a part of the Prompt NO is converted £p N

NO+N=0+N, 29

From the previous section on Thermal NO, it wasl shat for simplifying the combustion
analysis, the reactions leading to the formatiothefThermal NO could be treated separately
to the reactions for combustion. In the case of Rnempt NO however, the reactions for
combustion and the reactions which define Promptfbi@ation are closely linked and can
not be treated separately. This makes it relatieelyplicated to model numerically. For the
most part, most authors [12] neglect Prompt NOtreas for the following reasons;

a. The premixed combustion being too rich for the fation of Prompt NO.
According to Fenimore et al. [12], the optimum PpriNO formation rate is
obtained at an equivalence ratio of 1.4.

b. Seeing that the zone where the diffusion combustsorvery thin, the
residence time of reactants in this zone is toortsfar any noticeable
formation of Prompt NO. The resulting formationeratf NO is then much
smaller than that of Thermal NO.

Nitrous NO: According to Mellor et al. [13], NO formation caso take place via a reaction
that introduces an production of,®. Considering high pressure combustion reactidns a
temperatures of higher than 2400 K, the reactitesraf this mechanism are found to be the
same or only slightly lower than those of Therm#& fbrmation reactions. Malte and Pratt
introduced, in 1974, a mechanism that consistswf feactions;

N,0+0 « 2NO 30
O+N,+M o N,O+M 31
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N,O+H « N,+OH 32
N,0+0 o N, +0, 33

According to Mellor et al. [13] the results pressshby Malte and Pratt were obtained from
low pressure combustion analyses. And it is posdibltake only th&q. 30 and31 if we
consider the combustion to take place at high presst will be necessary however to add the
following reaction [13];

N,O+H o NO+NH... - 2NO 34
While the following equation has been added torthieidel for NO modelling;
0,+M ~ 20+M 35

Eq. 31 is a tri-molecular reaction, which is more sensitto pressure changes than bi-
molecular reactions.

In the followingTable 6, Mellor et al. [13] present the influence of pragsand temperature
on the different NO formation mechanisms;

Significant NO

Combustion Pressure formation Secqndary NO Negl_igible NO
Temp. (K) (atm) pathway formation pathway formation pathway

Low (~1800) 1 NO Zeldovich & Prompt

High (~2400) 1 Zeldovich DO and Prompt

Low (~1800) 10to 30 pO Zeldovich Prompt

High (~2400) 10to0 30 Zeldovich P\ Prompt

Table 6. Table giving the importance of different mecharssior NO formation [1]

With reference to the table above, it can be skanaccording to Mellor et al., in the case of
the high pressure diesel combustion, the Promptfdt@ation reaction is always negligible
as compared to the other formation reactions. @onto this, at lower temperatures, thgON
reaction (Nitrous NO) becomes more significant.

Fraction Averag_]e Nitrog_jen, wt. % Range, wt. %
Crude 0.65 -
Heavy distillates 1.40 0.60-2.15
Light distillates 0.07 0.00-0.60

Table 7. Typical Nitrogen content in different petroleunstillates [1]

Fuel NO: Fuel Nitrogen is also a source of NO formationimlgicombustionTable 7 shows

a selection of some fuels and their Nitrogenougesdn During the distillation process, the
heavier distillates retain higher Nitrogen contéte Nitrogen can exist as amines and ring
compounds. During combustion, it is likely that seecompounds are subjected to thermal
decomposition processes prior to entering the caititiu zone. The precursors to NO
formation are therefore likely to be low moleculegight Nitrogen compounds such as JNH
HCN and CN. Oxidation to NO is usually rapid, octuy on a time scale comparable to that
of the combustion reactions. The amount of NO pceduis sensitive to the air/fuel
equivalence ratio. As the equivalence ratio is e@eed to stoichiometric or even lean
conditions, the NO vyield approaches 100 percenthéncase of rich mixtures however, the
NO vyield is limited. Fuel NO formation is very wedgldependent on temperature, unlike NO
formation linked to atmospheric Nitrogen [1].
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1.2.3.2. Formation of NO2:

Chemical equilibrium considerations indicate that unburned gases at typical flame
temperatures; NO/N£ratios should be relatively small. While experinamata shows this
is true for spark-ignition engines, in diesels, N@ay contribute up to 30% of the total NOx
emission [1]. Presented below is a plausible N@@ conversion:

NO+HO, - NO, +OH 36
Subsequently, the conversion of this N® NO may proceed as follows:
NO, +O - NO+O, 37

The reaction outlined ikq. 37 can take place only if the reaction outlinedEg. 36 is not
guenched by mixing with a cooler fluid. This ex@#on is consistent with the highest
NO,/NO ratios occurring at light load in diesel engingvhere cooler regions which could
guench the conversion back to NO conversion arespikad.

As a reference, a graph is given for a diesel enflitrogen Oxide emissions as a ratio of
NO2/NO [1].

3'3" \, 1680 :
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Figure 16. Variation of NQ/NO with respect to diesel engine operating coadgi[1]
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1.3. Water | njection and its effects on Engine Emissions and Performance

Water injection was introduced during the Secondl#/@ar for use as thrust augmentation
in gas turbines. It was also used in Spark-lgniBagines to decrease the tendency of the fuel
to knock. This enabled higher boost pressures taubellowing higher power outputs to be
obtained.

It was later that it was discovered that the Waigrction could also modify combustion and
reduce pollutant emission, most notably Nitrogend®s. Much research has been done on
these aspects of the Water Injection on both recgiing engines and turbines [14]. For the
purpose of this thesis, we shall be concentratinghe applications of the Water Injection
system to the diesel engine. The effects on paituanissions, engine performance etc shall
be studied.

1.3.1. Types of Water Injection:

In general for diesel engines, water injection besn divided into two distinct types. One in
which water is introduced into the engine as a unxwith the fuel, and one in which water is
introduced separately into the charge air in ligardvapour form. Going by references of
other researchers, the following water injectiorthndologies have been studied [20]:

a. Water / Fuel emulsion injection
b. Combustion chamber water injection
c. Stratified water injection

d. Intake manifold water injection

1.3.1.1. Water / Fuel emulsion injection:

Water / Fuel emulsions have been commercialised aveeriod of time as a measure of
reducing NOx and PM emissions in diesel enginegsé&tproducts were marketed under the
trade name of PuriNOx by the Lubrizol Corporatidtroformix (Chevron), Aquadiesel
(Shell), Aspira (BP), GECAM (Cam Technologie) anduazole (TotalFinaElf). In general,
water / fuel emulsions consist of the fuel, watend an emulsifier. The nature of the
emulsifier depends on the type of mix desired. Bagacroft rule states:

"The phase in which an emulsifier is more solulolestitutes the continuous phase."

This means that the type of emulsion, i.e., WateOil (W/O) or Oil in Water (O/W) is
determined by the Hydrophilic-Lipophilic Balancel(Bl) of the surfactant in question used.
In the case of a W/O emulsion, a surfactant withigh value of HLB will be employed
whereas a low HLB value surfactant shall be usedaim O/W emulsion. In general,
surfactants with HLB values of higher than 11 ayesidered to be water soluble, while those
having HLB values of lower than 9 are considered¢ooil soluble. The HLB scale was
developed in the late 1940’s by William C. Griffoi the Atlas Powder Company. In general
for petroleum oils, an HLB value of 10 is requifdd]. The requisite HLB value can be, if
required, obtained from the weighted average ofdifferent types of surfactants.
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Figure 17. Liquid structure of a 40% W/O diesel emulsion [16]

Figure 17 shows a microscopic photograph of a W/O emulsiaviriy 40% water by mass.
This fuel was used in a Rapid Compression and EsiparMachine (RCEM) to evaluate the
change in combustion performance with varying levael W/O mix ratios. Subsequently,
correlations were developed to correlate the chandgx and PM formation levels [16].

It is evident that as the ratio of water to fuelnsreased, the volume of mixture to be injected
increases. To compensate, the injection pressuyebmaaised to obtain the same injection
duration as in the case of the pure diesel fuetherinjection duration may be increased to
inject the same quantity of fuel. The subsequefeces of both of these scenarios are
discussed later in this document.

1.3.1.2. Combustion chamber water injection:

Water can be introduced into the air / fuel spraytane inside the combustion chamber.
Referring to systems already in use, there seebettwo systems, one in which a second
water injector is installed in the cylinder headil the second setup changes the injector to
one which has two needles — one to control the ffoel, and the second one to control the
water flow. In both cases, high pressure water lsugpd metering systems are needed. Much
higher in pressure than the ones used in stratfiied injection. In comparison with the
emulsion injection, the ratio of water/fuel candtenged. In addition, the injection timing of
water can be adjusted. An example of a fuel/watjector is shown ifrigure 18.
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Figure 18.Wartsila’s direct water injection fuel injectorq118]

1.3.1.3. Stratified Water Injection:

In addition to the first two methods of water irtjen, we may inject water into the cylinder
by mixing it with the fuel in the injector prior timjection. This can be achieved via special
injectors that incorporate an inlet for high presswater in addition to that of diesel. A
system developed by Mitsubishi Heavy Industrieshiswn inFigure 19. Here, the injector is
charged with a pre-determined quantity of watemalyistribution system during the time the
injector is not pressurised. The surplus diesel faethe injector is pushed into the spill
circuit. When the injector is pressurised by thgegtor pump, the higher pressure diesel
closes the water supply check valve and the watanected into the combustion chamber in
as a spray via the fuel injector. The advantagesrafified injection as compared to emulsion

injection are:
a. More precise control of water / fuel mix ratio.
b. Ability to vary water / fuel mix ratio variably

c. Ability to start and stop on neat diesel fuel withmeed for a second fuel
source

d. Combustion delay is shorter than for emulsion itpecas the first part of
the injection is pure diesel

As compared to the emulsion injection, the cosb@ased is much higher as a separate high
pressure water metering system is required.
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Figure 19. Mitsubishi Heavy Industries Stratified Water Irjea [18]
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1.3.1.4. Intake manifold Water Injection:

Here, water may be injected in liquid or vapoumianto the intake manifold of an engine.
Water injection may take place before or after tdoenpressor. In case of liquid water
injection, the injection may be continuous, or iaynbe pulsed. Water injection may be
achieved via a single injector or via multiple tigrs to ensure proper distribution from
cylinder to cylinder.

In the case of the vapour injection, certain maciui@rs have been working with unheated or
heated water sprays in a large chamber throughhwihiake air is passed. One example of
such a system is presented belowigure 20. Details are outlined in the figure.

Evdgotised water s
partly re-condensing
in the charge air cooler

s - 1 f

—— |

Saturated air
40...70°C

" — = [ Y
Unevaporised water
captured in Water Mist Catcher
and recirculated
If necessary heat from cooling water
'is reducing re-condensing

Injected Water mist is
evaporated by the
hot air after compressor

Figure 20. Wartsila’s Combustion Air Saturation System (CA$S), 18]

Another example of this type of system, but usinguanidification tower is proposed by
Pielstick/Man and is a part of their Humid Air MotHAM) system. This system uses water
heated by either the exhaust or by the coolingesysHumidification ratios of up to 140 g/kg
dry air are obtained using this system. The systerks off of seawater, and is presented

below.
Compressor\t

/ Turbine

HAM
Humidification

Catch Tank
T Heat Exchanger

Figure 21.Pielstick / Man HAM system, using heated seawtdrumidify intake air [19]

Now that we have outlined the main types of Watgzdtion systems, a study is presented on
the perceived effects of Water Injection on therfation of NOx and PM, as well as the
change in engine parameters, and the change irafemrates of other pollutants such as HC

44



and CO. These would give an idea of the qualitahbustion of fuel. That is to say in
general, poor combustion gives rise to an increapeoduction of CO and HC.

1.3.2. Comparison of results obtained from different W/l g/stems:

In the following section, results from diverse seperformed by different researchers and
research groups are presented. Seeing that thedifarent ways of injecting water into the
combustion chamber, comparisons are also made eosaime testbenches for the different
water injection strategies.

Ladommatos et al. [22] did some tests on a Fordlité DI diesel naturally aspirated
engine. Engine load was kept at 40% with an AiuélKA/F) ratio of 44.6:1 and injection
at 10° BTDC. Water vapour injection was used inhsaananner that only oxygen in the
air was substituted. For 3% injection, the NOx picitbn rate drops from 560 ppmv to
150 ppmv, HC rises from 220 ppmv to 300 ppmv aredgarticulate emissions rise from
2.6 to0 5.6 g/kg of fuel.

Samec et al. [26] have run tests on a 7.1 litre TARYlinder DI diesel air cooled engine.
Two different W/l setups have been used. The $ystem “WS1” is used to inject water as
liquid in front of each intake port, while the “WSg&ystem injects water at the inlet of the
compressor. It has been found that the result f@x Mind PM production rates are
relatively similar for both systems. Thermal loaglion the engine however was different
for each system. Cylinder and head temperaturee \ever for the WS1 system as
compared to the WS2 system. This could be tracel tmathe fact that the latent heat of
vaporisation of water serves to cool down moreatiffely. At maximum power (150 kW)
and 2150 RPM, the NOx reduction rate was a maxin@i®2% for a 45% Water/Fuel
rate. For a second operating point of 1300 RPMBM&P varying from 7.5 to 14 Bar, the
NOx reduction rate was given as followsHigure 22

[T —TT Ty

i W T | 1%
16 5 - — WPl %
—p—WF=10%
L |—m—wraasn f . L L —T LT .. .....

NO reduction [%}

6 8 10 12 14 16
pe [bar]
Figure 22.Reduction of NOx production rate for various Wétias. [26]

In Figure 23, we see the soot production rate at maximum toemuae1300 RPM. We can
see that initially the soot production rate rised)ich may be due to reduction in
equivalence ratio, resulting in the decrease ofilada oxygen. And then the soot
production rate has a tendency to decrease. Thysomaue to the fact that the proportion
of fuel that is injected into the cylinder burnspremixed combustion and burns at a cooler
temperature, thus the production of soot is lim[&2&).
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Bosch units

WIF (%]
Figure 23. Variation of Soot production with varying watefdation rate [26]

Hountalas et al. [3] have investigated effects afew injection as an emulsion and in mist
form in the intake air using a simulation model.eTimodel was modified to take into

account the injection of water with the fuel and thtake air. The simulated engine was
considered to be a heavy-duty direct injection @iengine running at 1800 RPM. The
engine is considered to have a 150 mm stroke dr&®anm bore with a compression ratio
of 18. Engine loads have been varied from partulb lbad and three different water

percentages of 10%, 20% and 30% have been exanlihedsimulation model consists of

the following engine subsystems:

1. Engine Cylinder System
2. Fuel Injection System
3. Gas Exchange System

The model used is of a three-dimensional multi zgpe. The pressure inside the engine is
considered to be uniform. The first law of thermoamics and the conversation equations
for mass and momentum are used for the calculafieonditions inside each zone.

For calculation of soot formation rate, the Hirayasodel is used, according to which, the
rate of soot formation and burnout depend on tlwalltemperature and mean cylinder
pressure. The rate of soot yield considers thel lioeh evaporated mass while the rate of
soot oxidation rate depends on the local conceotradf soot and partial pressure of
oxygen. Consideration has been made for the irarusi OH radicals in the calculation of

soot oxidation as it has been known to affect ta destruction process [3]. For the effect
of water injection on the NOx mechanism, the ex¢ehdeldovich mechanism was used.
The formation of NOx being considered to be affécteainly by temperature in this

mechanism, the main effect of cooling due to watgction was considered.

The simulation model was calibrated and validatdth va production engine of the
characteristics as noted earlier. After the veatimn process is completed, model constants
are retained constant for the entire engine opegydield with and without water injection.
The model constants are calibrated for one operatimdition, that is 1800 rpm and full
load, and then the constants are kept constamaidtshown that the agreement of values of
NOx and PM production and the engine performanteden the measured values and the
values predicted by the model was good.

The water injection was performed via two methatig, first being water injection in
emulsion form. In this injection strategy, the fuglection timing was kept similar as for
pure diesel injection. The water percentage asdnedglier was varied from 0% to 30% in
10% steps. As water content was increased, thetiojeduration was increased as well to
compensate for the power loss incurred due todtieation in quantity of the diesel fuel.
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Engine Engine | Engine Water Injection Inlet Injection | Injection
Mc? de Speed Load (%) Duration | Pressure| Pressure| Advanced
(RPM) (%) (°CA) (bar) (bar) (°ATDC)
0 11
10 12
B25 25 20 13 1.90 900 2
30 14
0 17
10 18
B50 50 20 20 2.35 1200 -3
30 23
1800
0 23
10 26
B75 75 0 59 2.77 1300 -4
30 33
0 31
10 34
B100 100 0 48 3.18 1400 -4
30 45

Table 8. Operating points for the test engine with emulsigection [3]

In this case, a general trend of soot reductioseisn for increasing quantity of water
injection at low and medium loads. This is attrdzlito the increase in air entrainment rate
which increases the rate of oxidation of soot. iyhbr load rates however, the increase in
injection duration is said to be responsible far ithcrease in the soot production rate as the
production of soot is too late to be properly osétl. As concerns the BSFC, at low loads,
a decrease in BSFC is observed while at high lcatds)crease in BSFC is observed. This
has been attributed to increased dissociation ¢énwvan increase in the energy transfer to
evaporation and an increase in duration of inje¢tishich causes combustion during the
expansion stroke.

As for NOx production, in general, when quantity wéter injected is increased, the
reduction of NOx production rate is observed. Aghhiwvater injection rates, the rate of
reduction of NOx production is reduced.

BSFC is reduced slightly at low load as water/fuaio is increased, at high loads
however; the BSFC has a tendency to increase hrehiwater/fuel ratios. NOx emissions
drop as the ratio of water/fuel is increased. A maxn drop of 40% in NOx production
rate was noted for the 30% emulsion at 75% and 1i@@%h Particulate Matter production
is most visibly reduced when the engine load is, log&v 25% where the relative reduction
is of the order of 35%. This has been attributeth&increase in entrainment rate due to
the increase in the volume of liquid in the spray.high load however, and at 30%
water/fuel ratio, the soot production increasescesithe injection duration becomes very
long. These results may be seen on the accompagsapdiical representations:
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Figure 24.Graphical representation of results obtained fouion water injection [3]

In the case of the intake manifold water injectitiee water injection rate was changed
between 0 and 30% in 10% stepable 8 gives the operating conditions for the engine for
intake manifold water injection as well. Fuel irtjea duration will however remain
constant for the given engine load level. It hasrbseen that the maximum increase in
BSFC with a 30% water/fuel ratio is around 8% a¥2bad and around 5% at high load.
In the case of the NOx production rate, we seeap arf 25% for a 30% water/fuel
injection rate at 25% load, to a drop of 27.5% ighhand full load. In the case of PM
production rate, we see an increase of 35% at 26h IAt 50 and 75% load, we see a rise
of around 50%, while for full load; we see a rideacound 40%. The above presented

values are shown iRigure 25in graphical form:
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Figure 25. Graphical representation of results obtainedritakie manifold water injection [3]

The authors have presented a few hypotheses camgdahe effect of water injection on
the combustion processes and the production of &ltéixsoot emissions.

The effect of the two types of water injection, mdynemulsion injection and intake

manifold injection are rather different as conceires evolution of bulk gas temperature in
the cylinder. In the case of the emulsion injectitve temperature at the initial part of the
combustion process is lower and at the final pdrthe combustion is higher. This

tendency increases for higher water injection rafBise decrease in the gas bulk
temperature comes about by two methods; the firtat the presence of water in the fuel
jet decreases the local temperature due to theoestapn and dissociation of water.

Secondly, assuming injection at constant presdimee,fuel injection rate is decreased
which offsets the combustion such as to make #@rdeid. This would also reduce the bulk
gas temperature due to the presence of a greatemamof diluent.
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In the case of the manifold injection however, f&s quantity of water is increased in the
intake charge, its influence on the bulk gas terupee increases as well as during the
evolution of combustion in the fuel jet. This isedto the fact that the water, being
premixed with the intake air charge, is progredgiventrained into the fuel jet as

combustion takes place on the downstroke and theietfect of water on the bulk gas

temperature increases progressively.
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Figure 26. Computed temperature profile for water / fuelgatof 0, 10, 20 and 30 % [3]

In Figure 26, the computed bulk gas temperatures are preseftediscussed above, in
the case of the emulsion injection, the temperatutilly drops more as water injection
guantity is increased, however, the temperature theaend of the expansion increases.

Here, the model is used to calculate the NO andeRN&sions production rates. The next
two figures show the effect of water injection twe NO production rate in the cylinder. It
is observed that with increasing water injectioteras shown irFigure 27, the NO
production rate decreases both for emulsion watgction and the manifold water
injection. Going by the results shown in the graphs effectiveness of the emulsion water
injection is much greater as compared to the intakaifold water injection. This is a
result of the previously explained effect of wapercentage on the bulk gas temperature.
Therefore, as already stated, the most importaranpeter affecting the NO emissions is
the peak combustion temperature. The reductiohefdcal peak combustion temperature
reveals a reduction of the peak local combustiomperature due to the increased specific
heat capacity of the cylinder content and the gneonsumed for water evaporation and

dissociation.
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Figure 27. Effect of water injection on calculated NO fornaattihistory at 1800 RPM
and Full Load using emulsion injection and intakenifold injection [3]
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Finally, the authors come to a discussion of sooissions. Referencing téigure 28 In

the case of the emulsion water injection, they nlesa reduction of the soot emissions rate
as the water injection rate is increased. It i€ddhat an improvement in the mixing of the
air and the fuel is the result of a reduction intdormation rate. Even though the presence
of water in the fuel jet has a tendency to redingetémperature in the combustion zone,
the reduction in the oxidation rate is more thampensated by a decrease in the formation
rate, and the tailpipe soot emissions are redupadhtil a 20% water injection rate. At the
30% water injection rate however, it is seen that $oot formation / oxidation curve has
been shifted to the right, and the overall tailpgo®t emissions are much higher than for
the 20% water injection case. This is attributedhte fact that the presence of the high
guantity of water in the fuel jet has increasedigmition delay to such an extent as to shift
the combustion mechanism noticeably to the righerEthough the soot formation is
reduced by the similar air / fuel mixing improvertes in the 20% emulsion case, the
fact that the oxidation of the soot happens moré¢han expanding portion of the cycle
means that the oxidation is compromised and thei@ met increase in the tailpipe soot
emissions.

In the case of the manifold water injection, as\wlaer injection rate is increased, the PM
emissions also increase (see Figure 28). We cafr@eethe PM emissions calculations,
the formation rate increases progressively withirameasing water injection rate. This
increase in the formation rate is due to the deeréa the air / fuel ratio. This decrease in
the air / fuel ratio is due to the water vapouruggng space in the combustion chamber
and displacing the fresh air charge. The redudtiothe PM oxidation rate is due to the
decrease in temperature which is in turn due tmarease in specific heat capacity of the
fresh air charge. Both of these effects combined ® an increase in the tailpipe soot
emissions. It was noted that the soot formatioa dad not increase appreciably from 10%
to 30%, however, the soot oxidation rate increasa barge amount. It may be surmised
that in this case, the increase in the soot enmissiate is due to the decrease of the gas

tem peratu re.
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Figure 28. Effect of water injection on calculated soot fotima history at 1800 RPM
and Full Load using emulsion injection and intakenifold injection [3]

* Hountalas et al. [32] have done test on a 6-cylirdieect injection supercharged diesel
engine with a bore of 130mm and a stroke of 150rinmas direct injection with an
injection pressure of 1600 bars. The tests perfdrare at 25%, 50%, 75% and 100% load.
The engine speed is kept constant at 1800 RPM.r&gnb the previous case [3] here it
was aimed to reduce the NOx production rate by 120% and 30%. To do this, different
levels of EGR, intake manifold water injection amchulsion injection were performed.
The settings were thus:
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Engine Engine Load NOX. EGR | Water Injection| Emulsion (%
Speed (%) Reduction | o4y | " (04 Water) Water)
(RPM) (%)
10 8.8 15.0 11.0
1800 25 20 11.4 33.0 16.0
30 13.8 54.0 24.0
10 6.9 12.0 10.0
1800 50 20 8.8 26.0 16.0
30 11.1 42.0 22.5
10 6.1 11.0 8.0
1800 75 20 8.0 24.0 13.0
30 9.9 38.0 18.0
10 5.8 10.0 7.0
1800 100 20 7.5 21.0 12.0
30 9.1 33.0 18.8

Table 9. Table giving NOx reduction ratios in relation tGR and W/I rates [32]

Each pollutant reduction technique was used iratgwmi. This was to give a comparative
conclusion of the different effects of the differehluents on the emission rates of NOx
and PM.

In conclusion we see that as far as reduction ok MOconcerned, referring tbable 9,
Emulsion is more or less twice as effective at ogaly the NOx emissions rates all load
ranges for higher NOx reduction rates. At loweedatjon rates, the NOx reduction rates
are relatively similar. As concerns PM emissions,sge a general reduction of around 40
—50% across the load range.

Chadwell et al. [33] have done some tests on a &/@vl2 heavy-duty on-road diesel
engine of 11.7 litres and six cylinders. A High-$3are EGR loop was added to the engine
and a VGT turbocharger was added as well. A custesigned Real Time Water Injection
(RTWI) system was designed that was used to im@ter with the fuel as a fuel/water
stratified injection. The quantity of water injegdtearies between 0 and 30% in 10% steps.
The change in opacity was considered as a homoloQaeange in the production in PM.
It has been seen that if EGR rate is to be inctkagele keeping the level of opacity the
same, the rate of WI is to be increased. The rebsorg that increasing WI rate in itself
reduces opacity.

The author in the introduction to the article hasnpared the RTWI to fuel / emulsion
injection. The advantage of a Real Time Water npecsystem is that the water /fuel ratio
may be varied as a function of engine load to mime"HC / CO production at low load
conditions. In comparison to emulsion injectiore #uthor notes that even though CO and
HC emissions may be a problem at low load conditimith the Water Injection, at high
and medium load, it does not seem to affect imbaeh as combustion is more stable.

As concerns the BSNOx (Brake Specific NOx) reductiates, three means of reduction
were tested; Retarded SOI (Start Of Injection), EERhaust Gas Recirculation) and
RTWI( Real-Time Water Injection). The results o¢ tiests are presented in fheble 1Q
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BSNOx Reduction BSNOX per
; BSNOx | Change BSFC Change P
Technique BSFC
g/kW-hr % g/kW-hr % %
Baseline 5.38 - 201.8 - -
Retard SOI 3.20 -40.5 235.0 16.5 -2.5
EGR 1.87 -65.2 219.2 8.6 -7.6
RTWI 3.12 -42.0 206.1 2.1 -20.0
Table 10.Tabulated results for various BSNOx reductiontstyis [33]
Data from the test engines are presented in graploon as noted below:
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Figure 29.Test data presented in tabulated form for theeiagine as described in Chadwell et al. [33]

Water injection can in this case allow the use ighér rated of EGR in keeping PM
production rates under limits. As an example, atdiFacity limit on diesel fuel alone, the
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EGR rate could not exceed 6%. However, using wiagection of 30%, the EGR rate
could be increased to more than 12%. This increéadeGR and W/I corresponds to a
decrease in NOx production of 82%.

Being that NOx and PM production rates are of tighédwst importance as far as emissions
controls are concerned. The HC and CO productites rare generally so low that they are
not often targeted for reduction since they aresgaty oxidised in the DOC. The situation
changes however, if a production of HC and CO dased due to HCCI or low
temperature combustion modes since the temperafule oxidation catalysts may also
be lowered. The figures for CO and HC productidesahow that HC and CO production
increases at low engine loads. At high loads, tiweease of HC / CO production is not
significant. With increasing injection rate, HC duztion is left rather unaffected, CO
emissions on the other hand are reduced as waéetiom rate is increased. The CO and
PM production rates are considered to be closellgetl for normal lean-burn diesel
combustion. According to the authors, the mechartisah oxidises PM is also potentially
responsible for the oxidation of CO.

Regarding effects on BSFC, the authors note atsiigihease in BSFC as water injection
rate is increased; around 2% increase for a 30%rwajection rate. They propose the
following potential competing effects that may udhce the fuel consumption of the
engine:

* Water in small concentrations has a tendency teease combustion efficiency
because of a more complete oxidation of CO and PM

* There is an increase in the work done to compredsirgect the fuel and water
into the engine. The supplementary work done tesqunese water has been taken
into account.

» With the inclusion of water in the injection, thgection duration is increased for
the same mass of fuel injected. This retards thdrae of injection, which
consequently leads to a retarded combustion angceedcombustion efficiency.
Although it is physically possible to re-adjust g to achieve iso-centroid
injection, it was not done during the test for thiicle.

» The energy required to evaporate water in the tegetuel plume will reduce the
in-cylinder temperature, thus reducing the presaatig on the piston.

* Phase change of water to vapour will increase tassprre in the cylinder available
for utilisation by the piston.

All these effects act against each other so thahenend, in comparison to EGR, for the
same BSNOXx reduction, it is better to use RTWI asgared to EGR in as far as fuel
consumption is concerned. The last two graphBSigure 29 show the relative changes in
BSFC referenced to RTWI, EGR and injection timiatardation.

Taking a break from internal combustion recipraugtengines, Chen et al. [36] have
performed tests on turbine engines. The gas tumbing what is known as a HAT (Humid
Air Turbine) cycle using liquid fuel at combustichamber pressures of up to 6.9 bars and
inlet air temperatures of up to 733K. The advantaigthe HAT cycle is the reduction in
NOx production rates when compared to the basescycltypical diagram of the HAT
cycle is presented thus:
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Figure 30.Schematic of a HAT cycle [36]

Results conducted on the combustor were groupedhnte categories:

* CO and NOx production relative to equivalence ram combustion chamber
pressures of 3.45 bars and 6.9 bars (50 and 1O psi

* CO and NOx production rates relative to equivalenati® and dry air or air mixed
with 10% steam

* CO and NOx production rates relative to the adialfédame temperature and dry
air or air mixed with 10% steam

The minima for the CO and NOXx production ratesefach of these cases are presented in
the tables below:

Case| Equiv. Ratio] Chamber Press. Vapour Flame temp. CO
(ratio) (bars) (%) (K) (Ppm)

la 0.475 3.45 0 50
1b 0.425 6.9 0 10
2a 0.525 6.9 10 10
2b 0.415 6.9 0 10
3a 6.9 10 1750 10
3b 6.9 0 1750 10

Table 11.Tabulated results for CO production [36]
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Case| Equiv. Ratio] Chamber Press. Vapour Flame temp. NOXx
(ratio) (bars) (%0) (K) (Ppm)
la 0.43 3.45 0 50
1b 0.33 6.9 0 150
2a 0.475 6.9 10 15
2b 0.33 6.9 0 110
3a 6.9 10 1600 15
3b 6.9 0 1520 110
Table 12.Tabulated results for NOx production [36]
The test results are shown graphically below:
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Figure 31.Graphical presentation of test results [36]

In the case of the first plate shownFkigure 31, the effect of pressure on combustibility
limits is that as the pressure gets higher in th@lustion chamber, the lean burn limit
may be lowered. In the second and third platdsigiire 31, it is clear that the presence of
water vapour raises the lean combustibility limithe combustion chamber.

We know that the combustion in a reciprocating costion ignition engine is a mixture of
premixed and diffusive combustion. Whereas in thdihe combustor presented in this
article is primarily premixed, we can neverthelgssislate some physical effects. These
effects are:

The presence of water vapour in the air chargeesaithe limit of lean
combustibility. This is attributed to the increasethe specific heat of the charge,
necessitating a richer air / fuel mixture for corsion. In a premixed-combustion
phase of a reciprocating compression ignition emginis might be translated as an
increase in ignition delay.

The presence of water vapour increases the spdmfit capacity of the charge
assuming the same equivalence ratio. This wouldnbeart the reason for a
decrease in NOx emissions as dictated by the Zmldawechanism, since this
mechanism comes into play in the hot combustiodyots.

A second chemical effect of the presence of wadgour is noted in the literature
which acts on all three NOx production mechanisnasnely Zeldovich, BD and
Fenimore or “prompt” NO mechanism. All three rean# are modified by a
reduction in the quantity of O radicals presentisTieduction in the quantity of O
radicals is linked firstly to the increase in edlence ratio for the same flame
temperature, thus reduction in, @olecules. The presence of water molecules at
combustion temperatures promotes e H,O ~ 20H reaction further reducing
the number of O radicals present which further ceduthe NOx production rate. In
addition, the presence of OH radicals promotes dkiglation of hydrocarbon
radicals thus reducing the “prompt” NO production.
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Nazha et al. [27] did tests on a 2.5 litre diesgjiee of the same type as Ladommatos et al.
[22]. The tests performed were of EGR, intake nwdifwvater injection and the use of
water/fuel emulsion. The combined effects of thélseee were also investigated. In
general, with intake manifold WI of 1:1 water/fuatio, a reduction in 60% of NOx was
noted with a negligible increase in PM emissiohaligh the PM emission rate increased
at high load. For the EGR, a 50% decrease in NOg wnated although the smoke
production rate increased by twice at high loadst & 10% water/fuel emulsion, a
reduction in NOx was noted with a slight increasePiM emissions. Further tests were
performed with advanced injection timing of 3°. Tdien was to evaluate the effect, if any,
on the efficacy of the aforementioned emissionsicgdn techniques.

Advancing the injection timing by 3° increases t®x production rate by twice at low
load to thrice at full load with a maximum decreas&0% in the smoke number.
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Figure 32. Effect of injection timing on smoke number and N@»duction [27]

In Figure 33, tests results are presented for manifold and sorulwater injection. In the
case of the manifold water injection, a BMEP of B&s was maintained with water
injection rates varying from 0 to 2.75 water / fualio. In the case of the emulsion water
injection, the water injection rate was varied bew 0 and 20% water / fuel ration in steps
of 5% each. In the case of emulsion injection havewo different engine load levels
were tested. One was 5.8 bars as for the intakerwgection, whereas a lower load of 2
bars was also tested.
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Figure 33.Comparison of emissions and BSFC values for mihifd and emulsion WI [27]

For the intake manifold water injection, as theewétiel ratio is increase from 0 to 2.5, we
see that the BSFC marginally increases, the Basatka number drops from 3.8 to around
1.5 at 1:1 water/fuel ratio and then remains caristdOx production rate drops from 1500
ppm to just under 600 ppm at a water/fuel rati@:afafter which it remains constant.

In the case of the emulsion injection, BSFC seamsdrease slightly at the 2.0 bar BMEP
load, while for 5.8 bar BMEP, remains steady. Tlsd smoke number in this case rises
slightly, and then at higher water/fuel ratiostlsstdown to near original levels. There is
very little decrease in NOx formation rate at higad, while at low load, a NOx reduction
of around 30% is noted at 20% water/fuel ratio.

The authors note a negligible increase in BSFGHermanifold and emulsion WI while a
reduction in NOx production rates of upto 60% deentced (for the higher load BMEP f
5.8 bars). They do note however a slight increasarioke. The claimed increase in CO is
of 30% from a base value of 300 — 400 ppm and arease in HC of 30% from a base
value of 150 — 200 ppm. The emulsions show a pesiye decrease in smoke production
at full load but with little reduction in NOx. Atgot load of 2.0 bars however the reduction
in NOx is more evident.

Referencing some other authors for modification§Nfbx / PM production levels, it is
noted by the authors that their results were aggim close agreement with other research
groups, whereas in other cases, the results obtaveee markedly different, engine load
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levels, emulsion quality and engine types were iclemed to be the factors responsible for
these differences in emission production rates.

A series of tests were done in which results werapgared between different WI strategies
and EGR to the base configuration. A water/fueloraif 1.5:1 was used for intake
manifold water injection; a water/fuel ratio of 208as used for emulsion injection and
EGR rate of 16.7% was used. These tests were dondifferent engine load values
varying from a BMEP of 1 bar to 6.5 bars. The ressale presented as under in graphical
form:
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. . Diesel + EGR + | Diesel + EGR +
Diesel Diesel + EGR | 1 5.1 man. Wi | 20% emul. Wi

NOx! 1500 750 300 750
Red. % - 50 80 50
BSN 3.8 6 6 2
Red. % - -58 -58 47
BSFC 70 70 70 70
Red. % - 0 0 0

co* 0.12 0.28 0.4 0.08
Red. % - -133 -233 33
HC® 110 110 240 250
Red. % - 0 -118 -127

' ppm,? Bosch Smoke Numbé&mg/kJ,* %, ®> ppm
Table 13.Comparison of results for EGR, Manifold and EnmautsiVI and base configuration [27]

The last battery of tests was performed with hoRE&s noted in the test resdiable 13
hot EGR was used in parallel with both methods atéW Injection. A noticeable effect of
introducing hot EGR was to reduce the ignition gela

In general, this would have the effect of decregagiremixed burn, reducing NOx and
increasing smoke production (this is seen in tlssje Water injection however has a
tendency to increase ignition delay due to bothucgdn in temperature and increase in
specific heat of the air charge. Although the iaseein ignition delay will have a tendency
to increase the NOx production rate, the reducitiotemperature would compensate for
this and there is a net reduction of overall NOxssions. In the case of the manifold
water injection, the large amounts of water intiehlh into the engine reduce the
temperature considerably, reducing the NOx produactate to a further degree than with
emulsion injection.

The effects on the smoke production are a sum dfipteieffects. Generally, an increase
in ignition delay will reduce the smoke productidtiowever, in the case of EGR, the
reduction in available oxygen is detrimental to kmmxidation, thus the increase in
smoke. In the case of water injection, the smolagyction rate reduces with emulsion
injection, and increases with manifold water inj@cet In the case of manifold water
injection, one can reason that the large quantitwater added to the intake air would
increase the specific heat of the intake charges Would limit the rise in temperature of
the charge during combustion, leading to a lestetéfe” oxidation of smoke, to a limit,
negating the advantage of the increased ignitidtelydén the case of the emulsion injection
however, the water quantity is relatively smalkréfore, the increase in specific heat of
the charge is negligible. The authors referenceksvof other researchers in stating that a
secondary atomisation is responsible for improvexing of the fuel with the air charge,
thus reducing smoke production.
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» Velji et al. [39] have conducted research on watggction on a single cylinder research
diesel engine with the following specifications:

Item Specification

Number of valves 4 — 2 inlet, 2 exhaust
Bore x Stroke (mm) 190 x 120

Engine Speed (RPM) 1500

Compression Ratio 16:1

Table 14.Test engine specifications [39]

The engine is base on a production unit used troe&ry and marine applications. Water
injection was applied using three methods; emulsiirect injection into the cylinder and

intake manifold injection. The quantity of watefaction in relation to the quantity of fuel

injected was varied form 0 to 60% (0.6 parts watet part fuel). Unless otherwise noted,
results that are presented are presented forofadl bperation of 20 baBVIEP.

Variations in NOx and Smoke emissions are showhergraphs below:
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Figure 35.NOx and smoke number variation with varying wabgection rates [39]

In general, less water is required in the casemoflgion water injection than with intake
manifold water injection. For a 40% NOXx reducti@0% water injection rate required if
emulsion is used whereas if direct or intake maaifeater injection is used, 60% water
injection rate is required.

Using emulsion, the smoke emission drops to 20%h@friginal value while adding 50%
water, while using direct or intake manifold walgection, an increase of 10% in smoke
emission is seen with 50% water injection rate.

A two zone combustion model was used to understia@dinderlying mechanics of why
water injection reduces NOx emission rates in diesmnbustion. The two zones
considered in this model were the pre-flame and-fiasie zone. The temperature in the
post-flame zone is considered to be the most ilmpofactor in determining thermal NO
formation. Since 90% of all NOx production is NOdasmost all of it is produced in the
post-flame zone, it stands to reason that the &wolwf temperature in the post-flame
zone should be scrutinised closely.

Comparing the temperature profiles in the post-Hamone for intake / direct water
injection and for emulsion water injection, it isem that the temperature reduction is
greater when emulsion injection is used. It is aered that in the case of emulsion
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injection, the water is present in the zones wtieee combustion actually takes place,
instead of being distributed more or less equallgrathe whole combustion chamber
volume. This presence of water in the appropridéeqs results in a greater reduction in
post-flame temperatures for the same water injeditantity.

The authors have presented two conditions to en@rehighest possible rate of NOx
reduction:

* Injection of water at the right place in the combusion chamber: The water
should be present where there is combustion. Tdnstake place only if the same
orifice is used for the injection of water and thel. Fuel / water emulsions are one
way of achieving this. If water is injected as astio the whole of the intake
charge, the concentration of water encounteredhigy ftiel jet locally will be
relatively low. Therefore, for the same injectedtavaguantity, manifold or direct
water injection would be less effective at coolitige combustion, and hence
reducing NOx formation.

* Injection of water at the right time: NOx production is considered to be at its
maximum at the start of the diffusive combustioragdh It is therefore proposed
that the water injection take place after the ahitgnition delay phase has passed.
This would alleviate the problems of increasing bastion delay as water
injection rate is increased.

According to the authors, the reduction in smokg bin part due to the water in the fuel
/ water emulsion breaking up the spray into smalteplets. This would mean that the air /
fuel ratio in the fuel jet at the start of combaatis nearer stoichiometric (leaner than in
case of pure diesel injection) which then resuitlower smoke emission. A further reason
could be the increase in concentration of OH rdslicaving to the presence of water at
high temperature. The higher concentration of Odicads is beneficial to the oxidation of

soot in the flame front. The rise in smoke productievels in the case of manifold and
direct water injection may be attributed to the rdase in temperature at the start of
combustion.

In the case of fuel efficiency, CO and HC emissjdhs following results are stated:
* Fuel efficiency is insignificantly influenced by vea injection

* In the case of emulsion water injection, CO proudurcts reduced, whereas for the
manifold and direct water injection, the CO prodomt rate increases with
increasing water injection rate.

» HC emissions rise with rising rates of water in@et with emulsion water
injection again influencing HC emissions less thaanifold and direct water
injection. The HC emissions on the base configonabeing so low, the increase
for the operating point and water injection ratas all but be neglected.

As noted at the start of the discussion for thiggpathe results presented to this point were
for full load operation of 20 bars BMEP. Here, soramarks are made for low and part
load operation:

* As in the case of the full load operation, the ation in fuel consumption is
insignificant for the range of water injection mtmonsidered.
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« NOXx emissions reduction is the same as at full.load

* In the case of the emulsion water injection, théuotion in smoke emission is
similar to full load.

* In the case of the manifold and direct water inggtct the increase in smoke
emission is proportionally greater than at fulldoa

» At BMEP of less than 10 bars, the increase in CGs&on is quite noticeable,
while HC emissions also rise.

* At loads lower than 30% and with water injectiotegagreater than 30%, engine
misfires are recorded.

« Matheaus et al. [34] have conducted tests usingiteits PuriNOX™ Water Injection
emulsification product. 4 different fuel/water biéenwere used. The blends are further
explained later in this section. The engine usadtésting was Caterpillar 3176 truck
engine using 1998 emissions calibration. The imgacsystem is based on a cam driven
electronic unit-injector type system capable okalpinjection pressure of 2000 bar with a
ramped injection rate. The turbo-charged, aftembol-valve per cylinder engine was
considered state of the art for the 1998 year nsod&bme specifications are given in the
table presented below:

Parameter Value
Number of cylinders 6

Bore 125 mm
Stroke 140 mm
Connecting Rod Length 225 mm
Displacement 10.3 L
Compression Ratio 16.0

Injector Hole size x number of holes x includedlang 8 x0.18 mm x 147°
Swirl Ratio 0.7

Table 15.List of engine parameters used in the tests peddrby Matheaus et al. [34]

As concerns the intake air conditions, the tempegaset point was at 25° = 1.7°C, while
the humidity was set at 75 + 5 grains of H2O pesfldry air — which corresponds to 10.71
+ .71 grammes of H20 per kilogramme of dry air, l&tthe pressure was set at 100 + 1
kPa (absolute). The temperature of the charge-daotevas kept at 35°C.

Using the weighting factors used Trable 16 an average of the 8-mode emissions data
may be calculated, which is representative of tl&eHeavy Duty — Federal Transient test
Procedure (HD-FTP). An example of this calculatimn,NOXx is shown irEquation 38

NO{ . } > W NOx[g/h]

hpChr g %
WP
~

Here, W is the weighting factor for each mode (i) listedTiable 16 and Ris the engine
output power for each mode. The speed and loadgointhe AVL 8-mode steady state
engine emissions test procedure is presentédlote 16[34].

64



Weight Percent RPM Percent Nm
1 0.3501 0 600 0 36
2 0.0634 11 732 25 237
3 0.0291 21 852 63 751
4 0.0334 32 984 84 1304
5 0.0840 100 1800 18 250
6 0.1045 95 1740 40 576
7 0.1021 95 1740 69 994
8 0.0734 89 1668 95 1438

Table 16.Eight-mode Speed and Load conditions [34]

As stated earlier, four types of fuel were usetlaseline Diesel Fuel 2, and three Water /

Fuel emulsions. Of these three, the first was thadard formulation of PuriNGY¥, the
second formulation, CE PuriN®Y, contained the entire PuriN&% package plus an
additional water based additive (less than 1%) thas designed to improve the
combustion quality and thus emissions quality. Thied was the SP PuriNOX also
contains the same additive, but it does not contae 2-ethylhexyl nitrate that was

included in the original PuriNG¥ blend. A summary of the weighted emissions results

calculated usingq. 38is presented:

Weighted Test Fuels
Emissions DF2 PuriNOX™ | CE PuriNOX™ | SP PuriNOX"
[9/(hp-hn)]
HC 0.153 0.196 0.118 0.142
CO 0.608 0.865 0.522 0.602
NOx 3.792 3.055 3.312 3.262
NOx + HC 3.945 3.252 3.430 3.404
PM 0.039 0.033 0.026 0.025
"The weighted PM values are not representative dbpaance of the engine and fuels on the US HO-
FTP, but they should provide a measure of theivel@thanges between fuels, under steady-state tapera

Table 17.Summary of Weighted Emissions Date [34]

Weighted Test Fuels
E‘;Y(‘r'lsps_'ﬁrr)‘f DF2 PuriNOX™ | CE PuriNOX™ | SP PuriNOX"
HC - 28% -23% 7%
CoO - 42% -14% -1%
NOXx - -19% -13% -14%
NOx + HC - -18% -13% -14%
PM - -16% -34% -36%
Table 18.Changes in the Weighted Emissions Relative t@Btmseline DF2 [34]
Weighted Net Heat of BS Energy
Fuel BSFC Combustion | Consumption ngérlli?lzreDcile?e
[g/(hp-hr)] [kJ/kg] [kJ/(KW-hr)]
Diesel 224.5 43080 9670 -
PuriNOX™ 280.4 34229 9599 -0.7%
CE PuriNOX" 283.5 33941 9621 -0.5%
SP PuriNOX" 279.8 34064 9532 -1.4%

Table 19.Weighted Fuel and Energy Consumption [34]
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The weighted brake-specific energy consumption egsulated for each fuel in the same
manner as weighted emissions, udiitg 38 The units are kJ/(kW-hr). The brake specific
fuel consumption (BSFC) does not provide an aceuaasessment of the PuriN®xfuel
consumption savings because of the water contéwt.pfesence of water in the emulsion
can be taken into account by multiplying the BSECtH®e net heat of combustion, which
will give the Brake Specific Energy Consumption 5. These values are presented in
Table 19 A negative number will signify a reduction inagVe value for the fuel type
considered. Thus in the case of the BSEC considé¢nedSP PuriNOX' gives the best
energy consumption savings of 1.4%.

As the heat of combustion is lower for the emulsioixture as compared to the Diesel
Fuel 2, the injection period is increased to conspém This retards the centroid of the
injection rate meaning that the total diesel ing@cttiming is retarded as well. In the case
of Figure 36, we see that the End Of Injection (EOI) is delalggdround 6° in the case of
the emulsion as compared to the Diesel Fuel. Theaid of the injection profile however

is shifted by 3.5° for the Mode §#ble 16 operating condition.

To investigate the influence of differences in fleasing of the combustion processes
between DF2 and PuriNO% fuel on the engine performance and emissions, two
alternative timing strategies were employed (not@& PuriNOX™ or SP PuriNOXY).

The first strategy was to retard the base injectibthe DF2 so that the centroid of the
injection would match that of the centroid of thgection profile using the emulsified fuel.

In the second case, the injection of the PuriNbemulsion was advanced to match the
centroid of the injection profile using the DF2 liue
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Figure 36. Injection pressure traces for base diesel andi™ at 20% for mode 8 [34]
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The results thus obtained are presented as:

. i Test Fuels Percent Change =
Welgig;a(]jp_EhT)l]saom Diesel PuriNOX™ (Puril\_leTM - Diesel) +
(Fuel A—Test 1)| (Fuel B—Test 2) Diesel x 100%
HC 0.153 0.174 13%
CO 0.608 0.728 20%
NOX 3.792 3.446 -9%
NOx + HC 3.945 3.620 -8%
PM 0.039 0.026 -32%
"The weighted PM values are not representative dépmaance of the engine and fuels on US HD-FTP,
but they should provide a measure of the relathanges between fuels, under steady state operatign

Table 20.Timing of PuriNOX" advanced [34]

. i Test Fuels Percent Change =
Welgig;(e:p_EhT)l]ssmn\ Diesel PuriNOX™ (PuriI\IIOxTM - Diesel) +
(Fuel A—Test 2)| (Fuel B—Test1) Diesel x 100%

HC 0.155 0.196 26%
CO 0.627 0.865 38%
NOXx 3.510 3.055 -13%

NOx + HC 3.665 3.252 -11%
PM 0.039 0.033 -17%

"The weighted PM values are not representative dépaance of the engine and fuels on US HD-FTP,
but they should provide a measure of the relathanges between fuels, under steady state opermtipn

Table 21.Timing of DF2 retarded [34]

A reduction in a relative value is indicated by egative value in percentage, while a
relative increase is indicated by a positive valupercentage [34]. As can be seen in both
cases, the combustion efficiency has a tendenagdoce in the case of the PuriN®x
mixture as evidenced by the increase in the HC @@ production rates. The CE
PuriNOX™ and SP PuriNOX! formulations showed improved combustion efficiemdh
lower HC and CO emissions. The NOx emissions reolustwere not as large for CE and
SP PuriNOX™, but the PM emission reductions were higher.

The following table shows the change in exhausttgagerature (EGT) due to the DF2
and the PuriNOX" mixtures.

AVL Mode 1 2 3 4 5 6 7 8

Base 99 205 453 585 276 375 497 5%
PuriNOx™" 98 201 | 431] 557] 263 360 450 54
CE PuriNOX" 103 207 430 553 263 360 447 53
SP PuriNOX" | 112 | 212 | 425] 554| 267 362 451 54
Table 22 Comparison of EGTs for various Emulsions compavied straight diesel [34]

In reference to the above table, we see that fgindniloads (points 3, 4, 6, 7 and 8), the
EGT is reduced when using any of the PuriN®¥bgroducts. For the lower load points (1, 2
and 5) the temperature are either nearly the samieigher. We can assume from other
reasearch that the shift in injection timing hasseal the lower load temperatures to go up,
while the presence of water in the fuel (and thsuamy increase in specific heat) has
reduced EGTs at higher loads.

@

B O P

67



In summary, the results quoted for Purilb20% water / fuel emulsion by the authors are
as follows:

1. NOx emissions reduced by 19% compared to base DF2
2. PM emissions reduced by 16% compared to base DF2

3. With the same start of injection, for both fuelse tenergy consumption for the
emulsion was 0.7% less than that for base DF2.

4. The CO emissions increased by 42% compared toibasel

5. Combustion improvers can modify the combustion sdcareduce all emissions,
however, the tradeoff between NOx and CO-HC-PM sioiis.

In light of the data presented, it is importanntie that due to weighting of the data, the
higher load points’ data 6, 7 and 8 are more Sicgmt. It is for this reason that the authors
of the research article have not included pointnlthe calculation of the weighted
emissions. The mechanisms by which water emulsaffiest the engine out emissions are
likely to be rather complex, at the same time difgcfuel injection rates, spray formation
and penetration, ignition and the combustion preeesSome mechanisms are presented
below:

* Water is likely to reduce the temperature of thi#fudion flame through phase
change-cooling and through diluent effects of tapour-phase water. This reduced
diffusion flame temperature is likely to reduce Nformation rates.

 The water may also act as a diluent in the fuemjeére soot is being formed,
thereby reducing the formation rate of soot.

* The presence of supplementary water may affecthienical kinetics mechanisms
of the soot formation and oxidation.

* The presence of water in a fuel emulsion jet may ¥iae penetration of the said
fuel jet. Water having a higher latent heat of erapon may aid the fuel jet to
penetrate further into the hot air charge. This ldancrease the entrainment of the
air charge by the fuel jet.

* The water may affect the stabilisation of the df@iffusion flame surrounding the
combusting diesel jet. The lift-off length of theef jet has a significant effect on
the soot formation rate. This may lead to a deer@assoot formation for higher
load conditions, which have significant fractiorigroxing-controlled combustion.

On the following page, a graphical representatibrthe obtained results presented in
Figure 37 shows the NOx, HC and PM emissions in specifi¢su@/hp-hr). We see that
for high load point 6, 7 and 8, the emulsions redd©x emissions as compared to base
diesel fuel. In cases of low load and low RPM (highd low-RPM point 3) the NOXx
emissions are more or less the same between teediEsel and emulsions. In the case of
PM production however, except for point 8, all ledgoints produced less PM. Especially
point 3, which is a medium load low speed pointisTpoint characteristically produces
large amounts of PM with base diesel. With emulsnmwever, the PM production is
reduced by around 70%.
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Figure 37.Graphical representation of results of differentiROx™ blends

for NOx, HC and PM emissions [34]

* Ghojel et al. [51] have conducted test on a HINQustrial 4-cylinder 4 stroke cycle direct
injection diesel engine. The engine produces a mamxi of 240 N-m of torque at 2400

RPM. The Fuel / water emulsion contains 13% wayemhss. The engine testing has been

performed at 150 N

mid

m or torque which would place ¢éimgine operating condition in the

load range.

to high-

To keep the engine power similar in the case ofdimilsion and straight diesel fuel

injection,
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the injection parameters were modifiednf base settings. These settings are

adjusted for two different power levels at two difint engine speeds and are listed in

Table 23



T, N, RPM | P kw Diesel Emulsion 13%

Nm Dinj, deg| g, deg | o, Mg | iy, deg| @g, deg| o, Mg |
150| 1800 28.26 -8.2 8.6 28.5 -6.9 9.9 35.8
200| 1800 37.68 -9.1 10.2 36.8 -7.8 12.1 46,0
150 2200 34.54 -6.9 10.3 30.4 -5.0 11.9 374
200| 2200 46.05 -7.7 12.5 38.6 -6.6 15.4 47/1

iy = Start of Injectiongdy = Injection Durationg = Mass Injected per stroke

Table 23.Injection system parameters [51]

Figures for NOx and HC emissions and BSFC are pteden the table below:

Diesel Emulsion % Reduction
Ppm | RPM e Nm | 200 Nm| 150 Nm| 200 Nm 150 Nt 200 Nm
NOx | 1800 | 845 1246 582 863 31.17 30.74
2200 674 873 420 618 37.69 29.21
HC | 1800 | 304 284 38 29 87.50 89.74
2200 136 96 32 37 76.47 61.46

Table 24.NOx and HC emissions [51]

We see that across the board, we have a roughpeBf&nt decrease in NOx production
rate at low and high loads and at low and highmagpeeds. In the case of PM emissions
production rate, we see a nearly 90 percent reslugtaite at 1800 RPM while at high
RPM; a higher engine load reduces the NOx reduction

Diesel Emulsion 13%

Tm | Rew | P | esc [ SEER T esrc [Feet
g/kWh % g/kWh %
150 1800 28.26 217.8 36.73 273.6 36.83
200 1800 37.68 211.0 37.92 263.7 38.22
150 2200 34.54 232.4 34.43 285.9 35.2%
200 2200 46.05 221.3 36.15 270.0 37.33

Table 25 Fuel consumption and thermal efficiency variasi§il |

Bertola et al. [52] have studied the effects of ewahjection on common-rail injected
diesel engines. They have chosen to study effdcesmulsion injection, with emulsion
injection rates of 13, 21 and 30 percent of waiduel ratios. The engine in question is a 4
cylinder DI diesel engine with a high pressure cammail fuel injection and EGR.

A few disadvantages are noted however by the asitioDue to the presence of water in
the combustion zone, an increase in the ignitidaydes noted. 2. Increase in combustion
noise and retarded combustion are noted.
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The specifications of the engine used for the s outlined below:

Engine Type LIEBHERR D 924 Ti-E _A4 _4-cy|ipder 4-Stroke
Turbocharged Direct Injection Diesel

Bore 122 mm

Stroke 142 mm

Compression Ratio 17.2

Displacement 6.64 litre

Number of Valves per Cylinder 2

Turbocharger KKK (Turbine K27.52 — 15.22)

Max. Power Output 183 kW at 2100 RPM

Max. Torque 1060 Nm at 1540 RPM

Max. Speed 2100 RPM

Max. BMEP 20 bar

Swirl 0.65 (Tippelmann)

Table 26.Engine specifications [52]

The fuel tests were conducted with three fuel elontsand a reference diesel fuel. The
properties of the four fuels are given in the falliog table:

Water . .
Lower . Stoichiometric
Content . Density . .
Heating Value 3 Air/Fuel Ratio
mw/(Mp + (MJ/kg] [kg/m~] [kg/kg]
mw) [%0]
Reference diesel 0 43.14 819 14.64
Emulsion 13% 12.89 37.98 851 12.98
Emulsion 21% 20.89 34.96 862 12.38
Emulsion 30% 30.17 32.54 871 11.77
Table 27.Fuel properties [52]
Engine operating conditions during the test regameelisted as follows:
Operating Conditions Engine Speed [RPM] Engine LoadBMEP [bar]
A25 1250 5
A50 1250 10
A75 1250 15
A100 1250 20

Table 28.Engine operating conditions [52]

In general, the authors note a decrease in NO emssf which the reduction in thermal

NO, they consider that the decrease is due maimlyhe reduction of peak flame

temperature. In addition to the reduction in NO ssitns production, the authors note a
decrease in PM emissions across the board forusammgine types studied in various
research articles. There are a number of reasatedsby the authors: 1. Improvement of
air entrainment by the fuel spray. 2. Micro-exptos of the water droplets in the fuel

spray (which improves mixing). 3. Increase in pneseof OH radicals which is linked to

the increase in soot oxidation attributed to treeease in OH radical production.

To maintain a constant power output, and keepingiimd the different energy content of
the fuels used as given irable 27, two different injection strategies are put inqaao
compare the performance results:
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Injection strategy A: Constant injection pressure. This results in longgection duration
as the quantity of water in the fuel / water emarisncreases. The quantity of fuel injected
into the combustion chamber stays constant.

Injection strategy B: Constant injection duration. This results in a lighnjection
pressure as the quantity of water in the fuel watulsion increases. The quantity of fuel
injected into the combustion as in the case ofrijeetion strategyA remains constant.

The emissions performance of the test engine isepted in the following tables for each
emission type separately — the tests have beerpgdomto low-load and high-load tests
where low-load is represented by the operatingtpo25 and B25 while the high-load
operating points are represented by the operatimgA75 and B75:

Base diesel Emulsion 13% Emulsion 21% Emulsion 30%
Val. Red. % | Val. Red. % | Val. Red. % | Val. Red. %
A25 5 - 3.6 28 2.4 52 1.8 64
A75 1.6 - 1.2 25 0.5 69 0.9 44
B25 5 - 2.2 56 14 72 0.8 84
B75 1.6 - 1.1 31 0.3 81 0.6 62
Table 29.Test values of opacity for varying emulsion ratiath respect to
engine operating parameters [%][52]
Base diesel Emulsion 13% Emulsion 21% Emulsion 30%
Val. Red. % | Val. Red. % | Val. Red. % | Val. Red. %
A25 6 - 52 13 4.8 20 4.4 27
A75 7.6 - 6.5 14 59 22 54 29
B25 6 - 6 0 59 1.7 59 1.7
B75 7.6 - 6.9 9.2 6.5 14.5 6.6 13.2
Table 30.Test values of NOx for varying emulsion ratios wigspect to
engine operating parameters [g/kwh] [52]
Base diesel Emulsion 13% Emulsion 21% Emulsion 30%
Val. Red. % | Val. Red. % | Val. Red. % | Val. Red. %
A25 220 - 216 1.8 217 14 218 0.9
A75 207 - 210 -14 210 -14 211 -1.9
B25 220 - 214 2.7 216.5 1.6 219 0.5
B75 207 - 208 -0.5 209 -0.9 209 -0.9

Table 31.Test values of BSFC for varying emulsion ratiodwispect to
engine operating parameters [g/kWh] [52]

The results obtained from this study are that usngulsion injection, an appreciable
decrease in the emissions of soot and NOx is ndteid. decrease in the emissions rate is
for the most part inversely proportional to thaaatf water to fuel in the emulsion. With
these decreases in emissions rates, a negligibteat® in fuel consumption is noted.

There are however, differences to be noted wherpaamy the two different methods of
injection; that is to say, whether the emulsion wgscted at a constant duration, or at a
constant pressure. When the emulsion is injectedoastant pressure, the injection
duration is increased. It has been noted that ¢eeedse in NOx emission rate is decreased
across the board when fuel is injected at a conptassure. However, due to the increased
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injection and combustion duration, the BSFC iseased to a greater degree as compared
to the injection at constant duration. In the catdhe constant-duration injection, the
decrease in NOx is less marked; however, the deergasoot emissions is much more
marked. This is accompanied with the fact thatBB&C increases only slightly, both for
the low load and high load conditions.

Kegl et al. [31] have conducted test on a truckima¢p compare two different methods of
water injection; the first in which the water igdoted into the air stream during aspiration
and the second in which the water is injected tiiyec the cylinder via the injectors in the

form of a fuel / water emulsion. The first systemshbeen divided into three variants
however, and they are listed below:

* Multipoint injection into the intake manifold — This system is similar to the
fuel injection system found in indirect multipoimjection spark ignition
engines. It comprises of one injector per cylindach of which is fired when
the intake valve is open and closed before th&éalves closes.

* A mono-point injection before the turbocharger— A simple arrangement
where the water spray flowing into the turbochaiigedispersed into droplets
and evenly mixed with the intake air.

* A mono-point injection after the turbocharger — A relatively simple
arrangement similar to the outlined above. Theeepdenty of choices for the
positioning of the injector in the intake streamttbin terms of direction and
in terms of position along the intake tract.

* Fuel / water injection directly into the combustionchamber— The emulsion
in question is composed of fuel, water and a stafddo enhance the stability
of the emulsion. In this research article, the arghhave evaluated the fuel /
water ratio relative to the volumes of the two comgnts. The authors make
reference to the fact that due to the presenceabéndroplets in the fuel jet,
during combustion, micro-explosions can be witndsseie to the sharp
evaporation of the said water droplets under thaence of high temperature.

The engine used in the test is a four-cylindercaaled Direct Injection diesel truck engine
with a displacement of 7118 érwith a maximum power output of 150 kW and 315 Nm.
Concerning the torque output, the measurement goren inFigure 38 shows a BMEP

of 14 bar, which corresponds to a torque output3® Nm. The 315 Nm note could be a
misprint and the engine actually produces eithéy 81915 Nm or torque. Tests on the
four water injection systems were performed to eat@ the effectiveness of each system
and study the effects. Here, results are presdatdtie change in percentage of NOx and
PM emissions for water / fuel volume ratios of ®, 15 and 20 percent. The engine
operating conditions are given in the legend facheset of test graphs (the graphs are
drawn in the order:

i. Multipoint
ii. Monopoint after TC
lii. Monopoint before TC

iv. Water / Diesel emulsion
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Figure 38.NOx and PM reduction rates for the operating point:
N = 1300 RPM, BMEP = 14 bar, BSFC = 210 g/kWh [31]
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Figure 39.NOx and PM reduction rates for the operating point:
N = 2150 RPM, BMEP = 14 bar, BSFC = 230g/kWh [31]

As can be seen from the results of the test, therwafuel emulsion is clearly the best
compromise to reduce NOx and PM emissions. It bdsetnoted that at low speed (1300
rom — as shown irFigure 38), multipoint water injection into the intake maoid is
marginally better performing as concerns the NOxssions reduction performance.
However, the trade-off in the PM reduction rate tfog water / fuel emulsion is such that
the reduction in PM can compensate for the lowducgon in NOx emissions. The results
shown for NOx and PM reduction show a decreaseenfiopnance for the monopoint
injection after turbocharger. The authors havegim¢n any reasons why this may be the
case.

If we rank the three water injection techniquesigsnjectors, we see that the multipoint
system is the most effective at reducing NOx, fe#d by the monopoint before
turbocharger and the monopoint after the turbodra@n the other hand, for PM increase,
the least increase in PM is incurred using the rpoima after the turbocharger, while the
monopoint before the turbocharger produces sligintigre PM while the multipoint
produces the most of the three. The authors haveupplied a plausible reason why this
may be.

Seeing that the water / fuel emulsion is generidily most effective at reducing PM and

NOx emissions, a further study was performed t@aten the scope of results for varying
water injection ratios, engine speeds and engiadsloln the following tests, engine speeds
of 1300, 1700 and 2100 RPMs are used. The watectiap ratios are of 0, 10 and 15

percent water / fuel by volume. BMEP values aré& aind 8 bars. The series of graphs
from left to right are:
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i. Diesel, 8 bar BMEP

ii. 10 percent water / diesel, 8 bar BMEP
iii. 15 percent water / diesel, 8 bar BMEP
iv. Diesel, 5 bar BMEP

v. 10 percent water / diesel, 5 bar BMEP

vi. 15 percent water / diesel, 5 bar BMEP

diesel, 8bar B 10 w ater/diesel, 8bar diesel, 8bar B 10 w ater/diesel, 8bar
15 w ater/diesel, 8bar B diesel, Sbar § 15 w ater/diesel, 8bar diesel, Sbar
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Figure 40.NOx and PM emissions reduction percentages [31]

Judging the values presented by Kegl et al. [31$, ¢clear that emulsion injection is better
than other means of water injection at all the isttidbad and RPM values and is effective
at even low water / fuel ratios.

Musculus et al. [53] have studied the effects ofewan a fuel / water emulsion on the
injector spray and combustion characteristics Diract Injection diesel engine. Their tests
were performed using two fuels, the first beingigfint N° 2 diesel fuel named D2 and the
other a Fuel / Water emulsion with quantity of wdteing 20% by mass named W20 in
the literature.

Analyses and measures taken of the fuel jet havevrshihat at the operating conditions
noted, the emulsion showed an increase in liquidtke of 40-70%. Combined with lower
temperatures and / or pressures in the combusiiamiger, it is entirely possible that the
fuel jet may strike a combustion chamber wall @tgm crown, leading to increased PM,
HC and CO emissions because of poor mixing.

Using the natural chemiluminiscence of the diepehy the researchers have shown that
the ignition delay of the emulsion is 30 — 60 %agee than that for pure diesel and that the
ignition occurs 30 — 40 % downstream in the jet.aAesult of this, considerably greater
mixing occurs for the emulsion, leading to an iase in the air / fuel ratio for the initial
premixed burn, which should decrease the soot foomauring the initial premixed burn.
The diffusion flame lift-off for W20 was consistgn20-60% longer than that for D2 at the
tested operating conditions. This increase in tieoff length allows increased
entrainment of air in the fuel jet leading to leamextures being formed during the mixing
controlled combustion phase. This should decredse groduction of soot during
combustion assuming that there is no fuel impingenee the combustion chamber walls
or the piston crown.
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The tests were performed on a single cylinder engiith optical access, based on a
Cummins N-series direct injection, 4-stroke cydksdl engine. The specifications of the
original engine are presentedTliable 32

Engine base type Cummins N-14, DI diesel
Number of cylinder 1
Cycle 4 stroke
Number of intake valves 2
Number of exhaust valves 1*
Combustion chamber Quiescent, direct injection
Bore 139.7 mm
Stroke 152.4 mm
Bowl width 97.8 mm
Displacement 2.34 litres
Connecting rod length 304.8 mm
Piston pin offset None
Geometric compression ratio 10.7:1
Simulated compression ratio 16:1
Fuel injector type Cummins CELECT"
Design Closed nozzle, unit injector
Number of hole x diameter [mm] 8x0.194
Length / diameter of holes [l/d] 4.1
Angle of fuel-jet axes from firedeck 14°

* In this optically accessible engine, one of tiwe £xhaust valves of the production cylinder head veplaced by a window and
periscope

Table 32.Engine and injector specifications [53]

For all operating conditions, cylinder pressuresl funjector pressure, and injector needle
lift data were digitized and recorded at half Crangle Degree (CAD) increments. The

Apparent Heat Release Rate (AHRR) was calculatech fensemble-averaged pressure
data using and air-standard first-law analysis [1].

Although ignition reactions have been considereddcur before the zero crossing of the
AHRR, in this article, the Start Of Combustion (SQ€ defined as the time of the first
zero-crossing after the pre-combustion AHRR dejwasdue to fuel evaporation. The
ignition delay is defined as the time between ttetSOf fuel Injection (SOI) and SOC in
CAD. The premixed burn fraction was defined asfthetion of the integrated AHRR that
occurred between the SOC and the location of theinmim in AHRR between the
premixed burn spike and the mixing controlled burn.

The averaged needle lift data accompanied with AHIRRE for both fuels is presented in
the following Figure 41 The thin line represents the needle lift, white shaded areas

represent the AHRR for the two fuel types. The d@anded by the dotted line is the W20
AHRR, whereas the area bounded by the solid litleadD2 AHRR. The integrated values
of AHRR and the gross Indicated Mean Effective Bues (QIMEP) measured in kPa are
also shown in the small tables accompanying thphgra
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Figure 41.Needle lift, AHRR, integrated AHRR, and gross IM[ERB]

For all three operating points of 1200 RPM, theitign delay for W20 was consistently
greater than for D2 by ca. 40%, leading to greptemixed burn fractions. At the 1680
RPM operating point, the ignition delay is evenagee, going to 65% over that of D2. As a
result the energy released during the premixed barrthe 1200 RPM operating points
was 50% greater than that of D2 and almost twieg tbr the operating point at 1680
RPM. This result is consistent with the increasgdition delay observed with W20.

Although, the total fuel energy content for W2®rdy 83% that of D2, the longer ignition

delay results in significantly greater premixingfoél and air prior to ignition, resulting in

a much greater premixed burn fraction. In the follg table, the operating points are
listed with different test results.
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Operating Condition 1 2 3 4

Fuel D2 | w20| D2 | w20| D2 | w20 D2| w20
Engine Speed [RPM] 1200 1200 1200 1680
Motored TDC Air Temperature [K] 1000 950 900 1000
Motored TDC Air Density [kg/r 16.6 16.6 16.6 16.6
Intake Air Temperature [K] 426 405 383 426
Intake Air Pressure [kPa] 189 180 171 189
Actual Start Of Injection [CAD ATDC] -11.5 -11.5 -11.5 -10.5
Duration Of Injection [CAD] 9.5 9.5 9.5 12

Peak Injection Pressure [MPa] 82 82 82 115
Mean Injection Pressure [MPa] 71 71 71 88
gIMEP [kPa] 360 | 290 380 310 390 320 400 310
Ignition Delay [CAD] 31| 44| 37| 54 44 65 35 58
Integrated AHRR [J] 1490 | 1230| 157Q 1320 1610 1330 160 1320
Premixed Burn Fraction [%] 26 48 32 58 39 71 21 50

Table 33.Experimental Matrix [53]

The article goes on to explain the affect the @gincombustion mechanism has on
engine-out emissions, and their difference whemgigither W20 or D2 as a fuel.

Musculus et al. [53] have conducted tests on arilee 3176 engine, the type used by
Matheaus et al. [34] to compare different formwas of a 20% water/fuel emulsion. The
results for the W20 are presented in the followiagle, with the change in emission
production shown as a percentage difference.
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= o |9 o
a aB HC | PM | CO | NOx
1 0.350| O Idle 19 816 98.5 54 140 580 280 -48
2 0.063 | 25 11 19 814 89.4 54 1 -27 7 -[7
3 0.029 | 63 21 23 835 13.p 45 22 =17 -65 0]
4 0.033 | 84| 32 34 835 4.1 36 54 -5 -74 -6
5 0.084 | 18| 100 24 835 427 45 1P I 46 19
6 0.104 | 40| 95 27 835 10.8 38 -18 -38 14 -16
7 0.102 | 69| 95 19 835 3.8 31 25  -32 24 -16
8 0.073 | 95| 89 16 835 1.5 28 42 -30 180 -8

Table 34.Steady state emissions test results for W20. (nvegealues for percentages indicate decrease) [53]

The flame lift-off length for W20 is in all casesniger than that for D2 for all operating
conditions, after the diffusion flame is establdh&here is more cycle-to-cycle variation
as well. In both cases (D2 and W20), the lift-@ifigith is observed to advance upstream as
soon as the diffusion flame is established. Th&ulteis compared to that obtained by
Higgins and Siebers [10], who have shown that waé lift-off length reduces as the in-
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cylinder temperature rises. It is entirely plausitilat the flame lift-off may be affected by
either the entrainment of hot products into thegetby the rise in the bulk temperature of
the in-cylinder gases. The entrainment effect isl ta quantify, however, the increase in
bulk temperature of the in-cylinder gases can lienased from the in-cylinder pressure
measurement. Since the W20 ignition is delayedmparison to that of D2, the reduction
in flame lift-off length is phased later for W2Qatihfor D2. Comparisons of lift-off lengths

and other flame parameters are outlined in thevotig Table 35

Operating Condition 1 2 3 4
Engine Speed [rpm]| 1200 1200 1200 1680

TDC Air Temperature [K] 1000 950 900 1000

Average LifOff [ weo | 11 | 134 | 21 | 128
UpswirlLfOf mm weo | 185 | 168 | 255 | 164
Downswirl Lift-Off [mm] VI\?ZZO 17()"11 fo37 11%27 272
ela]s] 2] &
I AR
oot AR

Table 35.Quasi-steady flame lift-off parameters

The average lift-off length is the average of khfe lift-off lengths over the quasi-steady
ignition period. The upswirl and downswirl lift-oféngths are due to the swirl present in
the combustion chamber, which also results in thymanetry of lift-off lengths. The
equivalence rati@r (Air/Fuel) anddox (Oxygen) for the D2 fuel is the same since there
is no diluent, whereas in the case of the W20, matets as the diluent which reduces the
equivalence ratio when reasoned in terms of availakygen.

In view of the experimental and model results, duhors are of the opinion that fuel

water emulsions have the capability to reduce PM d@x production at the same time.
The NOx benefit is more or less present at almbstperating conditions owing to the

reduction in flame temperature. Improvements in BM achieved through physical

processes of increased fuel / air pre-mixing inhbibie premixed burn and the mixing-

controlled combustion phases. This enhanced faelrixing however is accompanied by
an increase in the ignition delay, which may inseethe engine noise output. In addition
to this, the reduction in PM value at high and medioad operation may be countered by
high PM, HC and CO production rates at low loaderhthe fuel spray may impinge on

the in cylinder surfaces.

* A report written by Fleetway Inc. [18] for the Tsportation Development Centre of
Transport Canada gives general values for the cosgomaof NOx reduction for different
technologies. These technologies vary from physite@nges in the engine to exhaust
after-treatment systems:
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Method | NOxred. %
Primary
Retarded Fuel Injection 2-3
Reduced Scavenge Air (two strokes) 5
Common Rail Injection 20
EGR (Exhaust Gas Recirculation) 50
WaCoReG (Water Cooled Rest Gas) 70
WIS (Simple Charge Air Water Injection System) 30
CASS (Combustion Air Saturation System) 10-30
HAM (Humid Air Motor) 50-80
DWI (Direct Water Injection) 20-50
FWE (Fuel — Water Emulsions) 10-50
Secondary
SCR (Selective Catalytic Reduction) 75-95
Wet Scrubber 15
Non(Thermal Plasma 90

Table 36.Average NOx reduction values for different emigsigontrol systems [18]
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Inlet Manifold Water Injection - -- + none -- -
DWI — Separate Nozzle - -- ++ norje - -
Diesel Fuel / Water Emulsion + ++ -- - - -
Stratified diesel — water — diesel
.. . ++ ++ ++ none none ==
injection

Table 37.Evaluation of different Water Injection system8][1

The effects of water have been divided into thre@nntypes according to the authors;
dilution, thermal, and chemical effects. If the ara injected as a liquid, a supplementary
effect due to the evaporation will also be included

The authors take great pains to differentiate betwthe dilution effects and thermal
effects of water injection. According to them, somefinitions of the thermal effect
account for not only the increase in the speciéiatiof the air / water mixture, but also the
addition of mass of water in the combustion chambrerthis case, the dilution effect
would only consider the dilution effect of the iease in mass of water in the reacting
species which would modify the combustion reactiddther definitions of the thermal
effect consider only the increase of the speciéiattcapacity of the gases and include the
increase in diluent (water) mass in the dilutioieet

Different literature surveys were done by the argho clarify the effect of water vapour,
CO, and other diluent gases on the production of NiDwas determined that the most
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important effect was the dilution effect on the lp#ame temperature which then reduced
the NOx emissions. For water, the thermal effentr@ase in specific heat) was not
insignificant, resulting in 15% of the total NOxdrection. The chemical effects however,
for the tests under consideration were small.

They clarify that the working definition of dilutmoeffect would account for both the

differences in concentration and the extra massimcr@ased heat capacity for the non-
oxygen gas which do not actively take part in tloenlbustion. Even if the total heat

capacity of the gases in the cylinder has not 8aaritly changed, diluting the intake air

with diluent shifts some of the heat capacity frdme oxygen to the non-oxygen gases
which do not actively take part in the combustidie decrease in the proportion of
oxygen in the gas mixture for the same overaltsigeheat capacity means that the peak
flame temperatures are reduced, thus the reduictiNi®x emission production rates.

The authors refer to the works of Ladommatos ef2@ll. While their studies suggest that
the chemical effect of adding water is negligilitee type of engine used for their studies
was an automotive high speed direct injection diesgine, and hence the chemical effect
may not be negligible in the case of slow speedmaangines — the target of the study in
this research report. During combustion, water mi@$ the production of OH radicals

through the reaction:

O+H,0 - OH+OH 39
And inhibits OH consumption through the reaction:
H,+OH - H+H,O 40

This serves to reduce the concentration of O régliespecially in the flame zone where
super-equilibrium concentrations of O are presadtiacreases the concentration of OH.

The thermal NO mechanism is the most sensitiveetoperature, therefore the dilution

effect will be the most significant for reducingetinal NO since it results in a decrease in
the peak flame temperatures. Based on numeriadilestof coaxial diffusion air / methane

flames, adding water to the air side is more eiffecthan adding water from the fuel side.

In the case of counterflow diffusions flames, aikimeffect is noted. A greater quantity of

water can be present in the flame zone if it isegididom the air side.

The NO and prompt NO mechanisms are much less sensditemperature than the
thermal NO mechanism. The,® and prompt NO mechanisms are affected to a greate
degree by dilution than the thermal NO mechanishe Ghemical effect of water on the
prompt NO mechanism is mainly a result of increa®&t OH promotes the oxidation of
hydrocarbon radicals and therefore inhibits thepbNO inhibition reactions such as:

CH+N, o HCN+N a1

The chemical effect on the,® mechanism can arise from reductions in O radiddie
NO formed via this mechanism forms rapidly in tlefe zone where super-equilibrium O
concentrations occur. Any reductions in the in #agone O concentration levels will
suppress the initiation reactions such as:

O+N,+M o N,0+M 42

The absolute value of the super-equilibrium conegioin of O in the flame zone decreases
as water in the flame zone increases. Howeverdé#oeease is less than the equilibrium
concentration in the post flame gases. This impined the relative contribution of NO
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from the NO will increase compared to the thermal NO as thentjty of water increases
in the flame zone.

1.3.3. Résumé of Effects of Water Injection on combustioand emissions:

The effects of WI on diesel engine combustion cahely be divided into the following
groups:

a. Thermal effects
b. Dilution
c. Chemical effects

These effects are identified according to the ptajsthange they bring to the combustion,
and are identified below, giving a consolidatedwvief the results of various researchers
presented in the previous sub-section.

1.3.3.1. Thermal Effects:

In the case of manifold water injection, evapormatmooling may take place reducing the
temperature of the inlet air charge. This incredlseslensity of the charge and potentially the
air mass flow into the engine. For a diesel endinis, would mean more air available for the
fuel.

The decrease in temperature of the intake chasggerabuces the starting temperature when
fuel is injected. Generally, a reduction in tempam has a tendency to increase the ignition
delay, the lift-off length, the liquid length andiet proportion of fuel that will burn in
premixed combustion. Siebers et al. [9] note that decrease in temperature increases the
lift-off length which in turn decreases the equarate ratio at the lift-off length thus reducing
the propensity to soot.

A second phase of the thermal effect happens irte&leylinder. In this case, the presence of
water vapour causes a rise in the specific heantquaof the intake charge. This usually

results in lower combustion temperatures and |ldW@k emissions [18, 24, 26, 28, 29, 30, 3,
31, 32, 33, 34, 37, 39, 52, 53]. It has been fothad the rise in specific heat capacity of
intake air charge is higher for water vapour than @0, when compared on a mass basis
[22].

Water injection may increase the specific heat ciégypaf the intake air charge. An increase in
the intake air charge specific heat may increasegthition delay of the fuel jet. In actual fact,
the change in specific heat capacity with the ohidion of CQ or H,O vapour has been
found to be rather minor [22].

In the case of in-cylinder water injection, the @radroplets reduce flame temperatures due to
evaporation thus reducing NOx emissions [18, 23,276 3, 31, 32, 33, 34, 39]. Even if the
water evaporates during the compression process,teimperature of the charge in the
combustion chamber as fuel is injected will be loag& compared to dry air.

In the case of emulsion injection, Matheaus ef{34] propose that the temperature of the
diffusion flame is likely to reduce resulting inraduction in the formation rates of NOXx
emissions. In addition, the reduction of tempemaiarthe core of the fuel jet during the soot
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formation process is likely to reduce the soot fation rates [34]. These effects have been
confirmed by various other researchers and resepotips [27, 3, 31, 33, 39, 51, 52, 53]

1.3.3.2. Dilution Effects:

Introducing an inert medium (gas or liquid) to amimstion mixture will reduce the
concentration of oxygen per unit volume or masshairge.

The dilution effect in general reduces NOx produttiwhen dilution takes place, the fuel jet
has to take in a greater volume of air charge sihedower proportion of oxygen in the air
charge causes the combustion process to slow damvehthe fuel jet continues to entrain the
air charge for a longer period of time. This resuft a greater mass of gas for the same fuel
guantity which has a tendency to reduce the peakdltemperature [18, 26, 27, 3, 32, 34, 47,
48] thus reducing thermal NOx emissions.

In the case of an emulsion, the air entrainmesinslar to that of neat fuel jet in the same air
charge. The overall air / fuel ratio in the jetivibwever be higher since in the same volume
of emulsion, a lower quantity of fuel is presentisT will potentially reduce the PM
production rate [3]. The quantity of gas entraiped unit mass of fuel being increased, the
specific heat capacity of the gas mixture will hamereased and potentially, the NOXx
production rate may be decreased.

Emulsions tend to have longer ignition delay pesiad compared to neat diesel fuel [16]. It
has been seen that as the water/fuel ratio is aseck the ignition plume becomes less
luminous, indicating a reduction in sooting. Tresverified by the overall soot formation rate
at exhaust. The phenomenon of micro-explosionsasribed earlier promotes the mixing of
the air/fuel jet and is considered to increasevtiiame of air mixed in the plume. This would

presumably limit the peak flame temperatures amd NOx formation rates.

Emulsions can also cause an increase in the indsdipenetration of the fuel jet [18, 26, 3,
33, 34, 39, 52, 53]. The high latent heat of vagairon of water increases the time required
for vaporisation, thus increasing the entrainmednéio by the liquid fuel jet. A secondary
effect of this may be that the fuel jet touchesdyénder walls. In addition to this, the lift-off
length is changed significantly as well. In generalncreases as the ratio of water to fuel
increases. An increase in lift-off length is creditwith decreasing the soot formation rate as
well [34].

In the case of emulsion injection, micro-explosianay be apparent in the fuel spray that
decrease the size of fuel spray droplets furtheeasing the energy transfer between the
compressed air charge and the fuel. These micrtp&®ps also have been noted to improve
the oxidation of hydro-carbons, reducing the enoissiof PM [23, 27, 3, 32, 34, 52, 53].

1.3.3.3. Chemical Effects:

Due to the generation of heat during combustiortacediluents may dissociate to form more
reactive specie that can aid in the reduction dghaepollutant emissions. In the case of water
vapour, the dissociation of,B into H and OH radicals has been tested experaiigrtb
reduce soot formation for a pre-mixed laminar flaj@B]. For water vapour addition in a
diesel engine, Ladommatos et. al [22] have conduexperiments to isolate chemical effects
of water vapour. Their findings indicate an inceeas PM emissions with the addition of
water vapour in the intake charge. The intake ahavgs prepared such that thermal and
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dilution effects on the combustion would be negligi CQ on the other hand, seemed to
reduce PM emissions.

It appears that the formation of NO is suppressettheé presence of OH radicals [50]. These
OH radicals are formed by thermal decompositiorHe® during combustion. This is in
addition to the suppression of NO formation by ting the peak flame temperature.
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The bibliographic study produced in this chapteowh us the complexity of the diesel
combustion and recall the principal processes. N&x solid particle production have
especially been given attention.

In the second part, the experimental and numengalk related to the use of water
injection for reduction of pollutant emissions hasen condensed and analysed. The
following assessments can be made:

v First and foremost, it appears that a multitudete¢hnologies exist. Water can be
injected in the intake manifold, directly into tbglinder via a separate injector, via
the same injector as a stratified mixture, or easran emulsion.

v In all cases, a drop in NOx emissions is obserhesvever for the same technology,
the relative reduction varies from one case studghe other

v' As for the effect of water injection on PM emissi@and the efficiency (specific
consumption) of the engine, results vary both qualitative and quantitative manner
with respect to the manner in which water has begected, and for the same
technology, from one case study to the other.

v" The engine load seems to play an important rolth@obtained results, but for the
most part, studies are made on engines at highkregaof load. In addition, they
concern large displacement industrial or stationagpgines, or in some cases,
automotive powerplants of relatively older techigylo

v In the end, some of the analyses presented areamziusive, and it would seem that
there are a multitude of effects of water injectitmermal effects, chemical, dilution
etc.

In light of these elements of the study, it wowddirieresting to perform a detailed
study on a modern automobile diesel engine to my separate the different effects of water
injection and to make a comparison with a tradiitbrmeans of engine out pollutant
emissions control system — exhaust Gas Recircal§EGR). Water injection via the intake is
considered for study, for reasons of simplicitye Tlanned limits of water injection are
however much higher than those used traditionallpatter define the limits of the process.
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L’étude bibliographique menée dans ce chapitre mnmede monter la complexité de
la combustion Diesel et d’en rappeler les princggmEtapes. Une attention particuliére a été
portée a la formation des especes polluantes N@aricules solides.

Dans un deuxieme temps, les travaux expérimentaurumériques relatifs a
I'utilisation de I'injection d’eau pour réduire leémissions polluantes des moteurs Diesel ont
été recensés et analysés. On retiendra :

v Il apparait tout d’abord que plusieurs technologisstent : I'eau peut étre injectée
dans l'air d’admission, directement dans le cyliadr I'aide d’un injecteur spécifique
ou d’'un injecteur eau / gazole commun, ou bien Bnea émulsion avec le carburant.

v" Dans tous les cas une baisse des émissions de $i@kservée, mais pour une méme
technologie, la diminution relative varie d’'une ééua I'autre.

v' Concernant les effets de I'eau sur les émission®Meet le rendement du moteur
(consommation spécifique) les résultats varient ngtetivement et parfois
gualitativement en fonction du mode d’'introductida I'eau, et pour une méme
technologie, d’'une étude a l'autre.

v' La charge du moteur semble jouer un réle importdants les résultats obtenus, mais
la plupart des études s’intéressent surtout auxrgds élevées. En outre, elles
concernent le plus souvent des moteurs industolsitilitaires, ou bien encore des
moteurs automobiles de conception ancienne.

v' Enfin, 'analyse des résultats est parfois par@adlors qu'il apparait que les effets de
'eau sont multiples : effet thermique, dilutioffife¢ chimique, ...

Au vue des ces éléments bibliographiques, il semti#eessant d’effectuer une étude
détaillée, sur un moteur automobile récent en tenide séparer les différents effets de
I'injection d’eau et en comparant au moyen de dépioin a la source traditionnel, a savoir
la recirculation des gaz d’échappement (EGR). Lalend’introduction de I'eau retenu est
I'injection dans l'air d’admission, pour des raiserde simplicité technologiques, mais les
guantités d’eau envisagées sont plus importantesoglles traditionnellement utilisées afin
de cerner les limites du procédé.
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2. CHAPTER 2 : Experimental setup and modelling tools

Ce chapitre a pour but de présenter les outils erpgntaux, théoriques et
numériques qui seront utilisés par la suite powdér I'injection d’eau a I'admission d’'un
moteur Diesel automobile. Il est divisé en dewndes parties.

La premiére partie concerne le dispositif expéritaknElle comprend tout d’abord
une description du moteur de série modifié quiéautilisé, puis une présentation détaillée du
systeme d’injection d’eau, avec les évolutions ssgives développées spécifiquement pour
cette étude. Enfin, les principales caractéristgjdes instruments de mesure - notamment des
analyseurs d’émissions polluantes - et du syst€ammudisition sont fournies, ainsi que les
incertitudes de mesure associées.

La deuxieme partie concerne le développement dsautimériques d’analyse destinés
a évaluer ou se produit I'évaporation de I'eau ttge sous forme liquide. Quelques éléments
théoriques sur la description thermodynamique dangement de phase et I'air humide sont
tout d’abord rappelés. Puis, plusieurs situationstsanalysées : mélange et évaporation dans
le répartiteur d’admission, évaporation dans leimglte pendant la phase d’admission et
enfin évaporation pendant la phase de compres$tofin, les résolutions numériques mise
en ceuvre sont rapidement exposées.

This chapter presents the experimental, theoreacal numerical tools which will be
used to study intake water injection on an autoweotiiesel engine. It is divided into two
parts.

The first part concerns the experimental setup. Gdmdc specifications, modifications
and developments made to the engine are discusseltailed presentation of the water
injection system is then given including the susivesmodifications made specifically for this
study. Finally, the principal characteristics ofetrmeasurement system — specifically the
emissions analysers — and the acquisition systeen gaven, as well as the associated
measurement uncertainties.

The second part concerns the development of nuahedols for the analysis of the
evaporation of water in liquid form in the engingcle. At the beginning, thermodynamic
principles of water in its liquid and vapour formearecalled. These principles will eventually
be used to define the evaporation of water durimffer@nt phases of the engine cycle.
Different scenarios are then analysed: mixing anép®ration in the intake manifold,
evaporation in the cylinder during intake into teegine cylinder, and finally, evaporation
during compression. At the end, a summary of #solution of numerical processes is
presented.
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2.1. Experimental setup:

The experimental setup consists of the basic engstebench, of which the details are noted
in the following text, a Low Pressure Exhaust GagiRulation System (LP EGR) system
that was developed at the laboratory, and finddly Water Injection system. Details of each
are presented in the following paragraphs:

2.1.1. Test Engine:

The engine used on the test bench is a 2.0 lit®IH@tomobile diesel engine. This engine
has already been used for an earlier PhD thesisdi2he effect of composition of intake
charge on the combustion and emissions of an altibendiesel engine. The specifications of
the test engine are presented as under:

Displacement (cc) 1998
Emissions control standard EURO 4
Architecture / layout 4 cylinder inline
Bore x stroke (mm) 85 x 88
Valves / cylinder 4
Compression ratio 18:1
Minimum — maximum engine speed 750 — 5100 RPM
Maximum power at RPM 100 kW at 4000 RPM
Maximum torque at RPM 320 Nm at 1750 RPM
Turbocharging Variable Geometry Turbine — chargésoo
EGR system Cooled high pressure EGR
Injection system Common rail, piezoelectric injest® generation
Injector orifices 7
Injector orifice diameter (mm) 0.150
Maximum injection pressure (bar) 1600
Combustion chamber Re-entrant bowl-in-piston

Table 38. Engine characteristics

The original chargecooler has been installed td down the air charge after the turbocharger
compressor. Unfortunately, to be effective, thergheooler needs a large amount of airflow,
similar to that encountered when installed at tieatfof a moving vehicle. Since the airflow
in the engine test room is rather weak, anothelimgpeystem was devised which consists of
spraying the chargecooler core with cool coolingtenaTo control the intake charge
temperature, a solenoid valve is put in line with tooling spray circuit. The cooling water
flow is tailored to meet the required intake chaageemperature. The photos shown here are
of the engine before the installation of the watgrction system.
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Figure 42. Details of the engine o
LP EGR System:An LP EGR loop has been added on the engine, aflgiequipped with a
High Pressure (HP) EGR loop. The recirculated gasedaken downstream of the DPF to
avoid the recirculation of soot into the compressbo avoid uncontrolled condensation
downstream the introduction of recirculated gasbglvmay damage (by corrosion) or foul
the compressor blades and the intercooler, a la2PgeGR cooler is used to maintain the EGR
temperature dy (punder 50°C, to remove water from recirculated ga$@ese are thus dry
and free of PM. Condensed water is separated bytgrand collected in a catch tank. An
exhaust valve has been added to control exhauktgrassure and thus permit high rates of
exhaust gas recirculation using the LP EGR loop.

As mentioned in the last section, the intake amperature T is controlled separately,
allowing control over the temperature’Tof inlet gases after mixing with EGR and water
injection, independent of EGR rate.
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2.1.2. Water Injection System:

The Water Injection system that is running on thgime test bench at this moment is actually
the fourth generation of the system. In this sectibe evolution of the water injection system
shall be presented.

The basic requirements of a water injection systere defined from the start and are listed
as:

1. Accuracy and precise metering of a known mass flate of water into the engine
intake manifold

2. Good quality of spray — that is to say, that théewahould be atomised to a mist fine
enough that it floats in air and can easily folltwe contours of the intake manifold

3. Maintenance of good quality of the atomised watést aver a wide range of fluid
mass flow rates

4. The system should limit modifications to the basgiee to a minimum

In addition to these basic criteria, some additiosacondary, but no less important criteria
were decided upon to increase the quality of tistesy.

1. Safety measures incorporated so that the enginenoiaget damaged if the system
malfunctions

2. Possibility of interfacing to the engine test beetdctronics

3. Monitoring of as many parameters as possible, kaece the quality of measurements
— air and water pressures, air and water massrites, and water temperature.

Keeping in mind the basic requirements of the systéhe system evolved, with each
evolution changing the sources of fluid pressumggctor constructions and measurement
strategies for the various parameters.

First Generation — The first generation of the water injection sgsteonsisted of petrol
injectors of the type used in port fuel injectedrgpignition engines. These injectors were
supplied fluid pressure directly from the tap, wéierthe water pressure was measured at all
times. The mass flow rate was not measured dirgttiyas only estimated using the injector
duty cycle and the water supply pressure. Unfotelpathere were a few factors due to
which the precision of the system was consideredetoather poor and it was not pursued
further:

1. Poor atomisation of water — seeing that the pressas rather low (of the order of 4-5
bars) and the only atomisation process in effecs wgdraulic, the quality of
atomisation was rather poor. To improve the atotimsaguality, fine plastic meshes
were added to the injector noses to facilitate idtopreak-up. While this worked to
break the jet up into finer droplets, a lot of thater jet stayed on the mesh, and would
dribble from the injector nose.

2. Rusting of injector pintles — the injectors weret Wesigned to be used with pure
water. After a few hours of working, the injectanttes would jam, rendering the
injector useless.
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3. Absence of real-time water flow rate measure —He &bsence of a closed-loop
control, the mass flow rate of the injectors waseohon the pressure of the water
supply and the duty cycle of the injectors. Sirfee Wwater supply is off the fresh tap
water supply, there are variations in pressure dber course of the test day.
Therefore, the injectors would have to be calilwtafer different pressures. In
addition, as stated earlier, the fact that thecitojes slowly rust over time and jam, the
duty cycle of the injector flow is an unknown facto

In view of the above, Sl engine petrol injectorgevguickly abandoned as a viable means of
controlled water injection for the test bench.

Second Generation- To alleviate some of the problems of tfiegéneration system, it was
decided that since a higher pressure can imprawisation of water, a redesigned system
with a much higher pressure than 3 bars be devisguototype system was developed using
a Karcher high-pressure water pump, the type tBaused for pressure washing. In
consideration of the high water injection presgumethe region of 80 to 100 bars), a special
nozzle holder was made to enable the user to chdiffgeent nozzles while guaranteeing the
absence of leaks and securely holding the nozzfgace. The injector nozzle used for this
system was a common rail diesel injector nozzle iffector was chosen for the small size of
its orifices and also due to the fact that it wasnalti-orifice injector, thus forming a
mushroom of water jets when in operation. Thiseystvas considered to be unsuitable for
the water injection test bench due to the followiegsons:

1. Variation of water flow rate — In this system, the flow rate could not be véisence
the injector would run at full open all the timen®way to vary the flow rate would be
to reduce pressure. However, seeing that the ilaterate varies as a square root of
the fluid pressure, the variation in pressure wdwdgle been too great for a relatively
small variation in flow rate.

2. Spray pattern — Direct injection diesel injectors are not desigio atomise fuel. Fuel
gets sprayed out of the injector orifices as adstesiream which is then broken up
with friction against the air in the combustion oti@er. While this type of jet works
perfectly in a diesel engine, for a water inject&ystem, it is not suitable. Hence the
requirement for an atomising injector nozzle.

In general, the difficulty in precisely varying theater flow rate while maintaining a
sufficiently fine atomised water jet was what remdethis system unsuitable for use as a
viable water injection system.

Third Generation — This system is based on an air-assist watectiojenozzle. The water is
passed radially through two concentric, smoothdiStis stretches the water out into a thin
film. These plates have concentric holes in thdreginom which high pressure air is passed.
This high pressure air breaks the film of wateo iatfine mist which is fine enough to be able
to follow the intake manifold inner profiles withbwetting the walls too much. The system
consists of a special injector whose details aosvehn Figure 43 andFigure 44
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a. Injector body with nose cone and O-ring seal

b. Injector core with support (yellow) and O-ring seal
c. Injector nose cone with nose plate

d. Injector core with both O-ring seals and nose pbatés

Figure 43.Parts of the water injection nozzle
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Figure 44.CAD drawing and simplified functional drawing oftlair assisted water injector

Construction details:
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The injector body is a mono-block aluminium barc&taith the requisite diameter of
holes drilled directly into it. The axial holes & the injector outlet and air supply,
while the transverse hole is for the water supply.

The injector core is taken from a petrol injectibris the main body of the injector
nozzle without the pintle. This part gives us théefor the high pressure air and the
nose of the nozzle gives us one of the two smositsdequired to generate the thin
water film. The injector core centring bushing iade from a length of vinyl tubing
with axial grooves cut into the outer peripheratiow the passage of water.

The nose plate comprises of the retainer and tee aban injector core. This gives us
the second surface to generate our thin water fiith the rubber o-ring, we can
tighten the retaining bolts more or less to inceeaisdecrease the gap between the two
smooth surfaces, thereby giving us more or less fiate range. A steel nose plate
holds the injector nose in place with the helpafrfallen bolts.

Four allen bolts are used to hold the injector rexsé nose plate in place. The bolts
tighten the nose plate against a rubber O-ringngind water and air tight seal, while
also giving a certain “tuneability” to the injectby varying the distance between the
injector core and injector nose. The rear O-ringraninjector core prevents the water
— which is outside the core — mixing with the watanside the corerigure 44 shows
the functioning of the injector, and the assemlol@thponent.

The WI system comprises of the following components

KarcherK2.01 High Pressure water pump

8 Bar Air Compressor

Parker Pneumati® Bar Air Pressure Regulator
RadiospareSurbine Flowmeter

Competition variable fuel pressure regulator
K-type thermocouples

Electromagnetic solenoid valve
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1] @ O D

Water inlet from tap

Turbine mass flow meter

Karcher high pressure water pump
Temperature measurement

Turbine mass flow meter

Solenoid valve — Normally Closed (N/C)
Connection to water injector nozzle

Pressure measurement

Variable pressure regulator

10 Ball valve — Normally Open (N/O)

11 Ball valve for purging system — Normally closed
12 Discharge

13 Air compressor

14 Pressure measurement

15 Connection to water injector nozzle

16 Variable section orifice (ball valve)

17 Discharge

Figure 45. Schematic of the water supply (left) and air sygpbht) sub-systems of the water injection system

The size of droplets depends on the water flow, eateéncrease in flow rate increases the size
of the water droplets. The following photographswgtihe quality of the mist during system
operation.

OCoOoO~NOOUIR~WNPE

Figure 46.Spray quality of the injector (left) and the air@p mixer (right)

And finally, Figure 47 shows the system mounted on the engine test besiththe control
post outside the test cabin to allow adjustmentsetmade to the system flow rate and
pressure.
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1  Airsupply

2  Water supply

3 Water supply safety
/ cut-off solenoid
4 Post charge cooler
air intake pipe
b 5 Water pressure

gauge

6  Air pressure gauge

Air pressure
regulator

Water pressure
regulator

‘ L e e
Figure 47.Installed water injector a. on the engine at ttiaekie b. water injector pressure / flow rate cdniost

With reference td-igure 45 andFigure 47, a list of how the system is used is given below:

1. Before the engine is started, the WI system pukgiéd fresh water by closing valve
10 and opening valval (Figure 45 g. This forces water from the water supgdly
(Figure 45 g to pass through the whole circuit.

2. The air compressor is started; the air supply iwdwer not connected to the WI
nozzle. The valvd6 (Figure 45 b) is adjusted to achieve between 5 and 6 barsrof ai
pressure shown on barometdr(Figure 45 b).

3. The engine is started and stabilised at the operaiint of interest.

4. With the engine stabilised and air line for the Mékzle unconnected, the base reading
for air flow is taken.

5. As the air injection linel5 (Figure 45 b) is attached to the WI nozzle, air is bled into
the air intake tract of the engine. The air pressarthe air line is left to stabilise and
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the bleed valvd6 may need to be adjusted to bring air pressure tmabktween 5 and
6 bars.

6. Since a part of the air going into the intake tiadbeing fed by the air line from the
external air compressor, the air mass flow metdrshiow a drop in air flow rate. In
reality, since the manifold pressure and tempegadud engine RPM remain the same,
it can be surmised that the real air flow rate thi®engine remains the same.

7. The water feed lin& (Figure 45 g is connected to the WI nozzle.

8. Water pressure in increased using the variablespresegulato8 (Figure 47 b) until
water flow is achieved (minimum of 3 kg/hour andxmaum of 21 kg/hour) measured
by the turbine flow metes (Figure 45 g

9. As water pressure is increased, the air pressuteinVI air supply line increasesl4
(Figure 45 b). This is due to the fact that as the water flaterincreases, the cross-
sectional area in the WI nozzle available to tim#oav is reduced. An assumption has
been made that the air flow rate of the positivepldicement compresstB (Figure
45 b) remains stable independent of discharge presSaeing that the air flow cross
section at the bleed valié (Figure 45 b remains the same, the net air flow pressure
increases due to the decrease in total air flowhdigye cross-sectional area. As a
result, more of the air will flow out of the blegdlve 16 (Figure 45 b). This reduction
of airflow at the WI nozzle is taken into accousing pressure ratios and measured
air flow rates.

10. After the test session is completed, first the Vdltev pressure is reduced to zero, and
the safety solenoid (Figure 47 b) is cut-off. The engine is then put under loadilevh
the intercooler cooling systenfrigure 48) is deactivated. The aim is to increase the
air flow rate and temperature to dry the insidethefintake tract and the engine itself.
During the drying process, the temperatures atetitgy to the intake valveb,: will
remain relatively low, since water evaporation Widlep the thermocouples cool. As
soon as the tract is dray however, there will beaaked increase in temperature to
around 80-110°C depending upon the engine operpting. The engine is run at this
point for a little while longer and then the engspeed is reduced to idle.

11.All parameters in the ECU are returned to base egliand the water and air
connections are disconnected from the engine whédeengine is running at idle. The
engine is then run at idle for 10 minutes to caawd the turbocharger and the exhaust
system and then it is shut off.

12.The air compressor is shut off, and the air bletd ou

13.The water pum3 (Figure 45 g is shut off, the mains supply(Figure 45 g is cut-
off, and the circuit is emptied via the dischargése 12 (Figure 45 9.
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2.1.3. Instrumentation and measurement uncertainties:

2.1.3.1.Instrumentation:

The engine is mounted to an Eddy Current enginamhgmetric brake that can be controlled
for a specified Torque or RPM value.

A Pierburg PLU 4000 fuel flow measurement systenuded that measures fuel flow rate
along with the fuel temperature — which is regudate

Interfacing to the engine ECU is achieved by an ETAS690 interfacing unit along with
INCA®. The unit along with the software allows the op@rao measure, show or download
various engine operating parameters of which somameples are;

1. Air flow rate into the engine
Intake air temperature
. Ambient air pressure

. Manifold air pressure

. EGR valve position
. Turbocharger Nozzle Guide Vanes actuator position

2

3

4

5. Fuel rail pressure
6

7

8. Injector injection events
9

. Engine RPM
10. Coolant temperature

The air flow rate going into the engine may be mead via different devices, such as a
venturi, a Pitot tube, a Karmann anemometer (meadoequency of vortex shedding), a vane
type anemometer or a hot wire anemometer. In gen#ra higher the precision of a
measuring device, the narrower its operating raagé, the case of the venturi. In the case of
an internal combustion engine, a relatively highuaacy of air mass flow measurement is
required over a wide operating range. For thathtitewire or hot-film air mass flow meter is
considered to be suitable since it is generallyibatied a 1% precision over the whole
measured scale. The air flow rate is measuredeagxh of the air filter housing. The air flow
rate from the air flow meter was compared to thdlaw rate measured from the air/fuel ratio
given by the 5-gas analyser and the fuel flow iteen by the PLU 4000. The relative
difference between the two measurement technigags snder 3%. This difference remains
the same even while using EGR or WI. The EGR vave closed loop with relation to its
opening percentage. The Variable Nozzle Turbinel@wianes are driven with a pneumatic
actuator, and the position of the guide vanesss &l closed loop. The outlet pressure of the
diesel injection pump is regulated by a solenoitvevan the high pressure pump stage. As
concerns the measurement of real fuel-injected tifyathe injection quantity of 1.0 to 2.0
mg/stroke during the pre-injection stage is congideto be correct, the remainder of the
injection quantity (the main injection) is measufeam the total fuel consumption rate given
by the PLU 4000. The cyclic variations in injectedhss per injector is considered to be
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cancelled out over a finite number of cycles (fearaple 50, 100 etc.), and the variations of
injected fuel quantity between the four cylindessegligible. The SOI given by the ECU is

the electrical

signal for opening the injection nles. In reality, there is a lag of a few

hundred ps* between the injector command signatlaadeal SOI.

* The actual value depends on the type of injeatat is given by the injector manufacturer.

water injection
water air system
pressure regulators
intercooler dm,, o
/ « airfilter
compressor
dmwater

N e

2 2 LP EGR loop
LP EGR valve

| inlgt manifold *\2”

—

A Ao

LP EGR
cooler

—| condenses

|I;)(hall,;.sltmalt1lifollllt:llI73 : 4 5 L E j

VGT DOC1 DOC2+DPF exhaust valve

Figure 48.Nomenclature of the test engine with the Wl andBER system, with numbered measurement

points

A specific instrumentation was installed on theieago measure various parameters. The
following test parameters are measured on thedegine using a data acquisition system
running under Labvieftv. 7.1:

* The temperature and pressure of gases at varidassgo the intake and exhaust
system — the temperatures being measured by Kdiyigéded thermocouples of 1mm
diameter, and piezo-resistive relative pressures@snof the HCX range from
SensorTechnis The measuring range of the sensors was chosem that the
precision of measurement is maximised. The pressunge used is 2 bars relative on
the intake side and 5 bars relative on the exlsdst

(0]

o

1 — engine inlet, before compressor

2 — compressor outlet, before chargecooler
2’ — chargecooler outlet, before WI

2" — After WI

3 — engine exhaust port, before turbocharger terbin
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0 4 —turbocharger turbine outlet, before DOC
o 5 - after DOC, before DPF (FAP)
o 6 — after DPF (FAP)

0 EGR - recirculated exhaust gases, post EGR cdméore mixing with fresh
air

In addition to this the temperatures of the intakd exhaust gases are measured at all
times separately for each cylinder.

The atmospheric temperature and pressure are neeagspectively, with the help of
a silicon-based LM35AZ temperature sensor and aopiesistive HCX absolute
pressure sensor by SensorTechhics

An HIH-4000 sensor measures the relative humiditthe air that is aspirated by the
engine in the test cell. It is positioned at thempg of the intake tract that leads into
the air filter.

The turbocharger rotational speed is measured @siAgo-Turn inductive sensor by
ACAM, which is mounted directly to the compressotute. As soon as a compressor
blade passes in front of the inductive sensorgtigea variation in the inductance level
of the sensor. This change in the value of indwsar picked up by the acquisition
system which converts the signal into a frequengyat proportional to the rotational
speed of the turbocharger. The system is capablmezfsuring a rotational speed
between 200 and 350 000 RPM.

Real-time in-cylinder pressure measurement is duatie the help of a piezo-electric
6055 sensor by Kistler. The signal from this sens@mplified by a charge amplifier
also provided by Kistler. The start of the datawasitjon is performed with the help of
an incremental angular encoder which is used a&fesence for the start and end of
the pressure signal sampling. The angular encederounted at the front side of the
crankshaft and has a resolution of 1000 pointsye860°. The measurement step is
thus 0.36° per increment on the encoder.

Labview® is a software that allows us to easily acquire amalyse data retrieved from
the measurement system by the data acquisitioreraysin addition to this, the
software allows us to visualise the incoming dataeial-time on floating graphs that
update data values according to the refresh ratkeoflata acquisition system. Using
this function, it is easy to see the stabilisatbwperating parameters of the engine so
that tests can be performed.
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a) Instrumented intake manifold b) Angular encoder
Figure 49.Detailed photographs of intake manifold and theuéargencoder

The compositions of the intake and exhaust gasesnaasured with a Siemens gas analyser
bench, which comprises the following elements:

« An ECOPHYSICS CLD 700EL machine is used to measure the NOx éomissThis
machine functions by chemiluminescence of NO widoi@ Q.

« A SIEMENS® ULTRAMAT 23 for measuring the concentrations of Z@O and @
with the help of an NDIR (Non Dispersive InfraRegnsor.

« A SIEMENS® FIDAMAT 5E for measuring total unburnt HCs usifgetFID (Flame
lonisation Detection) method.

In the case of the CLD 700EL, the gas to be andlysenixed with ozone in excess. There is
a reaction between the ozone and the NO, whiclsleadhemiluminescence. The intensity of
this chemiluminescence is proportional to the catre¢éion of NO in the sample. A second
sample of the NO is sent into a catalysing ovenctvltonverts all N@to NO. This second
volume contains only NO, which undergoes the samenmwith ozone and the resulting
intensity of chemiluminescence is measured. Thierdiice between the two intensities of
chemiluminescence gives the ratio of Nedid NO in the original NOx sample.

In the case of the ULTRAMAT 23, an infrared beanpassed through the analysed gas. The
frequencies in the absorption spectrum are analysadh frequency of the absorption
spectrum corresponds to a specific gas specieaddition to this, the NDIR sensor has a
relatively narrow spectrum.

The FIDAMAT 5E works by passing the gas sampleugtoa hydrogen-fuelled flame. The
energy from the hydrogen flame releases electnmm the gas sample. These electrons are
then captured by electrodes, and are measuredtiatthelp of a high gain amplifier. The
current is thus proportional to the number of carbtoms present in the organic bonds of the
sample gas.
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A heated gas line (at 160°C) is put in place betwd#ee measurement point and the gas
analyser to avoid condensation of water vapoumdugas transfer. Once the gas sample has
reached the analyser, it is condensed in a re&imger section to dry the gas.

All of the apparatus which constitutes the gasyas®alis recalibrated after a half a day of tests
(4 — 5 hours) using sample gases of known conistituThe constitution of gases is chosen to
minimise the measurement error in the gas analpse¢he end of the tests, the gas analyser is
again recalibrated to check for any deviation frione. The experiments are considered valid
if the deviation for C@ CO and NOx are lower than 0.5% and 5% for HC. $vieament
points that have been drilled into the intake n@difFigure 49 g allow us to analyse the
gases entering into each cylinder. The reasonntiegsure is taken for each cylinder is that
originally, the engine was provided with a HP EGRtem which injected exhaust gases into
the intake manifold via a T-connection. Due to peependicular flow of intake air and EGR,
the cylinder-to-cylinder variation of injected EGRass was rather significant. With the
installation of the LP EGR system and its assodid&R mixer, the disparity has been
reduced to an order of the precision of the meagueguipment [12]. Also aiding the mixing
of the exhaust gases in this case is that the gixirihe intake air and LP EGR gases is done
further upstream of the intake manifold. The gaslyser measures and analyses gas
composition over a period of time, thus the valaes averaged. In reality, the pulsating
nature of the gas flows in the intake manifold vebuary the air/EGR mix ratio over time,
this effect is reduced by the use of an EGR miaad by the addition of exhaust gases into
the intake air further upstream as compared totiggnal setup. The EGR rate for each of the
cylinders is given by:

X a_cyl
XEGR_cyIi ::|_0(:)|:_|COZ;—yII 43
CO,_e

Analysis of the exhaust gases (£0,, HC, CO, NOXx) is achieved by taking gas samples at
the turbocharger exit before the DOC. While atititake side, a system of solenoid valves
allows us to take gas samples from one of the ¢glinders or from the exhaust. As for the
PM measurement, an AVL 415S smoke meter is usetjtas fed exhaust gases before the
DPF as shown ifrigure 42 b. The smoke meter passes the smoke sample throsécal
filter paper, and the darkening of the filter papecompared to the reference values and a
BSN value is given to the smoke sample. Also, @dsumed that the deposition of PM on the
internal walls of the exhaust system before the RPkegligible, thus the PM concentration
measured by the smoke meter is the real value.

The values of NOx and PM obtained from the measern¢rdevices are then converted to g/h
or g/kWh values in accordance with the documentatigpplied. Here, we present the method
to convert emissions from ppm to g/h.

Volume flow rate of exhaust gasesSince the engine always runs with a lean mixture, t
exhaust gases consist of a mixture of stoichiometkihaust products and unused air. In
addition to this, the volume flow rate of the “wetthaust gases (including water vapour from
the combustion reaction) is given by:

vexh_wet = mf E{lﬂ- (A/F)St + (A _1) [(A/F)st
'OeXh_ prod Pair

44
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In which case”epod = 1 33 kg/m3 is the density of the exhaust prodat stoichiometric

mixture, and®air = 1.293 kg/m3 is the density of air at STP (273K @0mm Hg). By the
same way, the volumetric flow rate of dry exhawseas is given by:

Vo =, %(1+(NF)st)w+(A—1)dNF)st

exh_wet —
pexh_ prod pair

45

Where 9 is the mass of dry exhaust products in 1 kg of comdensed exhaust product gas
(for diesel, this value is of 0.924).

Emissions of PM in g/h: The documentation of the AVL 415S smoke meter githes
relation between the FSN (Filter Smoke Number) #Hral concentration of particulates in
mg/m3:

PM(mg/m*)= 5 1 p32rFsNex03620FSN)

=
£ 46
Since the smoke meter measures the smoke indeg nsmcondensed gases, the particulate
emissions in g/h is given by the following equation

PM(g/h) :10_3 DDM(mg/mS)wexh_wet 47
Emissions of NOx in g/h:From experience, we know that the NOx emissionsmoéngine
depend on the humidity of intake air. The NOx prdaurc reduces as humidity increases.
Consequently, measuring the humidity of intakeigiimportant so that corrections may be
made to the NOx production rates. For this purpasegempirical formula is used (directive
91/441/CEE). The correction factor is written thus:

1

P
1- (0.0329%[621.1 EIP—"] - 10.71}}
dry

Where Rao and Ry are the vapour pressure and the pressure of drgsgpectively, given in
mmHg, calculated using the following:
H
P e 49
vap sat 10C

P, = 456+ (0345(T,, )+ (93610 (T2 )+ (2520107 (T34 )

sat

Coeffyo, =

48

50
+(132350107 [T%a) + (2431107 [T
I:)dry = Patm - I:)vap 51
Where P, is the saturated vapour pressure at the dry-leultpérature (or wet-bulb, since at

saturation, both wet-bulb and dry-bulb temperataresthe same), and tHRH s the relative
humidity of the intake air.

The NOx emissions can then be corrected thus:
NOX,, (ppm) = Coeffy,, INOX ppm) 52
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By convention, the molar mass is equal to that 6L.NThe NOx analyser measures after
drying the exhaust sample, therefore, the correld®® emissions expressed in g/h are given
by:

M NO, ENCJX:ON (ppm) m]exh_dry

NOxg/h)= 53
xg/h) T
WhereV, is the molar volume of gas, equal to 22.4 L/ImdbaP.
In the same manner, the emissions of CO, HG, & Q are given by:
Moo [€O(ppm) IV,
cO(g/h)=—= o dy 54
(a/n) T
M [}|C(ppm)w h_d
HC(g/h)=—"¢ oy 55
(g/ ) 10° v
M E:Oz(ppm)w h_d
CO,(g/h)=—= oAy 56
2(9/ ) 103 wm
Mo mz(ppm) wexh dr
0,(g/h)=—=2 = 57
2(9/ ) 103 wm

2.1.3.2.Measurement uncertainties:

In this section, a means of determining the measurement uncertasnpessented. These
uncertainties would help us to determine the maximum possible agsociated to any one
measured variable. For this, we shall use the differential metherdasfpropagation based on
the Taylor theorem [12]. The maximum probable uncertainty of aibmffix1, x2, x3,..., xn)
is given by:

U(F (%, %p X500 X)) = D (€ T ) 58

Where ¢ are multiplier coefficients. If “f” is a functionf sum of variables;xthe following
eguation may be used:

(£ 5, 3+t %, )= 2 ) 59

if “f” is a function of products of the variable,xhe following equation may be used:

X:

2
u(f(xl [, L, E]"D(n)): f(Xl [X; [X D--D(n) Z[U(Xi)j 60
The precision and relative errors are given in ...

After the calculations, we obtain the maximum rgkterror ‘&,” for the different measured
variables which are taken from measurements, andated as:

&r (XEGR) : 1.4%
& (NOx(g/h)) : 1.5%
& (PM(mg/m))  : 6.27%
& (PM(g/h)) © 6.36%
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& (COu(kg/h)) . 1.5%

& (Ox(kg/h)) L 1.1%
& (CO(g/h)) . 1.5%
& (HC(g/h)) . 1.5%
& () . 1.05%
&r (Qexh_we) : 1.1%
&r (Qexh_dn : 1.1%
& (H,0-WI) . 3%

It is important to keep in mind that the measurenpeacision for NOx is 4 times higher as
compared to that for the measurement of PM (6.3@fdinat 1.5%). Below, a table of
precisions for different sensors and equipmengsvisn:

Measurement range  Precision Relative
error (%)

Temperatures (K-type thermocouple) 0 - 1000 °C ‘€1l +0.75
Atmospheric temperature -60 — 150 °C +0.2°C 0.
Elré:;sgrgsa: relative measurement sensor 0—5 bar + 5 mbar 08
Elré:;s;r;:a: relative measurement sensor 0— 2 bar + 2 mbar 03
Elrcgs(sffa: relative measurement sensor 0— 1 bar + 1 mbar 0.95
Air mass flow rate 0 — 1000 mg/stk + 5 mg/stk 1
Fuel consumption rate 0.05 — 23 kg/h + 37 g/h $0.1
Relative humidity 0—-100 % +3.5% +3.5
Turbocharger speed 0 — 3.5%1pm + 200 rpm + 0.06
Cylinder pressure (range of 0 — 200 bars) 0—-200b + 1 bar 1
Cylinder pressure (range of 0 — 100 bars) O-H0Db *+ 0.5 bar 1
NOX 0 — 1000 ppm +5 ppm 1
Smoke 0— 10 FSN + 0.1 FSN 2
CO, 0-20% +0.1 % 1
0O, 0-25% + 0.025 % 0.2
CO 0 — 1000 ppm +5 ppm 1
HC 0 — 400 ppm + 2 ppm 1

Table 39.Range of measurement, precision and relative &raach measuring instrument

2.1.4. Engine operating points:

This study has been performed on four operatingitpoiThese points are listed in the
following table and are labelled A to D. The engiiéM, mean torque, and BMEP are given
below. For the most part, points B and C are ustdramount during the tests, since these
points are fairly representative of medium and higad operations on road. Also, these
points give a relatively high flexibility for moddations in the engine operating parameters.

Point Engine speed (rpm) Mean torque (Nm) Mean BNIE?)
A 1511 44 2.8
B 1664 110 6.9
C 2052 150 9.4
D 2000 198 12.5

Table 40.Test points
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2.2. Description of Numerical Model and its Devel opment

In this section, the development of a numerical ehaghall be presented in detail. The
numerical model shall be broken down into partiatilitate explanation and implementation
as a computer code. The model can be broken downtie following parts based on
functions performed:

» Determination of conditions and properties of therking gas up until the point where it
enters the cylinder, during the intake period, caeagion, combustion and expansion.

» Determination of the quantity of water in liquidrfio that enters the cylinder after initial
mixing and evaporation in the intake manifold.

» Using signals given for cylinder pressure and tgkimo account the properties of the
working gas; the Rate of Heat Release may be catni{ROHR).

* Using the ROHR, ignition delays and combustiongatay be calculated.

Using these values, the changes in pollutant eamssites may be correlated.

2.2.1. Definitions of Properties of Air and Water (vapour and liquid)

In general, calculations for engine cycles only pseperties of perfect gases to define the
working fluid. In the case of water injection hovweeythere shall be the existence of water in
liquid and vapour form to contend with. Assumingatthair and water are at different
temperatures and that the air is not saturated vepour, there shall be an energy transfer.
This energy transfer will cause a change in thepssature of the mixture. In addition as a
result of the mixing of air and water, the ovepathperties such as specific heat and density of
the air / water will change. This shall play an orant role during the calculations of the
ROHR.

In this sub-section, a few basic concepts of ewvatpmr and gas mixtures will be presented.
Then, energy transfer as a result of mixing of watel air shall be explained.

2.2.1.1.Laws of Partial Pressures

In a mixture of ideal gases, each ideal gas hassspre that is equal to the pressure it would
exert if it were alone in the volume. The totalgm@re of the mixture of gas is the sum of
partial pressures of all the gases in the volunadtoD’s Law of partial pressure is stated thus:

“The total pressure exerted by a gaseous mixturegsal to the sum of the partial
pressures of each individual component in a gasureX

This empirical law was observed by John Dalton8011and is related to the ideal gas laws.
Mathematically, it is stated thus:

n

I:)total = z PI 61

i=1

Here,P; is the partial pressure of each gas. It is assuhdhe gases do not react with each
other.
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In a mixture of ideal gases, the mole fraction aflegas can be determined from the partial
pressure of each gas.

X =—L =1 62

2.2.1.2.Vapour Pressure

By definition, Vapour Pressure is the pressure tedeby a vapour in equilibrium with its
non-vapour state, be it solid or liquid. For thesecaf water injection at the temperatures
under consideration, it will be equilibrium of pseise of vapour with its liquid phase.

Often, the term is used to describe a liquid's ¢egl to evaporate. It is a measure of the
tendency of molecules and atoms to escape fromuadlior a solid. A liquid's atmospheric
pressure boiling point corresponds to the tempegadtiwhich its vapour pressure is equal to
the surrounding atmospheric pressure — or as wetldam the earlier section, total pressure
of its surrounding gases — and it is often calfexhibrmal boiling point.

The higher the vapour pressure of a liquid at semitemperature, the lower the normal
boiling point of the liquid. As an example, at 3Q%thanol has a vapour pressure of 10.460
kPa while water has a vapour pressure of 7.4 kRtaeasame temperature. Ethanol boils at a
temperature of 78.4 °C as opposed to 100°C forvedtatmospheric pressure.

2.2.1.3. Humidity values

There are various methods of expressing valuesesiepce of water vapour in air. Some are
presented below:

1. Humidity Ratio — also called the Mixing Ratio, is expressed aatia between mass
of water vapoum, and mass of dry aing at a specified pressure. It is a standard axis
used on psychrometric charts for psychrometricutatons. Mathematically, it may
expressed as:

HR=ﬂ 63
my

It is a dimensionless quantity as such, howeveriie sake of simplicity; the values
are expressed in terms of kg/kg or g/kg.

2. Specific Humidity — is defined as a ratio of mass of water vapoun&ss of wet air
i.e. with water vapour. Mathematically, it is defthas:

sH="V 64
m

a

Or, if we wish to relate to Humidity Ratio, we mdy it such:

H= HR 65
1+HR

HR:i 66
1-SH

3. Relative Humidity — is defined as a ratio of the vapour pressurin@fwater vapour
in air to the saturation pressure at the same teatye. It is normally expressed as a
percentage and is mathematically stated as:
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P
RH=—"° x100% 67

sat(H,0)

2.2.1.4. Thermodynamic Processes during evaporation

In this subsection, the thermodynamic processestaka place right after Wl are detailed.
This section is divided into three further partsthe first part, the analytical relations for the
thermodynamic processes of a general case of Watater spray mixing are detailed. In the
second part, these analytical relations are apgbetlVl thermodynamic processes in the
intake manifold and the engine cylinder. In therdhpart, the adaptation of these basic
analytical relations is made so that calculatioray tme performed numerically.

If the intake air charge is not saturated with watgpour when water is added to the stream
as a spray, some of the injected water will evagorBhe resulting dry air / water mixture will
have a certain temperature, mass, volume and pecafter the evaporation process has been
completed. Of this mass, we can define the frastiohdry air and water in its different
forms:

m : Total mass of the air / water mixture
m, . Mass of dry air

my : Mass of water

m, : Mass of water as vapour

m . Mass of water as liquid

After evaporation, there are two possibilities; oti@t some of the injected water is
evaporated. Or two, all of the water is evaporaltetlus look at both cases separately:

Some of the injected water mass is evaporatedn the case that all of the water is not
converted to water vapour, the water vapour wilpbesent in the saturated vapour state, with
the remainder of the water mass at the saturajadllstate.

By definition, the total pressure of the intake \aatis a sum of the partial pressures of all
gases present. The partial pressure of the dryaanple can be determined using the perfect
gas laws. The partial pressure of vapour on therdtland, is the saturation pressure at the
average temperature of the wet air sample at thaynammic equilibrium.

h*(T)
,/ h'(p,)
T /
a
N : .
h=0

s=0
Figure 50. Definition of the state of vapour at temperaturé “

Solving for the water vapour properties, we proceéh calculations as follows:
PV=mRI 68
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P,V
R, O
The above assumptions are made assumingghatrelatively insignificant as compared to

the dry air partial pressure. A schematic of thging of water and dry air to make a mixture
of water, saturated vapour and water spray witmgbaf temperature froy to T; is shown
below:

69

qu

o A+, 4,

q T T

a i f

Figure 51.Mixing of water and dry air
H,=m, h"(T) 70
FromEq. 69, we get:

j— F)V W
\% R/ |:r
For a mixture of gases, the total pressure is tine af partial pressure of all the constituent
gases. Continuing onto properties of dry air, wadlsgtart with the partial pressure:

H

Ch'(T) 71

P.IV=m,[R, T 72
P,V

m, = 73
R, T

Definition of enthalpy for air is as shown below:

.
H, =m, [C,.(T)t 74
Ta
Where;
T : Final temperature of mixture
Ta : Initial temperature of air sample before heatsfar

Assuming that the value @,, does not change over the periodTgfto T, Eq. 74 could be
simplified to:

H,=mC,(T-T,) 75

SolvingEg. 75for m, we get:

_Paw

H = [C,,(T-T,)

a

Ha:L[Jﬂ[ﬂT_Ta) 76
y-1 T
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For water in liquid form, we can define enthalpythg following relation:
H =mC,(T-T,) 77

Adding enthalpies for water vapour and liquid, amgwe get the following relation:

H= o ms 1) eme, (-7

R O
Or,
H=m, [C, T -T,)+m h"(T) +mC,(T - T,) 78
Bringing Eq. 78to per unit mass of air, we get the following tiela:
h=C, T -T,)+ " (T)+C,(T-T,) 79
m, m,
Seeing that:
m=m,-m,
We can changkq. 79thus:
h=C,, T -T,)+ i (T)+ N (1-1) 80
" m, m,
We know thap, IV =m, [R, T andP, ¥ =m, [R, [T, thus:
mR, _FR
maRa Pa
mVR\/ —_ I:)V
m,R, P-P,

m _R, [ﬁLj
m R LP-PR
h(T’P’:::) =C,, T -T,) +% [E_P E’vg()T_)j Ih'(T) + (% _% [E_P E’vg()T)B c,(T-T,) 81

All of the injected water mass is evaporatedEq. 81 expresses a general form of enthalpy
in a mixture of dry air, water vapour and liquid.dase of complete evaporation of water, two
situations can exist:

Only saturated vapour: In this case, the valueerdhalpy, specific volume, and vapour
pressure are all taken from steam tables:

h=Cpa[ﬂT—Ta)+%Elh“(T) 82

a

Superheated vapour: In this case, as in the prewtasge, steam tables are used as reference
for different vapour properties:

h=Cp [T ~T,)+ 7 Mgy (T) 83

109



\

Lk S
S

=0
=0
Figure 52. Superheated vapour properties

Application of thermal transfer to intake manifold and engine cylinder:In this section we
shall apply what we have learned above to the hcase of WI where water is added to the
intake stream after the intercooler. During thephlicess, water is added in a fine spray to the
intake air charge after the turbocharger compres$be humidity of air is measured
beforehand at the inlet to the air filter. Afteetimtake air undergoes compression and cooling
via the intercooler, the relative and specific hdityi of the intake air are known. Water is
injected into this compressed, cooled air charge.

This air / water mixture will stabilise after a t2@n time undergoing a thermal transfer
between each other or with the system boundariesthis case, the intake manifold. This
mixture will then enter the engine cylinder duritige intake phase where it will undergo
further thermal transfers from the metal boundasigsh as the intake valves, intake ports,
combustion chambers, piston tops and cylinder wail$ from the residual gases remaining
from the last engine cycle. At the end of the ietatroke, the intake valves will close,
entrapping the air / water / residual gas mixturd the compression stroke will commence.
We may divide the WI thermal analyses into twoidgdtzones:

1. Wil air / water mixing and associated thermodynapnaxesses in the intake manifold.

2. Air [/ water mixture thermodynamic processes inghgine cylinder during the intake
process.

3. Air / water mixture thermodynamic processes in thinder during mixture
compression.

WI air / water mixing and associated thermodynamicprocesses in the intake manifold:
As stated earlier, the process starts from thekéntaanifold. Here, the WI system injects
water at a determined, measured mass flow ratemass flowing into the intake manifold is
also measured. For a thermodynamic energy balanee,shall make the following
hypotheses:

1. The system is an open adiabatic system

2. The thermodynamic processes will take place attaohpressure.
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Water

\ Air + Water

Air T L

2 2

Figure 53. Adiabatic and isobaric mixing of air and water atrs in intake manifold

From the first law of thermodynamics, we know that:

h, —h, =w+q 84
Where;
h, : Enthalpy of mixture post at outlet of intake nfaid
h, : Enthalpy of mixture post at inlet of intake manhdf
w :  Work produced by mixture
4 : Heat transferred to mixture

Knowing that there is no generation of work, anal tine process is assumed to be adiabatic,
w andq terms are null and the total enthalpy of the auater mixture remains constant from
inlet to outlet of the intake manifold.

Air / water mixture thermodynamic processes in theengine cylinder during the intake
process:Now we shall treat the in-cylinder processes. A@ified diagram of the aspiration
of a saturated air and water mixture is showRigure 54

o _— Saturated air

‘ +water 7 L 7

X o o % - P
y T/ \ y— N /

\ / Residual\\/ \ / \

o amses \ |

[

| Air + Water vapour Q
| < —

)
=

[ -
w - N
\_ Residualgases

Figure 54. Simplified diagram of processes during aspiratbair and water mixture

Going by the first law of thermodynamics, we caitevr
dU,, =W +XQ +dm [h 85

Integrating the above equation we get:
U,-U, =[PV +Q+h [ dm 86
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Where;

du,, Change in internal energy of the in-cylinder cjear

W . Work produced by the working fluid

AQ :  Heat transfer to the fluid from the cylinder veall

dm . Element of intake air charge (water + air)

h : Intake charge enthalpy

P . Total pressure of in-cylinder charge (measured)

dv : Variation of cylinder volume (calculated from geetry and crank angle)
J’dm . Mass flow rate of intake charge into the cylinder

Estimation of final temperature at the end of thiake stroke can be done by the following
relations. We know that the total volume of theiryér is taken up by the air, water and
residual gases. Thus:

Ve = Vair Viap Vg 87

Expanding the above equation, we get:
Where;

A Total cylinder volume

Vir Veap'V,y Volume taken up by air, vapour and residual gasssectively

m, ,m,,.m, : Massofair, vapour and residual gases (measaredsured, calculated)

R, R, : Molar gas constants of air and residual gasesgared, calculated)

P Total cylinder pressure (measured)

uvap(P,T) . Specific volume of vapour (tables — measured)

In view of the preceding calculatiorisg. 88 can be developed further as shown below:
U,-U, ==[P@V+Q+h(m, +m,) 89
U,-U, =-PLV,, +Q+h [n 90

U,-U,= |.Ua(Tf )_Ua(T.)Jmna +|.Uv(Tf )_Uv(Ti )JEﬂTL +|.Ur(Tf )_Ur (Tl)Jml _[mm W, (T.)] o1

Where subscripts;

a . Air

v . Vapour

wl . Water liquid
r . Residual gas
f . Final

[ . Intake

Eq. 91 gives us the state of each of the componentsmh&e up the in-cylinder charge; air,
residual gases, water vapour and liquid waterh&upcoming section, we shall first adapt
these basic equations to allow solution using nisakemethods, and then, various properties
of the intake charge will be determined, such agpt&rature, specific heat etc.
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Air / water mixture thermodynamic processes in the cylinder during mixture
compression:Seeing that the compression of the air / resigaaland water mixture is a non-
flow process, the first equation of thermodynamudstake the following form:

dUu =dQ-dw 92
This shall be modified and the equation will take torm:
S, +U, +u)=S 10, +Q, + Q) - riw, +w, +w) =

Here the properties of air and residual gases @mbmed using the Keenan and Kayes gas
models. The resulting gas is indexed in the eqnatas “air’. Developing the left hand side
of Eg. 93we get:

m, [-|d—+u Gd& mVG—+u Gdﬂ + mlﬂdi+u,t-ldﬂ 94
dt dt dt dt dt dt
For water vapour, the following relation can bedise
h=u+Plu 95
Or,
dh_du, . do [.)CL 96
dt dt dt

UsingEq. 96 while solvingEq. 94, we get'
m e ). [( o) [pkw Btﬂ e ] o

cyl

Solving for the right hand side &Qg. 93we get:

%[ﬂQa+QW+QI)—%[QVVa +WW+VV|) thot_d cyl [ﬂ ) 98
Where:
Qtot = Qa + Qv + QI 99

CombiningEqg. 98andEq. 97, we get:

{ Gd—+u &} [mgcmﬂ]%}

dt dt

dv,
dQu _ OVey (5 . )= 100

a K B‘L+mBLj (P pacIVy Rﬂ
dt dt
Where;

du, . _ c Bd—T

dt Tt
L I L f(T) if saturated, orf(T,P,) if superheated

dt P dt !
CL—T . =C B(:i;{ or f(T) if saturated, and null if superheated
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After substitutions and simplifications and solatifor dT/dt,Eg. 100can be then written in
its final form as:

dT _ dt
dt

dQ“’t—uaEgma—(hEm+mBij+ VC,BOE—MEPa
dt dt dt Y dt dt Lol

(ma |:q‘-:va-l_rn/[q:pv-i_rn |:q‘-:pl)

The quantities and variables usedem 101are explained in the following table:

dQy
dt

m,
Cva
m,
Cpa
m

C

pv

Total heat transfer in the system from the worKingl to the surroundings. Can
be estimated / calculated using the Hohenbergthaadfer model for heat
transfer between cylinder walls and the workinggdflu

Internal energy of air

Change in entrapped air mass. This could be uséédfiime blow-by in the
engine. For the present case, this has been negjlect

Enthalpy of water in its liquid state. This candsgermined from steam tables
using cylinder temperature as a reference

Change in the mass of liquid water. This can benddfas a result of blow-by
and conversion of liquid water to vapour. As staibdve that the blow-by is
neglected, this will signify only reduction of ligbwater mass for conversion to
vapour

Enthalpy of water vapour. Again, this is determimsthg steam tables, and is
defined for temperature in saturated conditiond, @ressure and temperature if
it is superheated

Change in mass of water vapour. Again, assuming lzerv-by, this will be

equal in magnitude but negative in sign%r{'r

Total volume of engine cylinder. Combines swepuwa¢ and clearance volume
and is defined as a function of engine geometanky conrod lengths and
crank angle.

Change in vapour pressure as a function of a chiangenperature and specific
volume. Can be estimated by making an assumptid?®) @f, = kT , where

k,can be calculated at different points in the stésinte.
Mass of air
Specific heat at constant volume calculated usiegKeenan and Kayes model

Mass of water vapour

Simulated values of Specific heat at constant pressalculated from steam
tables

Mass of water in liquid form

Specific heat of water as a function of mixture penature, taken from the steam
tables

In the next sub-section, we shall see how the aferdioned equations are resolved. The
resolution of these equations is specifically doamerically.
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2.2.2. Numerical solution of thermal transfer relations fa WI:

For a liquid to transform into a gas, latent hehtenergy is required to complete the
transformation. In a gas / atomised liquid mixtures energy is taken from the air. This in
turn brings down the average temperature of thaurex For a case where a water spray is
injected in the air stream, the heat transfer wdwddconsidered, for simplicity’s sake, to
proceed in the following fashion:

* Mixing of the air and atomised water
» Transfer of heat between liquid water and air.
» Evaporation of liquid water using the heat tranfem the liquid water / air mixture.

* Assuming satisfactory mixing and a sufficiently gothime duration, the evaporation of the
atomised, liquid water would continue until the doned effect of mixture cooling and
increase in the content of water vapour would bahgut saturation.

Thermodynamically, the above processes would pbasainder;

1. Transfer of heat between liquid water and air— The thermodynamic equation that
dictates the heat transfer between air and watdreamoment when both are mixed
would be expressed as under;

r‘nvv(hw - hm) = mana(Tm _Ta) 102
The equation may be modified thus;
rrkNCW (TW _Tm) = mana(Tm _Ta) 103
Where ;
ha-hw
w = 104
Ta-Tw
m,Cy (T = T) = m,(h, = h,) 105
C Ta + C Tm
C..= % 106
The final result that is obtained for mean tempermtof the liquid water and air
mixture is;
C T +mTC
Tm — mN w'w a a—~pa 107
mana + mWCW
The variables used are;
My . Mass of water in the volume
My : Mass of air in the volume
Ta . Initial temperature of air
Tw . Initial temperature of water
Tm . Final temperature of mixture
hy . Specific enthalpy of water at, T
ha . Specific enthalpy of water at, T
Cw . Specific heat of water
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Cpa . Specific heat of air

Cota . Specific heat of air al,

Cotw . Specific heat of air aky

. Evaporation of water taking in heat from the air /liquid water mixture — For the

sake of simplicity for numerical analysis, the gahdéhermodynamic equation that
dictates such a heat transfer has been dividedwtgarts;

The initial phase — where the air is considered to be dry, withagspnce of water
vapour. Here, the mass of water is reduced by all samaount of Am,, which
corresponds to the quantity of water that is comekrinto vapour. Thus, the
thermodynamic equation for this energy transfer lddae;

((rnw - Arnw )Cw + mana )(Tmold _Tmnew) = Arnwhfg 108

Where the variables used are;

My . Mass of water in the volume

Am, . Mass of water evaporated

Tmold . Initial temperature of air / water mixture

Trnew . Final temperature of air / water mixture after ewapion
hg . Latent heat of water

The second phase- where the air is considered to be a mixtureiofiad vapour.
Here, the heat required for evaporation is givemibyliquid water and the previously
mixed vapour mass.

This system of addition of water vapour into thextanie lends itself well to numerical
treatment since it is iterative in nature. The mhedynamic equation for this energy
transfer would be;

((rnw - 2AmN )Cw + mana + ArTl\/vva)(-I-moId _Tmnew) = Arnwhfg 109

SinceC,, itself is not defined, an approximation is perfednusing steam tables for
saturated vapour using values for enthdlpyand temperaturé. The estimated value
of C,v comes out to around 2.1 ~ 2.6 kJ/kg-K dependiranupmperature. As for the
value ofhyy of water, it too can be found from the steam tshleually under the
heading ofHs,. The value of this varies from just over 2500 RgJi& nought. Again,
the value depends on temperature of the mixtureesperature rises the valuetbd;

or LH declines.

Referring toEq. 109 we can see that the form of the equation is amtive
progression fronieq. 108 This can be defined in a more general form agynd

((rnw - IAI’T‘I\N)Cw + maC pa + (I _1)Arnwcpv)(TmoId _Tmnew) = ArT‘I\NLH 110

Where the value of the iteration indeghanges froni to n. The value of is defined
by a numeric check that stops the iterations if riflative humidity of the mixture
reaches a certain predefined limit.

. Attainment of a target saturation limit — Taking over from the previous sections and
corresponding equations, we can calculate the feraperatures and humidity ratios
of the mixture given the following data;

My . Mass of water in the volume
My :  Mass of air in the volume
Tm . Temperature of mixture of air and water vapour
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P . Total Pressure of mixture

RH; . Initial relative humidity of the air / water vaponmixture
RH, . Relative humidity to be targeted
HR :  Humidity Ratio

As defined inEq. 67, the relative humidity of the air / vapour mixtugsedefined as a
ratio of the partial pressure of the existing vapwuthe mixture to the saturation
vapour mixture. Calculating the vapour pressurthemixture may be done using the
law of partial pressures. Given the mass, tempeyaand total pressure of the gas
mixture, we shall be able to determine the speeifitimes of each component. The
ratio of specific volumes for air and water vapauthe Humidity Ratio of the mixture
expressed in kg/kg of vapour in dry air. Numerigathe calculation shall commence
by a first iteration where the varialtty 1 is used to determine the humidity ratio as
shown below;

P, =P, [RH, 111
P.=R-P 12
RT,
a = 113
Pa
%
HR=-2% 114
I/V

After the initial Humidity Ratio is determined, tlobange in relative humidity can be
easily followed as water mixed with the air. Nuroelly, this is done by progressively
adding fractions of watetm,, as defined earlier. At each step of water addittbe,
temperature of the air / vapour mixture drops essalt of evaporative cooling. At this
point, the humidity raticat saturation for that total pressure and temperature is
determined. The real humidity ratio is then checlksitg the equation;

HR = Mt nAm,
m

a

115

Wheren is then™ iteration of the program or loop. If the valuetdR is still under
limits, the next iteration of addition &im,, is then performed. This process is repeated
until the limit of humidity ratio is reached. Indhcase of tests performed on the
engine, varying degrees of humidity were achievedases where only cooling was
desired, humidity was kept below 100%, on otheesasaturated vapour and water
spray were made to enter the engine.

2.2.2.1.Definition of properties of air and water during different phases of the

cycle

In the previous section, various terms have bedmetk with respect to the properties of
vapour and how to calculate them given ambient itmmd. In this section, the changes in air
/ water vapour mixture properties at the followstgps in the engine cycle will be discussed,;

Mixing of water spray in the intake tract and tlenditions of the air, water vapour
and liquid water spray after mixing.

Aspiration of the air / vapour / water mixture tfee intake port into the cylinder and
mixing with the residual gases.
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» Compression, combustion and expansion phases dni@e cycle — determination
of air charge properties.

Inclusion of residual exhaust gases to the intakelerge will be treated later on in this
section, while the interaction of water with aiafifbe treated presently.

2.2.2.2.Usage of vapour and air property tables:

During the course of the calculations of mixtureparties, it was necessary to know the
values of different properties of air and water ethbin its vapour and liquid forms to
understand their interaction with each other. k@, tables and equations were used.

In the case of air, the properties were determiftedthe most part from mathematical
relations. Be they estimations using perfect gas |a&r using empirical equations such as the
Keenan and Kayes model. In some instances, taldes wged as well.

In the case of vapour properties, tables were almadusively used since there are no perfect
equations to correlate Temperature and Pressute difterent vapour properties such as
enthalpies, specific volumes and internal energies different types of tables were used to
determine water and water vapour properties; omesséturated vapour and ones for
superheated vapour. In the following section, thbles and the operations required to
determine different properties will be presented.

1. Property tables of saturated vapour— By definition, a saturated vapour has the
minimum amount of energy needed to stay in thewgpuase Taking temperature as
a reference, a saturation state at a certain tetyerwill have a certain pressure, a
certain internal energy, enthalpy, specific voluam&l entropy. In effect, a saturated
vapour state may be defined by either a temperatupeessure. Saturation state tables
are therefore defined as either pressure or termyergables. A part of an example
saturatedemperaturesteam table is presented below;

P bar T°C v m°/kg hiy kJ/Kkg h; kJ/kg hy kJ/kg
0 0,0061097 206,30 2499,3 0,00 24993
1 0,0065668 192,70 2496,8 4,23 2501,0
99 0,97796 1,7300 2257,8 414,44 2672,2
100 1,0136 1,6730 2255,3 418,67 2674,0
101 1,0504 1,6190 2252,8 422,85 2675,6
233 | 29,560 | 0,06772 | 1799,1 | 1003,56 | 2802,7
373 218,30 0,004100 269,5 1968,21 2237,7
374 220,94 0,003580 135,6 2030,98 2166,6
374,2 221,36 0,003180 0,0 2098,78 2098,8

Table 41.Saturated water properties table usiegperature as a reference [70, 72]
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A part of an example saturatpressuresteam table is presented below:

P bar T°C v m°/kg hy, kJ/kg h; kJ/kg hy kJ/kg
0,02 17,5 66,16 2458,3 73,279 2531,623
0,04 28,9 34,88 2431,6 121,141 2552,739
1,00 99,6 1,70 2256,3 416,930 2673,259
1,02 100,1 1,67 2254,9 419,273 2674,206
1,04 100,7 1,64 2253,6 421,549 2675,116

Table 42.Saturated water properties table udngssure as a reference [71]

It is worth noting that as the temperature rishs, latent heahs, of water reduces.
Thus, as temperature rises, it becomes “easiezVaporate water, or to put it another
way, during evaporation; water will require lesergy from the ambient gases and
will cool them less. The energy required to heatewan its liquid form needs to be
calculated. In addition, energy will be requiredet@porate water in accordance with
its latent heat value at that temperature. Botlseghenergies will then give us the
saturated vapour enthalpy at that temperatyeThis maximum value dfg is found
between 230 and 237 °C, while the correspondingra@n pressures would be
between 28 and 31.78 bar.

When saturated vapour properties are required bgreint computer programs, a
linear interpolation between predefined data pasfserformed.

Property tables of superheated vapour By definition,a superheated vapour is at a
higher temperature than its boiling point at thaegsure.To define different state
properties, enthalpy, entropy, internal energyrag etc., it is imperative to use both
temperature and pressure as references. For edehpsbperty, a two-dimensional is
defined in terms of pressure on one axis and thgeeature on the other. Since
superheated vapours are not limited in terms ofp&ature or pressure, pressures
higher than 212 bar and temperatures higher thdhC3an be obtained / defined.

In our case, where in-cylinder processes are imgadstd, definitions of state properties
at high temperatures are a must. As a referenperiseated vapour tables defined to a
temperature of 3000K are used. An example of arbepéed vapour table for internal
energy is presentethble 43

Pressure 0,000611 0,01 | 0,05 | 0,1 0,2] 0,3
Temperature Specific enthalpy

0 2502,1 0 0 0 0 0
45,81 2586,9 2584,7 0 0 0 0

50 2594,7 2592.6 0 0 0 0
81,33 2653,3 2652,1 2645,9 0 0 0
99,63 2687,8 2686,8 2681,8 2675,5 0 0

100 2688,5 2687,5 2682,5 2676,2 0 0
120,23 2726,8 2726,1 2722 2716,7 2706, 0
133,55 2752,1 2751,6 2748 27434 2734,6 27253
143,63 2771,4 2770,8 2767,7 2763,6 27556 27472

Table 43.Superheated vapour table for enthalpy [73]

Here, the pressure is defined in MPa and the testyreris defined in degrees Celsius.
The zeroes in the table in the diagonal directimnthe states where water exists as
liquid, and the superheat steam table is undefionethose conditions.
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To calculate a state property from the given talilegar interpolation in two
dimensions is required. The choice for linear ipddation is done due to the following
reasons;

* Unavailability of sufficient data points near theiqts for minimum pressure and
minimum temperature.

« The relative error between using a linear or'aoB higher order interpolation at
well-populated axes (e.g. at 143.63 °C) is reldyivemall, thus, a linear
interpolation can be performed.

* The tables themselves have been developed usiegr limterpolation to fill in
various intermediate data points.

The two-dimensional linear interpolation of theadafriables can be performed using
Cartesian coordinates and can be done in a squaré&iangle to find the intermediate

value. In the computer program, three sub-functi@me used; one for linear

interpolation using square coordinates, and twdif@ar interpolation using triangular

coordinates. Mathematical equations are present#uki following section on how to

perform such interpolations.

Linear interpolation using square coordinates— An example table and graphical
representation of the interpolation are preseritethis case, the value of the variable
H is to be calculated given the value$PadndT.

hy P hy
h
Enthalpy Py P, N /
T1 hy hy
T, hs ha

hs ha4 hy

Figure 55. Interpolation using Cartesian coordinates for zasg

Here, we shall have two coordinat&sandy, which will give us the relative position
of the variableH in the figure on the right. We shall use the valoé Pressure and
Temperature aB andT respectively in the equations which are shown;thus

P-P
X= 116
Pz - Pl
T —T1
y= 117
Tz _Tl
h12 = X(hz _h1)+ h1 118
hy, = X(h4 _h3)+ h, 119
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h= Y(h34 _h12) + h12 120

Linear interpolation using triangular coordinates — This type of interpolation is
used where only three values are present in thewagpoperty table. The calculations
that are required to be done in this case aretbfighore involved as compared to the
last case however, as we shall see. As befbiis,to be determined given valueshof
andT.

hy
h
Enthalpy P, P,
T, hl h
hyo hiz
T, hy hs
hy hos  hios hs

Figure 56. Interpolation using Cartesian coordinates foiiantyle

Using various laws of triangles, we obtain thedaling mathematical equatiorisgs.
118to 120can be re-used here;

h23 = X(hs _h2)+ hz 121
h13 = X(hs _hl) + h1 122
— hzs(hz _hl) + hz (hz _h12)
hlZ3 h12 _hl 123
— h,—h _
h h2 _hl (h123 hz) 124
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The engine that has been used in the study is @matiesel automotive engine, of 2
litres displacement, 4 cylinders, turbocharged,ippad with common rail fuel injection, and
it conforms to EURO IV emissions standards. It lbesn extensively modified, notably by the
addition of a controlled-temperature low pressu@HEsystem.

The water injection system has been developed fgdlgi for this thesis. Several
evolutions of the system were necessary to getpmird where the system could inject large
quantities of water (up to 5 times the injected foass) while assuring a spray quality of the
injected water similar to a fog. The water is iriggt at around 5 to 7 bars of pressure, with
air at high pressure being injected in parallelatomise the water spray. The instrumentation
that has been installed has very low measuremecgrtainties, which allow us to reliably
analyse small variations in consumption and polatamissions production.

The water that is injected after the turbocompressa the chargecooler mixes with
the intake air and there is an exchange of enespgording to an open, isobaric and
adiabatic thermodynamic process. The produced maxtuen enters the cylinders during the
intake phase. At this stage, it is not possiblen¢glect the heat transfers that take place
between the metallic walls of the cylinder andrégsdual gases and the intake charge. As the
intake valves close and the piston rises to conspties air / water charge, there are further
heat transfers between the intake charge and thalmerfaces of the cylinder, combustion
chamber and piston crown. At each step of the entpkocess, the injected water may
evaporate either partially or completely dependorgthe level of saturation reached at that
specific temperature, volume and pressure of ttekencharge.

Le moteur retenu pour cette étude est un moteuseDiutomobile récent, de 2 litres
de cylindrée, suralimentée, doté d’'une injectionatnpe commune et satisfaisant a la norme
Euro 4. Il a été largement modifié, notamment pagout d’'un systéme EGR basse pression et
des dispositifs de controle de différentes tempéesat

Le systeme d'injection d’eau a I'admission a éteelldppé spécifiquement pour cette
étude. Plusieurs évolutions ont été nécessaires @duoutir a un systéme permettant
d’injecter de grandes quantités d’eau (jusqu’'a % fie débit de carburant) tout en assurant
une pulvérisation tres fine de type brouillard. &le est injectée sous quelques bars de
pression, lintroduction simultanée d’air comprin@ niveau de linjecteur facilitant la
pulvérisation. L’instrumentation mise en place coib@ des incertitudes de mesure réduites
qui permettent d’analyser des variations assez ldaibd’émissions polluantes ou de
rendement.

L’eau injectée dans le circuit d’admission en astalturbocompresseur et de I'échangeur
de refroidissement d’air de suralimentation se mgk a l'air d’'admission et échange de
I'énergie avec lui, suivant un processus en syst&omeert qui a été modélisé comme
adiabatique et isobare. Le mélange ainsi produitgige ensuite dans les cylindres pendant la
phase d’admission. Il n'est alors plus possiblendgliger les échanges de chaleur qui ont
lieu au niveau des parois et par mélange avec #&srgsiduels. Enfin, lorsque les soupapes
d’admission se ferment, commence une phase de essiqn, en systeme fermé mettant la
aussi en jeu des échanges de chaleur a travergdesis. A l'occasion de ces étapes
successives, I'eau liquide injectée peut se vapopartiellement ou totalement, suivant que
la saturation est atteinte ou pas.
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3. CHAPTER 3: Numerical and experimental study of wate
injection

L’'analyse théorique esquissée dans la deuxieméepdutchapitre précédent a montré
gue l'injection d’eau liquide dans le circuit d’adssion d’un moteur a combustion interne
pouvait donner lieu a des situations variables @nant I'évaporation de I'eau.

L’objet de ce chapitre est de s’appuyer sur les @exidéveloppés et exposés dans le
chapitre 2, pour évaluer les caractéristiques thedynamiques du mélange air/eau depuis
I'injection de l'eau liquide jusqu’au début de lambustion. Il s’agit en particulier de tenter
de déterminer I'état de I'eau et la températurerdélange. Cette analyse est menée pour les
conditions effectivement testées expérimentaleaigmesentées en détail dans le chapitre 4,
mais au-dela, pour une plus large gamme de conditigu’il est possible de rencontrer au
sein d’'un moteur, afin de déterminer les paramett&sfluence et les situations les plus
favorables. Aussi, ce chapitre est divisé en tpaidies, correspondant aux étapes successives
rencontrées dans le moteur :

v' La premiére partie traite de l'injection d’eau ligle et du processus de mélange avec

I'air dans le circuit d’admission.

v' La deuxiéme partie décrit I'évolution du mélanger-edu pendant la phase
d’admission dans les cylindres.

v' Enfin, la troisiéme partie concerne la phase de pa@ssion, une fois les soupapes
d’admission fermées, et I'évaluation du dégagemdst chaleur pendant la
combustion.

The theoretical analysis outlined in the second pérthe last chapter has shown that
water injection in the intake system of an intercaimbustion engine may give rise to
different situations as concerns evaporation ofewrat

The purpose of this chapter is to use the modeleldeed and shown in the last
chapter, to evaluate the thermodynamic propertiethe air / water mixture as it is injected
into the engine from injection to combustion. Tl & to try and determine the state of
water and the temperature of the mixture. The aislis performed not only for test points
that have been experimentally measured on theeteghe — which are discussed in Chapter 4
— but also for a wider range of operating condispnvhich may be encountered in engine
operation, to determine the influencing parametarsl conditions conducive to optimal
evaporation. This chapter has been divided inte¢hparts, corresponding to steps observed
in succession in an engine operation:

v" The first part deals with the injection of liquicater in the intake manifold and the
mixing process in the intake air circuit.

v" The second part describes the evolution of the aiater mixture during the intake
phase into the cylinders.

v' The third and final part concerns the compressitrage, after the closing of the
intake valves, and the evaluation of the heat meduring combustion.
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3.1.  WI analysisfor intake manifold:

On the test engine, the water injector is mounetgvéen the intercooler outlet and the intake
to the engine. The temperature at the intercoolgrcan be controlled using a water cooling
system on the intercooler core. Thus, even at bagist pressures, the charge temperature can
be cooled down significantly.

Thermodynamically, the mixing of the air and thetevaspray are considered to be adiabatic
in nature, meaning that all the energy requiredtierevaporation of the water spray will be

provided by the air / water vapour mixture. Thisndae explained by the fact that the

difference in temperature between the walls of d@denission tract and the air charge is
relatively minor. As a general case during thestetite temperature of the water spray is
always lower than the pressurised air charge.

The results obtained from the calculations prowddifferent theoretical scenarios in which
final mixture temperatures and vapour / liquid firaxs are given for water when mixed with
intake air charge. In general, three different ¢omas can be attained after the WI has
interacted with the intake air charge:

Air charge with vapour at saturated conditions andwater suspended in the air charge in
liquid form: In general, this condition is the easiest to achién this situation, as water is
injected into the air charge, the water dropletsract with the air charge — undergoing a heat
transfer directly from water droplets to air andhif is not saturated with water vapour, said
water droplets evaporate in contact with the adargoing further heat transfer.

Air charge with water vapour in the superheated codition: After WI, if all of the water
has been evaporated and the relative humidity efréisulting water / air vapour charge are
still less than 100 %, the vapour will be in a sheated state.

Air charge with water vapour in the saturated condtion: After WI, if all of the water has
been evaporated and the relative humidity of tisalltimg air / water charge is a 100 %, the
vapour will be in a saturated state.

3.1.1. Physical parameters dictating the condition of int&e air charge:

After introduction of water injection in the intakar charge, thermodynamic processes take
place which bring about a change in the temperandesaturation of the air / water / vapour
mixture. The final temperature of the mixture atates of the air / water mixture will depend
upon various factors. The most significant of thieetors are:

* Initial ambient humidity

* Boost pressure of the air charge in the intake fakhi

» Temperature of the air charge prior to water inggcin the intake manifold
* Initial temperature of the injected water spraghiea intake manifold

* Mass ratio of the air charge and the WI sample

Using these inital known conditions, a numericaledeveloped in MATLAB was used for
the calculations of water vapour and liquid mas$és. same code calculates the temperature
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of the intake air charge using the equations desdrin Chapter 2 earlier while using the
following numerical process:

» Definition of initial conditions (as defined abogad detailed later iable 44)

» Calculation of quantity of vapour present in aiséad on the ambient atmospheric
conditions. Separation of intake air into dry aidavapour components.

» Calculation of initial air / water mixture tempeued after mixing in the intake tract
(without evaporation).

» Calculation of temperature of air / vapour / atadisvater mixture by progressively
evaporating water.

» During evaporation and cooling, the relative hunyidif the charge is verified at each
iteration and the loop is stopped when it reachésration.

To numerically calculate these states, the comptele takes data corresponding to the
following input parameters listed rable 44

T . Ambient temperature of intake air

Tw . Initial temperature of injected water

Tar . Temperature of air in the intake manifold afteensboler
Pooost . Air (Boost) pressure in the intake manifold

RH : Initial relative humidity

my : Mass of air sample in the mixture

my . Mass of water sample in the mixture

Table 44.Parameters used for calculation of air / watempowa states

Ambient temperature “T": The specific humidity of an air / vapour mixtureries greatly
with the temperature. The ambient temperature dmed ambient pressure are used to
determine the initial specific humidity of the ainarge. This value of specific humidity will
be used after the compression of the air chargeetsure the relative humidity at that state of
pressure and temperature.

Temperature of injected water “T,,”: The temperature of the injected water in the la@rge
plays a major role in the final temperature andrsdion level of the air / vapour charge in the
intake manifold. Assuming the case where the aargdh is initially unsaturated, when water
is injected into the compressed air stream, it @iaporate, taking heat away from the air /
water mixture. This has the effect of reducing tdraperature of the air / vapour mixture. A
higher initial temperature of the injected watell wasult in a higher final temperature of the
air / water vapour mixture. If we inject water witlie aim to obtain a saturated air / water
vapour mixture, we will have a higher specific hdity for the air / vapour charge if the
initial temperature of the injected water is high@nce the water will aid in heating up the air
charge.

Initial temperature of the boost air “Ty,”: The initial temperature of the boost air will have
similar effects to that of,,, in that a higher temperature for the same pressill result in a
higher final specific humidity value.

Boost pressure:As we increase total charge pressure, for the saiti@ relative humidity
and constant temperature, the specific humidityced. As mixture pressure is increased for
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the same mass of air charge at the same temperatioéows that the volume of the charge
has reduced. Seeing that the temperature remarsathe, the specific volume of the vapour
remains the same, as does its vapour pressureetbetion in volume occupied by the air /
vapour charge results in a smaller mass of vapbuus, as the total pressure increases at
constant temperature, for a given charge with dgdneed specific humidity ratio, the relative
humidity increases.

Initial relative humidity * RH;”: The initial relative humidity, in conjunction witambient
temperature and pressure, will give us a valuenitil specific humidity. This will indicate
whether the air charge is saturated or not inriteke manifold.

Mass of air and water injection samples ", “m,”: The ratio of water / air mass is an
important factor for the final temperature of thie/avater mixture. This, in conjunction with
the air and water stream temperatures, will givehestemperature and mass of the vapour
and liquid water in the air / water mixture. In ges, when the ratio of water / air is
increased, the final temperature of the mixturelseio approach the temperature at which the
water was initially injected.

3.1.2. Study of the scope of effects of WI on compressed aharge:

In this sub-section, a range of values is giveeaoh physical parameter which may have an
effect on the water injection process. The redhlis are of interest are the final vapour mass
and the final mixture temperature. The range afie@slfor each parameter is given below:

T . 20°C
Tw : 15 and 90°C
Tair : 30, 70, 110 and 150°C

Pooost : 3 bars

RH : 0,50 and 100%

My : 1kg

My : 0.1,0.3and 0.5 kgs

Table 45.Values of parameters of water injection

With reference tdable 44andTable 45 the ambient temperature of air is taken as 20f€,
temperature of water for injection is taken as &8 80°C. The temperature of 90°C for the
water injection is comparable to that used in MdstelAM (Humid Air Motor) sytem [18].
The manifold air charge temperature is taken agd®t 30 and 150°C with steps of 40°C
each. The boost pressure is taken as 3 bars. Thedtiintake air temperature, i.e. 150°C
corresponds closely to a 3 bar compression with @8Pgbatic compression efficiency (which
analytically yields ~165°C). The ambient air hurtydat 20°C is taken as 0, 50 and 100%.
The mass of air charge (wet, at any of the reldtiwaidity levels) is taken as 1 kg. The mass
of injected water is taken as 0.1, 0.3 or 0.5 tithes of the intake air charge mass.

In the following part, we shall see the effect after injection on the final air / vapour / liquid
mixture temperature and constitution. In general,temperature of air and / or water is
increased, the evaporation of water is increasdsb,Af the intial vapour mass in the air
charge is high, the final vapour mass will be higthen for a sample of air that was dryer
before WI.

Here, six graphs are shown. These graphs are diwidehree sets of two graphs each. Each
set comprises of graphs for injected water tempezaat 15°C and 90°C. The three sets are
divided by ratio of injected water mass to air ggamass of 0.1, 0.3 and 0.5. Each graph
shows the post WI intake air charge temperature thedfinal water vapour mass per
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kilogramme of dry air (specific humidity). The dashlines represent temperature, the dotted
solid lines represent specific humidity in kg oftaravapour in the air charge (1 kg mass) and
the solid lines represent the remaining waterdnid form in the air charge. For each of the
two measured parameters, there are three linesureal black, red and orange. These lines
represent the different initial humidity ratios @, 50% and 100% measured at atmospheric
conditions (1.01325 bars and 20°C). Referringiture 57:
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Figure 57.Graph for water to air mass ratio of 0.1 and irgdatvater temperature af 15°C andb. 90°C

From Figure 57, we can see that the relatively low mass of tlhected water in relation to
the mass of air charge means that around half isfavaporated. Due to the evaporation of
water, the temperature of the air and liquid watep. In the case difigure 57 a, we see that
the final temperature of the mixture varies betw®dry and 61.5 °C (for relative humidity of
0 to 100% and initial air charge temperature of°Cy0nhereas in the case Bigure 57 b,

the temperature varies between 61.4 and 66.3 °@& Jitows that a 75°C difference of
injected water temperature resulted in only aro6h@ difference in the final air charge /
water vapour / liquid mixture. If we injected evésss water, such that all of it were
evaporated, the difference in final mixture tempa&would have been even closer.

The reason this is so is that the latent heat aperation of water at these temperature /
pressure ranges (15°C — lowest for injected watén +50°C — the highest for initial air
charge temperature) is of the order of 500 to @D@g greater than the specific heat of liquid
water. The higher the temperature, the higher gexic heat of water and the lower the
latent heat of evaporation, hence the ratio teaddp in value as the temperature rises. It is
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due to this reason that the final temperature efai / water vapour mixture is relatively
insensitive to the intial temperature of the ingectvater.

If however, the mass of the injected water wereeased, the aforementioned statement
would no longer be true. The limit of evaporatisrdetermined by the saturation pressure of
the water vapour. The larger quantity of waterguild form can thus have a larger influence
on the final mixture temperature. We shall see #xiact effect in the following graphs, the
first set of two for water / air ratio of 0.3 arftetsecond set of two for water / air ratio of 0.5:
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Comparing the graphs shownhigure 58 andFigure 59 as compared tbigure 57, we can
see that a lot of the injected water remains asidigin addition to that, the influence of
injected water temperature on the final air / vapowater mixture is much more marked as
the ratio of injected water mass to air charge nrasgeases.

In the case of the water / air ratio of 0.3 givenFigure 58 a, for 15°C injected water
temperature, the final mixture temperature variesvben 49.2 and 55.4°C (for relative
humidity of 0 to 100% and initial air charge temgaere of 150°C). Irrigure 58 b, for 90°C
injected water temperature, the final mixture terapee varies between 64.2 and 68.3°C.
This shows that a 75°C difference of injected wégerperature resulted in around 13 to 15°C
difference in the final air charge / water vapoliquid mixture.

We shall see that fdfigure 59, this influence of injected water temperature iere more
marked owing to the fact that the water / air ragi@f 0.5. Again, referring t&igure 59 a.
and b., we see that the influence of water injection gievariation of between 44.1 and
50.3°C for the 15°C water injection, and between36é&nd 69.9°C for the 90°C water
injection. This brings the influence of water irjea temperature to around 20°C.

Earlier in this section, a comparison with the Mg HAM system [18] was made where

water is injected via a humidification tower whishplaced between the intake air compressor
and the engine. Water that is pre-heated with warsggne heat is sprayed from nozzles at the
top of the column into the air flow entering frohetbottom. An amount of water far in excess
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of that required to saturate the air is suppliedly®% to 10% of the water sprayed into the
tower evaporates. Water that does not evaporatehmetair is collected at the bottom and re-
circulated.

By definition of the sytem’s functioning, it is @ethat the ratio of injected water mass to the
air charge mass is much higher than that usedareéilier simulations. And it is for this
reason that the air / vapour charge will be at 90A@n it enters the engine cylinders. The
excess liquid water spray is collected and recitted for further water injection.

3.1.3. Comparison of real and measured post WI air / watecharge
temperature:

In this subsection, we will compare post WI air rgea temperatures measured using
experimentation and from calculations based on kn@hysical initial parameters. After
water injection, the resulting air / water chargayrbe found in two broadly defined states:

1. Undersaturated air / vapour mixture.
2. Saturated air / vapour mixture with excess of liquater.

There is a third case, where the air and water wapce at a saturated state with no liquid
water present. This case however is very difficuichieve, and has not been studied here.

Undersaturated air / vapour mixture: Here, the temperature and pressure of the aitdrwa
vapour mixture dictate that the vapour exists superheated state. There is only dry air and
water vapour in the mixture. No water exists inligaid form in the charge mixture. The WI
process proceeds in the following manner:

1. Air charge is compressed by the turbocompressor

2. The air charge is heated during the compressiosgha

3. The air charge is cooled down via the chargecooler

4. Water is injected into the hot air charge

5. Water evaporates completely in the air charge ngalown the mixture

Here, we shall perform a comparison of the expentaleand calculated data. A test point of
interest is test point C which is outlined in clept of this document. The characteristics of
this operating test point are presentedable 46

130



Points Measured Calculated
Injected water temperature T 22.4

Measured air mass flow rate mg/cp 803.5

Ambient Relative Humidity % 74

Ambient temperature C 22.2

WI mass flow rate of water mag/cp 13.3

Post I/C air charge temperature T 91

Manifold pressure mbar 1800

Patm mbar 1013

Temperatures:

Post WI manifold air charge temperature G 46.2 52.2
Cylinder 1 intake air temperature T 55.8 52.2
Cylinder 2 intake air temperature T 53.2 52.2
Cylinder 3 intake air temperature T 48.8 52.2
Cylinder 4 intake air temperature T 50.5 52.2
Post WI relative humidity in the intake manifold %] | 57.1

Table 46.Table comparing measured test point temperaturésstivdse calculated using numerical code

In this table, we see the physical parameters e@btiosted charge air in the left column and
the results from the numerical code in the rigHuem. We see a good agreement between
the measured and calculated values. We do notedariey of the charge temperature to rise
between the manifold and each cylinder intake; they be considered to be due to the
backflow of hot gases during the intake valve opgmnterval [12].

Saturated air / vapour mixture with excess of liqud water: Here, the temperature and
pressure of the air / water vapour mixture dictheg the vapour exists in a saturated state
with a surplus of water existing in the liquid stathe air charge mixture is composed of dry
air, water vapour and water in suspended liquidnforhe WI process proceeds in the
following manner:

1.

2
3
4.
5

Air charge is compressed by the turbocompressor
The air charge is heated during the compressiosgha
The air charge is cooled down via the chargecooler

Water is injected into the hot air charge

. Water evaporates partially in the air charge capldown the mixture, while a

remainder of the injected water mass remains suiggem the air / water vapour

mixture.

Here, we shall perform a comparison of the expemntaleand calculated data. Four test points
as defined imMable 40have been used in this experiment, and all ofetlaws outlined below:
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Points A B C D

Injected water temperature T 18.6 23 24.4 24.7
Measured air mass flow rate mag/stk 512.3 538.9 579.9 743.8
Ambient Relative Humidity %o 51 44 49 76
Ambient temperature C 16.3 20.1 25.3 18.6
WI mass flow rate of water mg/stk 31.9 52.5 60.9 87.4
Post I/C air charge temperature € 31.2 30 60 31
Manifold pressure mbar 1108.4 1182.3 1347.7 1650.1
Patm mbar 985.5 992.8 993.7 986.6
Temperatures:

Post WI manifold air charge temp € 22.1 26.6 36.3 29.8
Cylinder 1 intake air temperature <€ 22.2 27.0 37.0 30.4
Cylinder 2 intake air temperature < 22.9 26.9 36.8 29.8
Cylinder 3 intake air temperature <€ 21.1 25.1 34.9 28.0
Cylinder 4 intake air temperature < 21.2 25.1 34.9 28.1
Water / air mass ratio 0.06 0.1 0.1 0.1
CaIg:uIated post-WI charge temp C 178 19.1 29 25 4
(cylinders 1 — 4)

Post WI relative humidity in % 100 100 100 100

intake manifold
Table 47.Table comparing measured test point temperaturisstivdse calculated using numerical code

Referring to temperatures calculatedTiable 47, we see that they are slightly lower than
those measured. The difference of 3 — 7°C may [ tduthe assumptions made for the
numerical calculation and/or to experimental uraiattes. However, the fact that the water /
air mass ratio never exceeds 0.1, we can safely 8tat the temperature of water does not
greatly influence the final temperature of the/auater / vapour mixture.

As a matter of interest, the comparison of measwed calculated post-WI manifold
temperatures is made for point C. This point isseimosince it has the greatest number of test
points and the spread of available experimenta agood.
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Water injection quantity kg/h 0 5 9 13 17 21
Injected water temperature T 24 24 24 24 24 24
Measured air mass flow rate mg/stk 880.1 873.7 860.5 854.3 851.1 845.1
Ambient Relative Humidity % 68 65 54 52 46 41
Ambient temperature T 21.6 22.8 24.9 25.5 23.1 23.9
WI mass flow rate of water mg/stk 0 20.3 36.5 52.2 68.4 84.9
Post I/C air charge temperature T 30 30 30 30 30 30
Compressor outlet pressure mbar 1800 1800 1800 1800 1800 1800
Patm mbar 1023 1022 1021 1020 1017 1016
Temperatures:

tomp manifold air - charge T 202 | 273 | 288 | 300 | 288 | 20.2
Cylinder 1 intake air temperature T 30.2 27.5 29.0 30.0 28.7 29.1
Cylinder 2 intake air temperature T 30.2 27.5 29.1 30.4 29.1 29.6
Cylinder 3 intake air temperature T 28.4 25.8 27.5 28.8 27.4 27.9
Cylinder 4 intake air temperature T 28.7 25.9 27.6 28.8 27.4 27.9
Water / air mass ratio 0.000 0.023 0.043 0.062 0.082 0.102
post Wi felafive humidity in % 715 | 100 | 100 | 100 | 100 | 100
mvin — intake vapour mass mg/stk 9.6 9.8 9.1 9.1 6.9 6.4
mvf — final vapour mass mg/stk 9.6 10.8 10.3 10.2 8.9 8.6
mw — residual liquid water mass mg/stk 0 19.3 35.3 51.1 66.4 82.7
Calculated post-WI charge tem

(ovlindere a ) g P T 30 269 | 264 | 263 | 243 | 238
Post-WI AT (Tmeas - Tcalc) T -0.8 0.4 2.4 3.7 4.5 5.4

Table 48.Variation of post-WI intake manifold air charge teenature, and difference between measured and
calculated values in function of injection floweat

We see inTable 48that as the mass injected quantity of water iseiased, the difference in
temperature between the measured and calculatedsvaicreases, varying from close to zero
to around 5°C. The calculated post WI temperatemahses from 26.9°C to 23.8°C when the
WI mass flow rate is increased from 5 to 21 kgéxduse the supplemental liquid water even
if does not evaporate (the final vapour mass diigtecreases when WI is increased) tends to
cool down the mixture. On the other hand, the nmmeasypost WI manifold air charge
temperature and the various cylinder intake tenmpera do not seem to follow such a
tendency, varying only slightly between 27°C anéQ0

These discrepancies between calculation and measote could be explained by the
following points:

v" The calculation relies on the assumption of antedia mixing. However, it can be
estimated that some heat transfer happens betweesharge air and the surrounding
air through the wall of the intake tract. The irdigy of this transfer obviously depends
on the temperature difference between charge dioatside air (which is usually at a
lower temperature, thus causing heat losses tochlla@ge air) and may also be
influenced by the water content of the charge #ie (convective transfer being
enhanced by the presence of water).

v' Another assumption of the calculation is that wasgaporates until saturation is
reached (equilibrium state). It may be possibl¢ évaporation kinetic is such that the
equilibrium reached at the point where temperatneasurements are done. Water
vapour may also condensate locally due to coldsspot
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v" An eventual back flow from the cylinders througle ihtake valves is not taken into
account in the calculation. It may modify (incréadee temperature measured in the
intake ducts, near the intake valves.

v The measurement uncertainties obviously concernsuned temperature, but also
influence calculated temperatures, since the catiom relies on measured values
(water and air mass flow, post I/C air temperatuvater temperature, compressor
outlet pressure,...).

3.2. WI analysis during the intake process.

In this section, we shall make a comparison ofedéht scenarios during the intake of the air
charge into the cylinder. To stay coherent withlingawe shall be using one real-world
operating point shall for this study, where theke air charge will vary from having no water
injection, to four levels of WI rate.

After the air water mixture has been formed, itggssvia the intake valves into the cylinder.
Unlike the intake tract, where the air / water floxs considered to be adiabatic, there will be
considerable heat transfers between different trealrfaces and the charge. This is due to
the fact that the charge flow is forced to followath that is in close proximity with hot metal
parts. This would result in the heating up of tharge air going into the cylinder. For this,
various scenarios are proposed for calculatiomefahysical state of the intake charge during
the intake process:

1. In the case of “dry” air intake (with or without Wbut all water is evaporated in the
intake tract before entry into cylinder), the irdagharge will undergo heat transfer
with the residual gases and the metallic surfacespcised of the cylinder and piston
walls and valvegear.

2. In the case of “wet” air intake (with WI, where semwater is present in suspended
liquid form on entry into cylinder), residual gasesd the cylinder walls transfer heat
to the whole mixture and help in evaporation ofltgeid water until:

i. All the water is evaporated and the vapour goesrfigated.

ii. The air / water vapour charge is saturated anddiguater is left behind
to be evaporated during either the compressiommbeistion phases of
the engine cycle.

According to the mass ratio of air charge and te@avater, initial humidity, intake manifold
pressure etc., we may either find ourselves inumgon where all the water is evaporated in
the intake, or some liquid is left in the intakeagde which will subsequently evaporate during
the closed part of the cycle.

The calculations needed to determine the physiaedmeters of the air charge inside the
cylinder would include the following:

1. Mass of air and injected water— This is already defined in the test data shééts.
water injection system in essence consists of ataoh mass-flow air compressor, a
relief valve and the air-assist water injection zlezas detailed insec. 2.1.2
Generally, the relief valve is adjusted to give extain “leakage” of air to the
atmosphere to maintain a constant pressure inirieeil conjunction with the water
injector. In absence of this relief valve, the coegsor would always trip or shutdown
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as the maximum supply air pressure of 5 — 6 bae@&hed, thus causing the air
pressure to fluctuate undesirably.

The water flow rate is controlled by its pressusing a pressure regulator. As the
water flow rate increases, the effective orificeesfor the air flow becomes smaller.

This causes a change in the compressed air flawtlat engine and increases the line
pressure of the compressed air supply. The chanyfeeipressure of the compressed
air supply is monitored and is correlated usingfdtlewing steps:

* A baseline measure of air mass flow into the engirtaken using no air injection.

* For the same engine control settings, a secondureeas$ air mass flow rate into
the engine is taken with the air supply for theewatjection system turned on.

* The difference of the two engine air flow ratescasrelated with the air supply
pressures to correct the air flow into the engimend) water injection.

Since the flow characteristics of the compresser amknown, the calculation of
variation of air flow rate into the engine has bsénplified somewhat. The system is
treated as a network of two orifices in paralledr Ehe first orifice, the flow section
will remain constant; this orifice is the pressuegef orifice which will stabilise the
pressure of the high pressure air line. For thersgwrifice, the flow section will
change, in reality due to change in flow rate otewa- the greater the flow rate, the
smaller the effective flow section for air. A difémce in air flow is taken for the
baseline and for compressed air injection. Thifetbhce is added to each air flow
measure using water injection.

The ratio of air flow through an orifice (the rdlialve) is proportional to the square
root of the pressure difference between the imelt @utlet of an orifice. The pressure
measured in the air supply line is relative. Therefthe ratio of air flow between the
baseline and measured point is the square rodteif tespective relative pressures.
We have assumed for this exercise that the air fie/ from the compressor between
5 and 6 bars does not vary (fixed-displacement cessor), therefore, any increase in
the air line pressure will result in an increasaiinflow from the bleed orifice to the
atmosphere and will result in less air flow inte WI system. And hence, less air will
be added to the intake air charge measured by ithido@ meter. This correction
factor is defined as:

P
Am, = Am, /—m 125
I:)b

Amg : Air mass flow rate correction to be added to mesgwalue
Amy . Difference in mass flow rate of air for baselineasare

Pm . Pressure of injected air at measured point

Py . Pressure of injected air at baseline point

As a point of interest, the measured and corregitefiow rates for the operating point
given inTable 52are shown here for reference:

135



1 2 3 4
Measured water injection rate |  Kg/h 3.0 9.0 16.9 20.9
WI air line pressure bar 5.8 6.1 6.5 6.6
Measured air flow into engine | mg/stroke 865 849 840 834
Air mass flow correction mg/stroke 12 11 11 11
Corrected air mass flow mg/stroke 877 860 851 845
Percentage correction % 1.4 1.3 1.3 1.3

Table 49.Air correction section fronfable 52

2. Total pressure inside the cylinder at the end of th intake stroke— As it stands, the
actual instantaneous pressure inside the cylindemwhe intake valve closes could
not be measured. For the sake of simplicity, thalfpressure in the cylinder at the
end of the intake stroke at BDC was considerecetedual to the air charge pressure
in the intake tract.

3. Residual gas mass in the cylinder The calculation of the residual gas mass in the
cylinder depends on the following factors [56]:

e Engine speed

« Temperature of exhaust gases at the end of expasisake

e Pressure of inlet and exhaust gases

e Valve overlap factor (OF) [56]

e Compression ratio

« Composition of exhaust gases — presence or othenfiwater injection and
fuel / air equivalence ratib

The temperature of the exhaust gases at TDC oexthaust stroke is assumed to be
equal to the temperature of exhaust gases in thausx manifold. This assumption is
made on the basis that for the test engine in gumesit was not possible to
instantaneously measure the temperature of thes gasiele the cylinder. Seeing that
the exhaust gas temperature sensor sees the flinotofases passing by almost
continuously over it during the exhaust gas phabestemperature read by this sensor
was considered to be the average temperature afusklgases at the end of the
exhaust stroke.

As with the exhaust gas temperature, the pressure@xhaust gases at TDC on the
exhaust stroke is assumed to be equal to the peess@xhaust gases in the exhaust
collector. Same is the case for the intake gasgmder pressure is measured using a
piezo-resistive pressure sensor which measuressyesas a relative quantity.
Therefore after each measure, it is impossiblentmkthe exact pressure of the charge
in the clearance volume at the end of the exharctes

The valve overlap factor in a cylinder influencese residual mass entrapped in the
clearance volume of a cylinder very directly. Thiéedence between the pressures in
the exhaust and the intake collector would causenanegligible flow of gases across
the combustion chamber. In case the gas flow s fiilke intake to the exhaust, this
will help in the scavenging operation to maximise toncentration of fresh air in the
cylinder. The valve overlap factor is defined as:
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oF=2IA*D. A 126
Vd

In the above expressiol; and D are the inner seat diameters of the intake and
exhaust valves and, is the displacement volume of the engine. The tjiesA; and

Ae, Which have dimensions of length time crank ar{gkgrees), are areas under the
valve-lift/crank-angle curves defined by the foliog:

IV=EV

A= [L e 127
VO
and
EVC
A= [L6 128
IV=EV

WhereL; andL. are the intake and exhaust valve litt¥ O and EVC denote Inlet
Valve Opening and Exhaust Valve Closing crank angiéspectivelylV=EV denotes
the crank angle degree where the inlet and exhals lifts are equal. The value for
the OF has a dimension of crank angle degree per ungtlerAs a reference, an
intake and exhaust valve profile is given below pared to the test engine at valve
overlap:

a 0.6 T T T T T b
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Figure 60.Valve lift diagrams frona. literature [56]b. test engine.

The intake and exhaust valve lift profiles giveths effective valve flow area which
can be used in conjunction with the differentialtiie intake and exhaust pressure to
produce a gas flow either towards the intake oratol the exhaust. The direction of
gas flow would depend on the relative differenceressures.

As per the residual gas model developed by Heywaiaal. [56] and used by others
[54, 55], in the case of the test engine, we héneefollowing values for the valve
events:

VO . 340.65°

IVO=EVC : 361.35° @ 0.24 mm lift
EVC : 393.06°

A . 1.55 °-mm

Ac . 2.76°-mm

OF : 0.223°/m

Table 50.Valve overlap event values
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The average flow area would then be defined as;

Av,mean= ﬂﬁOF 129
A mean : Mean valve overlap area (méefre
A0 . Valve overlap period (degrees)
Using values calculated earlier, the flow area comé to

Av, mean= 6.7x10°m? 130

To determine the residual gas mass fraction, thevwong simplified equation is used;

y+l
>, Yy
X, :Clacl)\l—':[ﬁ%jzy J|P.-P|+C, Pe/rpi) 131

C

Where;
Xr . residual gas mass fraction
N . engine speed in revolutions per second
Pe . exhaust gas pressure
P; . intake gas pressure
0] . fuel equivalence ratio
re . compression ratio of engine
y . ratio of specific heats
C, G : non-dimensional proportional constants of 1.266 @682 [54, 56]

A comparison of residual gas masses was perforragd) uelations defined in [12].
The results of the residual gas mass fractions wendar. It has to be said that the
overlap factor of the test engine is very small ava/ be a contributing factor of why
there is not so much cross flow during the ovepapod. The composition of the
exhaust gases can be determined using the wagetion) rate and the air / fuel ratio.

. Temperature of the charge in the cylinder— the temperature of the charge in the
cylinder is calculated indirectly. Using the prassiwentrapped mass of aspirated and
residual gases and cylinder volume, the ideal gas lare used to calculate the in-
cylinder temperature at the end of the intake strés described earlier, the pressure
at the end of intake stroke is considered to baleguhat found in the intake tract.

In the case where EGR is used, only a direct calicn is needed to estimate in-
cylinder temperature. However, if water injectisrused, the process of calculation of
in-cylinder temperature is iterative in nature. s due to the fact that the values of
vapour pressure vs. temperature are tabulated featddturing calculation, a check
needs to be made at each step to see if the aitet wixture reaches saturation. In the
event that saturation is reached, it is assumedtfigawater remains in liquid form
until the compression and/or combustion furnishesugh energy to the mixture to
evaporate it. In general, if the temperature ihéarghan the saturation temperature of
the air / water mixture, all the water is assunetid in vapour form. Mathematically,
this is the sequence of calculations that will htvbe performed:

e Calculation of initial temperature of air and restlgas
» Addition of water vapour to the air / residual gaisture

* Monitoring the state of saturation
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The operating poin€ as defined inrable 40is chosen, and the operating parameters with
certain important physical characteristics of thgiee are reiterated in the table below:

Parameter Units Value

Pboost mbar 1800

Tboost °C 30

0 ratio 1.89

Mac mg/stk 880

RH % 68% @ 21.6°C
Texhaust °C 491

Pexhaust mbar 2413

Veclearance m° 2.9374x10
Vswept m° 4.9936x10"

Table 51.Physical parameters of the test engine and opgrptimtC without WI

Here, results from calculations outlinedsaction 2.2are used. The fact that water may or
may not exist in vapour form depends on the magdbhefvater to be vaporised. For a given
pressure and volume of the combustion chamberaagiden mass of air and vapour, we can
determine the charge temperature. If that temperatusuch that the vapour exists in the
superheated form, we may say that the water magvheorated at the end of the intake
phase. If however the resultant temperature isideofor the water to exist in vapour state
(given its partial pressure and specific volume) eam say that the water willot have
vaporised at the end of intake and will evaporaieng the compression or combustion
phases of the cycle. Following this, the resultthefcalculations are presented.

The first case is where there is only air chargerarg the cylinder. No WI is present. The

first calculation will be to determine what tempera the dry air charge will have to be at

BDC to fill up the total volume of the cylinder tite intake manifold air pressure. The total
air charge mass in the total volume of the cylindethus a sum of the intake air charge and
the residual gases. The temperature thus obtaioedrheasurements is:

T =903°C

mixture

The second calculation was performed to see wihaafittal mixture temperature would be
after a heat transfer between the hot residualsgasd the cool intake air mixture. The
temperature comes out to the following value:

T =480°C

mixture

This means that 42.31°C of the rise in temperatfitbe mixture of the intake air charge and
the residual gases can be attributed to the haasfar from the cylinder walls during the
intake phase. From calculations, this value ofgfamed heat comes out to:

dQ =39Joules

Now, we shall introduce water injection into thengaair charge. This engine operating point
C is obtained experimentally, and for all test pgjnthe air/water mixture in the intake
manifold is saturated, with water present in ligiagdm. The nominal WI rates are 3, 9, 17 and
21 kg/h of mass flow. The measured and calculaéedrpeters are noted Trable 52
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Parameter| Units | Case 1 Case 2 Case 3 Case 4
Phoost mbar | 1800 1800 1800 1800
Tboost °C 27 29 30 30
Twater °C 20 20 20 20
o ratio 1.88 1.85 1.83 1.82
My mg/stk | 877 860 851 845
My mg/stk | 12.2 36.5 68.4 84.9
MMy mg/stk | 889.2 896.5 919.4 929.9
RH, % 68% @ 21.9°C| 54% @ 24.9°9C16% @ 23.1°C | 41% @ 23.9°C
Texhaust °C 481 465 444 435
Pexhaust mbar | 2364 2370 2420 2440
Velearance | M° 2.9374x10
Vowept m° 4.9936x10
Thonevap °C 92 95 96 98
Tevap °C 81.4 65 62 62
AHnonevap | J 59 67.4 75.5 82
AHevap J 77.2 120.6 194 199.7
AHyg J 14.7 14.2 14.8 14.4
Table 52.Physical parameters of the test engine at opgratimtC with WI
Where:
Pooost Boost pressure in the intake manifold
Thoost Temperature of air in the intake manifold
Twater Temperature of injected water
7 Air / Fuel equivalency ratio
My Mass of air charge in cylinder with each intakelstr
My Mass of injected water in cylinder with each intakeke
RH Initial ambient Relative Humidity
Texhaust Temperature of exhaust gases (at TDC)
Pexhaust Pressure of exhaust gases in clearance volume
Velearance Clearance Volume of cylinder
Vswept Swept volume of cylinder
Tronevap Temperature of air charge in cylinder at BDC in @hhsence of evaporation
Tevap Temperature of air charge in cylinder at BDC aéeaporation
AHnonevap Heat transfer between intake air charge and cylin@dls + residual gases
in the absence of evaporation
AHevap Heat transfer between intake air charge and cylin@dls + residual gases
in the presence of evaporation
AHyg Heat transfer between intake air charge and relsghses

Each of these measured points will have two caledléemperatures at the end of the intake

stroke. The first temperature is calculated assgnitrat none of the injected water is

evaporated. The only vapour existing in the airrghas the atmospheric vapour and the
vapour from the residual gases — of which, oneigdrom combustion and the second part is

from the water injected during the previous cycle.

The second temperature is calculated assumingathahe injected water is converted to
water vapour in the cylinder during the intake l#oThis is true for the first three points,

whereas for the fourth test point, 70mg of wates waaporated, leaving behind 14.9 mg of
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water in liquid form. In point 3 and 4, the injedtevater brings the air charge to saturation at
the end of the intake stroke.

Three values of enthalpy changes are given inghket The first oneAHnonevap' is the heat
transfer from the cylinder walls to the intake @iarge heating the air / vapour / water charge
without evaporation of injected water. The incragsfinal “non-evaporation” temperature
and increasing total mixture mass,(+m,,) from Case 1 to 4 entails an increase in the value
of heat transfer. Calculation oAHyonevap requires initial and final temperatureBpfos: and
Thonevap, Masses of air, atmospheric vapour and injedtpdd water, and the specific heats
of the same.

AH nonevap = (rnac |:(I:pa + rr(/ap [va + rT‘l/v |:([:w) |:Q-I-nonevap_ Tboost) 132

The second oneAHey,p' is the heat transfer required from the cylindexle/to the intake air
[ water / vapour charge with evaporation of injeoneater.

4H evap = (mac |:Q::pa + rn\/ap |:q:pv + rnw |:q::w) |:Q-I-evalp _Tboost) + rnw thg 133

The third one AH,y” is the potential available heat transfer betwt#enhot residual gases at
the end of blowdown and the intake air charge.

AH rg = (rnrg |:([:prg ) |:ﬂTexhaust_ Tmixture) 134

Please not that the values of the different firmhperatures are calculated implicitly as
outlined earlier.

As can be seen from tA@ble 52 the heat transfer via the cylinder walls couldeptially be
from five to fifteen times as great as the adiablagiat transfer between the residual gases and
the intake air charge. The heat transferred toirtteke air charge via the cylinder walls /
metallic surfaces is given ifable 53

Parameter Units | Point 1 Point 2 Point 3 Point 4
dGhonevap J 44.3 53.2 60.7 67.6
dQevap J 62.5 106.4 179.2 185.3
dQevap-dQhonevap | J 18.2 53.2 118.5 117.7
dmys mg 9.6 33.3 64.2 65.6
My X Mg J 22.1 76.6 147.7 150.9

Table 53.Heat transfer from the cylinder walls and otheratiiet surfaces to the intake air charge

Where:

dQuonevap  : Heat transferred to intake air charge by cylindalisvin the absence of
evaporation

dQevap . Heat transferred to intake air charge by cylindailswvith evaporation of
injected water charge

dmys . Total mass of water evaporated during intake okiheharge into the
cylinder

dmwix hy  : Latent heat of evaporation of the injected watessna
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Two graphs are presentedkigure 61 to give an idea of heat transfer and final temjpeea

In this graph, the solid lines represent calculdtedl temperature at the end of the intake
stroke, while the dotted lines represent the catedl heat transferred to the intake charge as a
function of evaporation of the injected water maBse red dot is the calculated reference
value of temperature for the dry air intake, white black dot is the calculated reference
value of heat transfer for the dry air intake.
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Figure 61.Calculated values of temperature and heat trafsfelifferent WI rates

We see that as we progress from case 1 to 4, mheetature of the intake charge does not
vary among the four test cases. The differencenmperature is due to the difference in air
charge mass in the cylinders. However, as we pssgatong the x-axis, we see that as the
evaporated mass increases, the final intake chhangperature drops. Case 3 is at the limit of
saturation, while case 4 is saturated with watdrestistent in the liquid form. For the heat
transfer, the values of heat transfer correspomyg gl@sely the mass of water that is to be
evaporated. The difference in starting temperasin@vn on the graph (at 0 mg evaporated
mass) is due to the fact that as WI quantity iseased, the mass of air charge progressively
decreases, since part of the space is taken ueoyvaiter in the case of increasing WI
guantity. For the same cylinder pressure, the teatpee at the starting point (0 mg
evaporation) will be higher for each successive élasuring point. The arrows show the
increasing WI quantity.

The aim of this section was to attempt the deteation of the physical state of the injected
water during intake into the engine cylinder. Thedetermined factor is the heat transfer
between the air charge and the metal structureeoéhgine cylinder. Unlike the calculations
performed insection 3.1 which were for the most part considered to balzatic in nature,
and some inevitable “real-world” adjustments asidere much easier to perform, the
calculations proposed and presented in this settyoto take into account all possibilities of
heat transfer. It has been attempted to defineotter limits of what is and what is not
possible as concerns the evaporation (or othervaikg)ater when it is taken in liquid form
into the cylinder along with the saturated (atletaonditions) air / vapour charge. It has been
observed that in most cases, the conditions iretiggne cylinder permit the injected water in
liquid form to completely evaporate. In a few cakesvever, there is no possibility of water
to evaporate at the end of the intake stroke. Tiadyais of what happens to the air / vapour /
water charge will then be performed during the caegion / combustion stage which is
outlined in the next section. The same operatingtp@utlined in this section have been used
to maintain coherence in the analyses.
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3.3. WI analysis during the compression / combustion process:

In the previous sections, an analysis was perfortoegstimate the thermodynamic processes
taking place during the intake process of an endgmaection 3.1 we calculated post WI
intake air temperatures and saturations based ftaretit parameters such as air flow rates,
temperatures, WI flow rates and charge pressutessel analyses were then used to try and
predict the temperatures of a test case.

In section 3.2 analyses were performed to estimate the finatlaarge temperature in the
presence and absence of WI. This analysis gaverasge of temperatures that may exist at
the end of the intake stroke and indicated whathsmossible to evaporate the injected water
completely or not. It was noted (and shownTable 52 that up to operating point 3, it is
possible to evaporate all of the injected watersn@gperating point 4 however, shows that a
part of the injected water will exist as liquidtaé end of the intake stroke.

This section is divided into two parts. In the ffipart, we shall simulate a compression using
more or less the same air mass as givéralrle 52 The difference is that we will only have
saturated air, and no water in liquid form shallppesent in the air charge when compression
starts. Referencin@able 52 which will be operating point 3. Three compreasiavill be
performed:

1. Adiabatic compression

2. With heat transfer using Hohenberg’s model [S58hwit
a. Cylinder walls at normal operating temperature.
b. Cylinder walls at ambient temperature.

In the second part, the thermodynamic processeésdwinalysed from the end of the intake
stroke (BDC) to the end of compression (TDC) arehtburing the combustion process for a
real cycle given for operating points givenTiable 52will be performed.

3.3.1. Comparison of theoretical vs. real pressure profile

Here, the cycle is considered to have entered ¢leséd” phase, that is to say, the mass of
charge entrapped in the cylinder is considered @¢ocbnstant. From the last series of

calculations, we obtain the composition and initezhperatures and pressures of the intake
charge. Using the pressure trace obtained fromtests, and using the variation in volume

with respect to crank angle, the temperature ofjigecharge in the cylinder is estimated.

Seeing that the wall temperature is higher thanrgghdemperature at the start of the
compression and lower at the end of the comprestiere will be a transfer of heat between
the entrapped gas charge and the walls of the cstiobuchamber and cylinder during the
compression stroke. Hohenberg's heat transfer m@@}lis used to estimate heat transfer
and correct the Rate Of Heat Release diagram.

Noss =130V, [P, (0, *(PV +1.4)* 135
Moss!Sey [BL2L(T,,, =T ,,)IN [1000
dQOSS = 6C 136
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Nioss . Thermal transfer coefficient

Veyi . Total cylinder volume (clearance and swept volummlained)
Peyi . Total cylinder pressure

Teyl :  Cylinder temperature

PV . Piston Velocity

Syl . Piston stroke length (uncovered cylinder wall)

B . Bore diameter

Teyi . Temperature of in-cylinder gases

Tew :  Temperature of cylinder wall

N . Engine speed in rpm

al,a2,a3 : Empirical coefficients

The pressure signal from the in cylinder pressugasurement is used in conjunction with the
composition of the compressed gas charge to deterthie temperature of the in-cylinder
mixture at each point in the engine cycle.
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Figure 62. Comparison of real, and theoretical pressure surve

3.3.2. Calculation of SOC, premixed combustion ratio and ®RHR:

The injector opening / closing signals are giverthe ECU (Electronic Control Unit) of the
engine. The actual opening / closing of the injedt@l pintle for this particular engine are
delayed by 27@S. This translates to a delay in crank angle irekgywhich varies according
to engine speed. This delay is added to the injexggening and closing signal to estimate the
physical fuel injection period.

S0} = 501+ 2DINI360 137
6010
Where;
SOl , SOI, : Start Of Injection (indicated), Start Of Injeati¢real) in degrees
10D :Injector Opening Delay in ms
N . Rotational speed of engine in RPM
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After the initial delay is calculated, the fuel Witoprofile is calculated. This calculation is
performed based on a model defined by actual imjefiow profiles defined by the
manufacturer, who have specific test benches degigm calibrate the fuel injection model
from real measured data. In general, the profiiefned byFigure 63

my b

CA°

Figure 63.1dealised “real” fuel injection profile

The slopesa-b, b-c, d-e, e-f, andg-h are all defined by empirical relations given by th
engine manufacturer. The lifig is when the injector is 100% open. The injectiate mprofile
given bya-b-c refers to the pre-injection event. In this cake,fuel injector pintle remains in
the “ballistic’ mode and never opens to the fuliesi.

In the case of the profild-e-f-g-h, we can see a reference to the main injectiontevdms
profile starts with the openingdre similar toa-b, however, at poing, the opening rate slows
down until the injector is completely openfatrom here, the injector is at 100% flow rate
until point g, where electrical power to the injector is cut affd the hydraulic forces show
their effect and close the injector pintle frgpain.

Using an extension of calculation from the lasttise¢ we can calculate the acceleration of
combustion. When the acceleration of combustionsgms200 MWatts / second, the
combustion “proper” is said to have been establisiéne delay between the SOI (Start Of
Injection) and the SOC (Start Of Combustion) wititdte the amount of fuel that is burnt in
pre-mixed combustion. The profile of injection, whiis defined usindgrigure 63, is used to
calculate the premixed fuel combustion for SOI &@C values for both pilot and main
injections.

3.3.3. Example test point measurement and result (includig ROHR):

In this section of the chapter, an example testtguas been taken. This example test point is
similar to the test point given ifiable 52 The difference is that to ensure the intake dewa
in vapour form into the cylinder, intercooling wast used. As water was injected, the charge
is cooled while evaporating the atomised water. Galeulations thus performed consist of
obtaining the following data:

1. Real-time cylinder pressure curve in its raw attdried form

2. Engine and test bench data obtained from the EGQlpagssure / temperature sensors
via LabVIEW®

3. Emissions data obtained via the Pollutant Emissiesisbenches
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Real-time cylinder pressure measurement:The data recovered from the in-cylinder
pressure measurement in its original form has qulié of noise due to, among other factors,
mechanical resonance of the engine parts. The tpgnoint in question is shown in the

table below, with the engine operating conditioivegy below:

Engine speed tr/min 2045 Pexhaust’ - P. exh out turbine mbar 1118
Brake torque N.m  142.6 Pexhaust - P. exh out engine mbar 2345
Temperature of injected water T 24

Measured fuel flow rate mg/stk  30.81 VALUES MEASURED BY ECU

Measured air flow rate mg/stk 809 Ambient temperature — Tamp T 21.0
Humidity % 38.0 Ambient pressure — Pam mbar 1012
Ambient temperature T 20.3 Intake manifold temperature — Tyoost mbar 60.0
WI rate at intake mg/cp  13.2 Measured turbo boost pressure — Ppoost mbar 1800
TEMPERATURES - PRESSURES Total fuel flow rate ECU — M 4ot mg/stk 31.8
Texhaust — T. exh engine out T 505 Pilot fuel flow rate — my piot mg/stk 2.0
Texhaust' - T. exh turbine out T 397 SOl pilot — SOl Vv -16.80
Texhaust_1 - T. exh cyl 1 T 470 DOI pilot — DOlpiot ms 0.19
T exhaust_2 - T. exh cyl 2 T 472 Main injection flow rate — mM¢ main mg/stk 29.8
T exhaust_3 - T. exh cyl 3 T 467 SOI main — SOl main Vv 1.99
T exhaust_4 - T. exh cyl 4 T 481 DOI main — DOl main ms 0.72
Tturbo - T. air out compresseur T 106 Water/Air ratio kg/kg 0.016
Thoost' - T. air out chargecooler T 929 Water/Fuel ratio kg/kg 0.430

Table 54.Engine operating point with temperature, pressaceflow rate data
Using the values defined in tablable 54 we shall first of all determine if the injectedtsr

has all been evaporated. To determine that, wd shalthe values given by the following
variables;

Temperature of injected water T 24 T2 T 99
Measured air flow rate kg/stk 809 Tamb T 21.0
Humidity % 38.0 Patm mbar 1012
Ambient temperature T 20.3 Tboost T 60
WI rate at intake mg/stk  13.2 Pboost mbar 1800

Using the ambient temperature and pressure valuisstiae given relative humidity, it is
possible to determine if all of the injected wateas evaporated in the intake or not. The
methodology to perform this test has already be@ha@ed earlier irBection2.2.1.4

The next step, given the properties of the intakewse shall acquire the in-cylinder pressure
signal from the data acquisition system, and theriopm signal conditioning operations as
shown inFigure 64:
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Figure 64.Conditioning of in-cylinder pressure signal acgdifrom the data acquisition system

Following are the operations performed during tgea conditioning phase;

a. Acquire 60 cycles over the same engine operatmgf.p

b. Average the signal over the 60 cycles (number yafles per sample may be varied
according to need).

c. Filter the signal and reference it to the intakanifold average air pressure (although the
intake manifold air pressure changes due to the flactuations and pressure variations
introduced by the intake valves, it is the bestnerfice available).

With the obtained filtered pressure curve, we ntaystproceed to measure the following
curves:

1.

2
3
4,
5
6

In-cylinder temperature

Heat loss from the cylinder walls
Cumulative Heat Release
ROHR

Combustion acceleration

SOC
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Figure 65. a.In cylinder temperaturda. Heat loss from cylinder wallg, Cumulative Heat Release ROHR

In all of the curves representedkigure 65, the abscissa is the crank angle degrees with 180°
being TDC.Figure 65 c. gives us an estimate of the thermal energy gesgkriaiside the
combustion chamber. To verify, the product of thiegted fuel mass and the LHV of diesel
fuel should equal the cumulative heat release.

CHR=LHV xm, 138
CHR= (43x10°J / kg)x (318x10°kg)
CHR=13674J
Where;
CHR . Cumulative Heat Release
LHV . Lower Heating Value
m :  Mass of fuel injected

The calculated value was 1369.3 Joules — a 0.1ffeehice.

From the ROHR diagram; we can also calculate thmbestion acceleration which will
indicate the SOC. This may be used to determingahe of fuel that burns in a premixed
mixture, before the start of, quasi-stable, difisembustion:
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Figure 66.a. Combustion acceleration for the pilot injectiorddahe main injectiom. Focus on pilot injection

Referring toFigure 66, we see the overall profile of combustion accéienain parta. where
the value of combustion acceleration is providedrdkie whole “closed cycle” — that is to say
when the valves are closed and the compressiorcamiustion / expansion phases of the
engine cycle are considered. In pastwe see a part of the curve which focuses on ilbé p
injection. As stated earlier, a value of 200 MW/siswconsidered a starting point for
combustion. From this value onwards, combustionsagd to have been initiated. As
mentioned earlier and given . 137 the real SOl is calculated with the help of thgire
operating parameters givenTable 54 With the value of the real SOI obtained, the nass
fuel that burns in the premixed combustion candterthined.

Using the same calculation processes that were tesezhlculate the different pressure,
temperature and heat transfer curves fifeigure 64 to Figure 66 for the operating points
given inTable 52 Essentially, apart from the water injection qutéeg and post-intercooler
temperatures, the operating parameters defin@alite 54 hold true. The presentation of the
graphs will be different to the ones presented al®wce we shall be seeing four different
curves with magnified zones to show detail.
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Figure 67. a.In cylinder temperaturda. Heat loss from cylinder walls,
c. Cumulative Heat Releasg, ROHR,e. Total cylinder pressure

Referencing toFigure 67 a, we see that we lose around 200 K in peak bulkndgr
temperature when injecting water from 3 kg/h (ddnotratio Dr = 1.4%) to 21 kg/h (Dr =
10%). In comparison to the temperature giverFigure 65, we lose around 40 K for the

same water injection quantity. The difference beimaf for the latter, water evaporates after

entry into the combustion chamber.

Referencing td-igure 67 b, we see a reduction in heat transfer to the cglinealls at TDC,

which would seem logical given that the air / watlearge was cooler for the higher WI rates

and that the adiabatic indgXor water vapour is lower. The strength of heansfer could be
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increased in the presence of vapour however, ihda transfer coefficient of vapour is found
to be higher than that of dry air. Owing to theagee proportion of water vapour in the intake
charge, we could have a net increase in the vdltleedeat transfer coefficient.

Referencing td-igure 67 c, we see that the cumulative ROHR has reduced fréh® Joules

to 1365 Joules. Fromable 52 we see that the final intake air / water chasgagderature at
BDC for points 3 and 4 were similar. So it wouldrsl to reason that the difference between
the two points here for their cumulative ROHR wohé&ldue to the presence of water at BDC
for point 4. If the remaining liquid mass of 14.9gmvere to be evaporated at room
temperature, it would account for about 34.5 Jooledifference. The difference here is of
around half that. It could be possible that a médrthe required heat was provided by the
cylinder walls during compression as well. The renmg liquid water was evaporated by the
high temperature of the combustion process.

Referencing td-igure 67 d, we see that the injected water quantity has atively minor
bearing on the form of the instantaneous ROHR. Thidd be explained by the fact that the
operating point is of a moderate load, and the higbst pressure may help in stabilising the
combustion.

Referencing td-igure 67 e, we see that for increasing WI rate, the peakndgr pressure
drops by around 1.5 bars near TDC and around 4didise peak of instantaneous Rate of
Heat Release (just before 200° crank angle) wittreimsing WI rate. The translation of
dilution ratio and WI injection rate in kg/h is @~ below:

WI rate Case 1l Case 2 Case 3 Case 4
kg/h 3.0 9.0 16.9 20.9
mg/stk 12.2 36.5 68.4 84.9
Dr 1.4 4.2 8.0 10.0

Table 55.Correlation between different values of WI rate #melr measurement techniques.
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Figure 68. a.Combustion acceleration for the pilot injectiorddahe main injectiom. Focus on pilot injection

Referring toFigure 68, we see the overall profile of combustion acceienain part a. where

the value of combustion acceleration is provideerdkie whole “closed cycle” — that is to say
when the valves are closed and the compressiorcamtbustion / expansion phases of the
engine cycle are considered. In part b., we seartaop the curve which focuses on the pilot
injection. As stated earlier, a value of 200 MW/aswconsidered a starting point for
combustion. From this value onwards, combustiosasl to have been initiated. For all
operating points, we see that the pilot injectioosses the 200MW/s limit, thus there is not
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failure of combustion of pilot injection. Also, tlielay in combustion is of the order of a few
degrees, falling into the precision limits of tliéary encodersection 2.1.3.1L

At the end ofsection 3.2 it was stated that for case 4, it was impossibé the injected
water be evaporated completely at the end of thekén stroke. In this section, the
compression and combustion process were both athalygng the same engine test points to
determine experimentally the state of the gas endylinder. An attempt has been made to
determine the evaporation of water vapour and téte ®f the air / vapour charge in general
during the compression / combustion phase. Dateh&at release during the combustion
phase has been used as a tool to determine thgygmatentially imparted to the liquid water
for evaporation. From the quantities of liquid watalculated insection 3.2 the measured
differences in CHR have been in good agreement thghpredicted / calculated results. The
results show the magnitude of the heat transfevdest the hot combustion products and the
injected water, and it is within the correct rargdevalues. However, the exact value of heat
transfer and its profile according to the cranklartas not been determined.
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The numerical analysis performed in this chaptes halped to clarify the possible
evolutions of condition of water injected into #ie intake circuit of an internal combustion
engine.

The injected water and air are mixed in the intakanifold. Water may completely or
partially evaporate during mixing as a function cdnditions of vapour saturation. The
primary effect of this evaporation is the markeduetion in the intake charge temperature. A
parametric study was performed to show the infleeoicinjected water temperature and the
different parameters of air (pressure, temperatimanidity) before mixing, on the quantity of
water evaporated and the final temperature aftexing. The comparison of calculated values
of temperatures and those which were measured shaivthe proposed hypotheses (most
importantly the adiabatic nature of the mixing pess), are not completely verifiable, yet
allow a good approximation of the actual situation.

When saturation is achieved, and the injected watays in a liquid form in the
intake, the intake of the air / water mixture itib@ cylinder may cause evaporation of a part
of the liquid due to heat transfer from the comlmmsthamber and cylinder valves and the
residual gases. Quantities of water and air meadutirectly from the experiments confirm
the presence of this evaporation and show also thattransfer of heat between the air
charge and the cylinder walls is affected more asslin relation to the quantity of liquid
water present in the intake charge. It is therefam possible to use classic modelling of
thermal transfer processes to predict the evaporatf water in the phase of air / water
intake.

Finally, in the case of presence of water preserliguid form in the engine cylinders
after the closing of the intake valves, it seemas tifie rise in temperature of the gas charge in
the cylinder due to compression and the transfehe#dt from the cylinder walls lead to a
supplementary evaporation during the compressi@aselof the engine cycle.

In addition, the numerical tools allowing the cditions of thermodynamic
properties of the air / vapour / residual gas chargave been presented. These allow the
correction of heat release diagrams when combudtaies place in an air charge having
water vapour. The impact of water injection on eegcombustion will be analysed in the
forthcoming chapter.
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L’analyse numérique menée dans ce chapitre a pedaiglarifier les évolutions
possibles de I'eau injectée sous forme liquide dartrcuit d’admission d’air d’un moteur a
combustion interne.

Au niveau du circuit d’admission, l'air et I'eau smélangent, I'eau pouvant
s’évaporer partiellement ou complétement en fonctles conditions de saturation. Cela a
pour effet de diminuer la température a I'admissiparfois de facon trés importante. Une
étude paramétrigue a permis de montrer linfluerd® la température de l'eau et des
caractéristiques de l'air (température, pressioggiométrie) avant meélange sur la quantité
d’eau évaporée et sur la température finale apré&ange. La comparaison des valeurs de
température calculées avec des mesures montre epudyipothéses retenues (notamment
'adiabaticité) ne sont pas parfaitement vérifiéegis permettent d’obtenir une bonne
approximation de la situation réelle.

Lorsque la saturation est atteinte et que de I'easte a I'état liquide dans le circuit
d’admission, le processus d’admission dans lesdgdis peut conduire a I'évaporation d’une
partie de I'eau, grace a la chaleur apportée pas parois du cylindre et par le mélange avec
les gaz résiduels provenant du cycle précédenimesure expérimentale des quantités d’air
et d’'eau confirment I'existence de cette évaporad montrent aussi que la quantité de
chaleur échangée par l'air avec les parois du aytenest largement affectée par la présence
d’eau en plus ou moins grande quantité. Il n'egtapas possible d'utiliser les modélisations
classiques de transfert thermique pour prédire djgaration de I'eau pendant la phase
d’admission.

Enfin, dans I'éventualit¢ ou de l'eau liquide egségente dans le cylindre a la
fermeture de la soupape d’admission, il appara# faugmentation de température liée a la
compression et la chaleur transmise par les pammis mélange gazeux présent dans le
cylindre permettent une évaporation supplémentaémedant la phase de compression.

Par ailleurs, les outils numériques mis en placenptant d’évaluer les propriétés
thermodynamiques d’'un mélange air/vapeur d’eaufigeiduels ont été présentés, rendant
possible I'évaluation correcte des dégagementshadear liés a la combustion en présence
d’eau. L'impact de I'injection d’eau sur la combiast seront ainsi analysés dans le chapitre
suivant.
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4. CHAPTER 4: Experimental study of the influence of vater
Injection on combustion, pollutant emissions, andregine
performances

Ce chapitre présente les résultats expérimentaw@nois avec le dispositif décrit au
chapitre 2. Quatre points de fonctionnement difi&se représentatifs d'un usage en
propulsion automobile (charges faibles a moyenses) étudiés. Pour chacun d’entre eux,
plusieurs débits d’eau, couvrant l'intégralité dpsssibilités du systéme d'injection, sont
testes.

La réduction de la température de l'air d’admissi@ant le premier effet de
I'injection d’eau, cet effet est étudié séparénmfacon a I'isoler. L'influence de l'injection
d’eau sur la combustion (délai d’'inflammation, dggement de chaleur) est ensuite détaillée.
Puis I'mpact de linjection d’eau sur d’autres ganetres du moteur comme la température
de fin de compression, I'évolution de la pressiandle cylindre, la consommation spécifique
ou les émissions de CO.

Ces éléments sont ensuite utiles pour interprétsr évolutions des émissions
polluantes (NOx et PM) en fonction du débit d’eajedté. Une comparaison est également
établie avec 'EGR, moyen traditionnel de dépatinta la source en propulsion automobile,
avec des comparaisons en fonction du taux de difutEnfin, des essais sont menés pour
évaluer si les effets de l'injection d’eau et dEGR peuvent se cumuler lorsque ces deux
techniques sont utilisées simultanément.

This chapter presents the experimental resultsinbthwith the system outlined in
Chapter 2. Four engine operating points, represemeaof operating points in automotive
propulsion (part and low to high load) are studidébr each of these operating points, a
multitude of water injection quantities, coverinth possibilities of the injection system are
tested.

The reduction of the intake air temperature beimg first and foremost effect of water
injection is studied separately. The influence afew injection on combustion (ignition delay,
heat release), is then detailed. Then, the imp&etater injection on other parameters of the
engine like temperature at the end of compressimnasylinder pressure evolution, specific
consumption and CO production are studied.

These elements are thus useful for the interpaetatif the evolutions of emissions
pollutants (NOx and PM) in function of the injectedter quantity. A comparison is then
done using EGR — which is a traditional means oftiadling engine-out emissions — based
on the dilution ratio is a comparison parameter.dXmally, tests have been performed to see
if the effects of EGR and WI combine when theyiseel simultaneously.
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4.1. Results of WI on combustion and engine parameters.

In this section, we shall consider test resulty enth WI being active.

4.1.1. Influence of WI on intake temperature:

Historically, WI was used to reduce intake tempees in turbocharged spark ignition
engines and in gas turbines to reduce post-conpress temperatures. In a turbocharged
engine, the intake air temperature rises due t@onepression of air as it passes through the
compressor blades. This heating is not entirelyalztic since the blades themselves are
heated via the turbine shaft and the turbine wiscbxposed to the hot exhaust gases. This
heating up of intake air reduces the mass air filoiw the engine, which will potentially
reduce the power output of the engine. To increasedensity of the intake air charge, a
chargecooler is fitted to most turbocharged engines

In this section, a test was performed by whichdbeling of the intake charge was performed

via the WI system. The properties of air in the @dphere and post-compressor are known.
Using basic psychrometric calculations, the final/ avater vapour mixture temperature can

be determined along with its composition. The f@sint used was test point C. The test

parameters are presented in the table below:

Configuration Cl C2 C3

Cooling method - intercooler WI (3kg/h)
P,” (mbar) 1800 1800 1800

T," (°C) 91 60 60

NOx (g/kg fuel) 27.1 24.6 17.8

PM (g/kg fuel) 0.28 0.26 0.35

Rel. NOx reduction - 9% 34%

Rel. PM increase - -8% 26%

A 1.78 1.86 1.82

Table 56.Comparison of cooling effects of WI and the chagder

The value ofl in Table 56 changes slightly in relation to each operatinghpsince the mass
of ingested air varies slightly. In the case of raiag pointC2, we see that we have
marginally more air as compared to operating pG®tthis can be explained by the fact that
water vapour has taken place of the air thus reduokygen concentration in the air / fuel
charge.

The ROHR curves are given kigure 69. As can be seen the difference between the three
ROHR curves is very slight. Since a pilot injectisrused during these tests, it has been seen
that the main combustion is mostly diffusive inurat with less than 3% of injected fuel
burning in a premixed combustion, owing to the shgnition delay before SOC. For this
operating point, the influence of intake air tengtere on the ROHR between 91 and 60°C is
negligible. The reduction of temperature will thetizally increase air / fuel mixing due to an
increase in air density. This is due to the act th@ same volume of air entrained by the fuel
jet has a greater mass. This can be partly comph$ar by a slower spray penetration, so
that the speed of diffusive combustion increaség wery slightly. Normally, the speed of the
diffusive combustion should reduce for the casere/W! is used, however if reference is
made toTable 56 we see that the level of dilution is very slighthanged (of the order of
2%). A greater WI injection rate would without déuthange the dilution of the air / fuel
charge to such an extent that changes in ROHR wariltbticeable.
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Figure 69. ROHR diagram for comparison of intake cooling eliergecooler or WI

Looking at pollutant emissions, again with refererto Table 56 we can see that with
reference to the base configuration givenddy the NOx emission rate has been reduced by
34% with the use of WIG2). The reduction obtained with intake air cooled the
chargecooler@3) amounts to only 9% from baseline. It can be ssechithat of the total NOx
reduction via WI, 26% is by the cooling effect ofl {ds given byC2) and 74% is by other
effects of WI such as dilution. Considering PM estoss, a 26% increase in emissions is
observed between the baseli@l) and the WI C2) configurations. On the other hand, the
same intake temperature reduction obtained via dirgecooler @2) can reduce PM
emissions rate by 8%. This would mean that themiaiePM reduction effects of cooling the
intake charge are overcompensated for by othectsftd WI which give rise to an increase in
PM emission rate. Some effects are:

* A decrease in flame temperature which results deerease of soot oxidation at the jet
periphery.

* Variation in the global AFR that would influencesos oxidation.

* Variation of flame lift-off length and correspondirAFR, in addition to the core spray
temperature that both affect the soot productios irathe core sprag, 59, 61, 6P

Local experiments in the combustion chamber (ones& engine with optical access) would
help us understand the various effects of WI on PiMduction and oxidation in the
combustion chamber during the course of injectiod aombustion. The relative part of
effects of air charge cooling on the productiorPdd and NOx are indicative in nature and
may vary depending upon operating conditions andldW rate.

In the following section, the influences of WI dmetfour different operating points shall be
considered. In this section, the intake temperattorall test points shall be kept the same.

4.1.2. Influence of WI on combustion:

4.1.2.1.Influence of WI on ignition delay (ID):

The rate of heat release (ROHR) curves for opegygioints A to D are given ifigure 71
The influence of WI on ignition delay for main icjen is given inFigure 70. As depicted in
both figures, the very first effect of WI on combias is the increase in ignition delay. This
agrees with previous researches [27, 29]. Thiziénite can be observed for both pilot and

157



main injection as shown ifigure 71 The greater the quantity of water being used, the
greater would be the ignition delay. As an examiglepperating point B, the ignition delay is
increased from 0.24 ms to 0.86 ms while increasimgg dilution ratio from 0% to 10.2%
(Figure 70). This evolution can be explained easily by theliog effect of water since air
temperature is known to have a major influencegmition delay.Figure 72 shows the in-
cylinder average temperature deduced from the lindgr pressure measurement and bulk
gas properties, for operating points B and D (mediow and high load). WI reduces the in-
cylinder temperature at SOC for operating pointflaloout 260 K for the maximum water
flow rate, 21 kg/h corresponding to the highesttthh ratio inFigure 72 In the case of
operating point B, the maximum reduction in cylindemperature seen was of the order of
240 K with a W1 rate of 11 kg/h. Water may also éavchemical and/or diluting effect on the
ID. To study such effects, combustion with WI slibbe compared to combustion without
WI but with the same in-cylinder temperature at SThis was performed above in the
section dealing with intake charge cooling using. \Wbwever, with the little amount of
water, no noticeable effect of water on ID (excépt cooling effect) was observed. A
comparison with a higher WI rate would be probahlyre interesting. It is on the other hand
difficult to perform practically because it woulelquire a very low air temperature at cylinder
inlet (T2”) which is difficult to attain with a traditionathargecooler as found on the present
engine test bench.
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Figure 70. Ignition delay for main combustion of operatingmis A through D in
milliseconds.

4.1.2.2.Influence of WI on ROHR:

The increase in ID has a direct influence on cortibasthe proportion ” of fuel injected
during ID rises in value while increasing WI rafeconsequence of which is an increase in
the premixed part of combustion. For instance pfmerating point Ar is increased from 40%
to 57% while increasing the dilution ratio from @806.2%. The higher the engine load, lower
will be the ratior (for a given dilution ratio). For the highest lo$ted here (operating point
D), r rises from 3% to 4% while increasing the diluti@io from 0% to 11.8%. The first
peak of heat release is little delayed but becdmgdeer with moderate amounts of WI. This is
very noticeable at low load, when injection duratie shorter and thus premixed part has a
greater relative importance (operating points A 8ndeeFigure 71 a andb respectively).
However, when in-cylinder temperatures become tvg bremixed combustion speed may
decrease due to chemical reactions which are sloleeah, resulting in a decrease of the total
ROHR (premixed and diffusion combustions). This t@nobserved for operating point A
(seeFigure 71 a), as well as for operating point B when large antoof WI are used
(dilution ratio above 6.8%, séagure 71Db).
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Figure 71.ROHR diagrams for all four operating points A tigb D

At higher loads, the combustion is almost purelfjudive, the proportion of fuel injected
during ID being very low. In these cases, the irfice of WI on ROHR is negligible. Here,
the diffusive combustion speed is controlled by @hsount of air entrained by the fuel spray
per unit time. When WI is used, the spray entraivgater/air mixture instead of pure air, so
that a decrease in combustion speed could be edéite in part to, for example, reduction
in oxygen concentration and presence of a diluéhith a decrease is observed for diffusive
combustion with EGR when EGR rate is increasedastant boost pressure [47, 48]. In the
case of constant boost pressure, the EGR gaseseal, this leads to a decrease in the mass
of entrapped fresh air. In the case of WI howewater does not replace air but is added to it:
even if boost pressure is kept constant, the cgadifiect produced by water vaporisation
increases the density of gases entrapped in thedeyl In other words, when WI is used,
assuming that fuel spray entrains the same volunga® per unit of time than without WI,
this volume contains a greater mass of gas (airafewmwapour) and almost the same mass of
air, so that combustion speed does not changecadiy.

4.1.2.3.Influence of WI on in-cylinder temperature:

Here we shall discuss in-cylinder average tempegaitter SOCKigure 72). As the amount

of WI increases, the in-cylinder gas temperaturduces. It may be noted here that the
temperature difference between WI and the refer@ase increases during combustion (it
may of the order of over 200 K against around 10t KOC), especially at high dilution ratio
(high rates of WI). There can be several explanatitor this. First, the trapped mass
increases with WI rates, thus the in-cylinder resgdacity is greater. This is achieved by the
evaporation of water spray in the intake at IVC levfioost is kept constant. Modifications in
ROHR due to delay in combustion also alter the wiah of in-cylinder temperature. A third
reason appeared during analysis of ROHR over tlieseoof a cycle. In order to ensure a
correct cumulative heat release it was found tha hecessary to increase heat losses at
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cylinder walls (all the more since a higher WI ragaised) Figure 73 depicts the calculated
cumulative combustion gross heat release whileingrWl rate for operating point B. The
final value decreases with WI whereas CO, HC and éfMssions show that combustion
efficiency is not noticeably altered. This meardt the calculation of combustion heat release
is underestimated, which in turn can be attributedn underestimation of heat losses (gross
combustion heat release is equal to net heat eel@amsn in-cylinder pressure measurement)
plus heat exchange at the wall (estimated with @dehp Two elements could explain an
increase of heat losses at cylinder wall when Wiksisd and the water flow rate is increased:

* As outlined earlier, WI has a cooling effect duringter vaporisation which may decrease
wall temperature during inlet and at the beginmdiggcompression stroke, which in turn
would increase the heat exchange when in-cylingl@perature becomes higher than wall
temperature, in particular during combustion anglagsion stroke.

» Water vapour has a much higher convective coeffidiean air; that could justify a more
intense heat exchange between in-cylinder gas coatel the wall.
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Figure 72.In-cylinder bulk gas average temperature for dpaggoints B and D
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Figure 73.Cumulative Heat Release curves for different valieW!| rates for operating point B

4.1.2.4.Influence of WI on in-cylinder pressure and engindBSFC.:

When WI modifies the ROHR to a measurable exténfpliows that in-cylinder pressure
traces are also altered. As a result of this, tiggne torque is reduced when the combustion is
delayed (the injected fuel mass kept constant)déysicted inFigure 75, this engine global
thermal efficiency reduction is very marked at lawd middle load conditions (operating
points A, B, and C). For operating point A (refgrito Figure 75 g, the WI rate is limited by
combustion stability (for a dilution ratio above2%, corresponding to a water flow of 6
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kg/h). The combustion quality greatly deterioratgth production of large amounts of CO
and HC in addition to rough running and evidencengfired cycles. The engine efficiency is
decreased from 28.0% to 23.3% while increasingidituratio from 0% to 6.2%. on the other
hand, at higher loads, WI has very little influemeeROHR and thus on in-cylinder pressure

(referring toFigure 74 b for operating point D).
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Figure 75. Thermal efficiency and BSFC curves for all opemafpoints in relation to Dilution Ratio

4.1.2.5.Influence of WI on CO emissions:

The influence of inlet W1 on CO emissions upstrezrthe DOC is given ifrigure 76. It can

be seen that the increase of the dilution ratiault®sn a corresponding increase in CO
emissions rate entering into the DOC. This maycatiee oxidation rate of CO by the DOC as
seen downstream of the DOC. This may come aboubmigtdue to the increase in the CO
production rate, but also via a reduction in thelTEG
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Figure 76.Comparison of points A through D for CO productinrg/h
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As a referencd-igure 77 is presented which outlines the EGT rate corredimgnto each
operating point relative to the dilution ratio wehising WI. It is clear that as WI rate is
increased, the EGT goes down. This may affect tha& CO emissions (downstream the
DOC) if the DOC is unable to oxidize a higher COwflrate. Furthermore, the decrease of
exhaust gas temperature induced by WI may redueedhversion efficiency of the DOC.
The impact of WI on CO and hydrocarbon emissionsvels as their after-treatment in the
DOC should be further investigated before any itrialsapplication.
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Figure 77. Figure outlining the evolution of EGT (T3) with pect to dilution ratio with WI

4.2. Influence of WI on pollutant emissions and comparison with LP EGR:

In this section, a comparison is made between WIEBEGR. Different tests were performed
on the test bench and were aimed at trying to lgetdifferent parameters such as intake
temperature, dilution ratio, boost pressure, aissrflow rate etc. comparable between WI and
EGR groups of tests. The aims of this were to teothe different effects that modify
combustion and emission production rate. In addlitm the aforementioned comparison in
combustion performance, supplementary effects weted as well, such as turbocharger
performance, physical effects on the engine etc.

The following subsection will deal with the comsam of effects of WI and EGR on
combustion, and from there on, will progress tossmins performance with respect to NOx
and PM and lastly will recount miscellaneous eBemt the test engine.

4.2.1. Comparison of WI and EGR on combustion:

Figure 78 shows a comparison of Wl and EGR effects on RO#&iRIfe same dilution ratio,
for operating points A and B. We can see that Iig#R and WI cause ID to increase. In the
case of EGR, this increase can be attributed todthgion effect. In effect, @density
decreases and heat produced by the initiationiogaof combustion is absorbed by a larger
mass of gas, thus the temperature increase encednie smaller. The in-cylinder gas
temperature at SOI is not significantly modifiedemhcompared to the reference case, since
the inlet gas temperature,(J remains the same.

In the case of WI on the other hand, as said betbee main effect on ID should be the
decrease in gas temperature at SOI, due to theo@hg effect. The result is that the ignition
delay increase is more significant with WI thanhnEGR (for the same Dr). However, the
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peak heat release due to premixed combustion israased (it is even reduced in the case
of the operating point A) because lower temperattead to reduce chemical reaction rates.
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Figure 78. Comparison of operating points A and B for influerof EGR and WI at same dilution ratio

Figure 79 presents a comparison of the in-cylinder bulk terafure for all four operating
points. Reference values of Dr are duly noted wabkh figure. The sub figur@sthroughd
represent operating points A through D respectively
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Figure 79. Comparison of in-cylinder bulk temperatures forFE@d WI on operating points A through D

In Figure 79 a we see four curves, the first being for the mfiee case without dilution of
any kind. The second and third curves are for Wih whe third curve corresponding to an
operating point where the injection timing was athed by 5.1° to try to recover lost torque
owing to the delayed combustion. The fourth cus/éor the case where EGR is used. In this
case, all four operating settings produce moreess the same cylinder temperature up until
SOC. For curves two and four (corresponding to Wi EGR with base injection settings),
things start to diverge near after SOIm. Going tigirothe combustion acceleration diagrams
as shown irFigure 80 g it is clear that there is no combustion of thietgnjection for both
cases due to a high level of dilution (in fact, reviee reference curve without dilution barely
reaches the pre-defined minimum limit of 200 MWiiile with the injection advanced, the
fuel is injected too soon to burn in the pilot ctjen phase).
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Figure 80. Combustion acceleration values for operating pBimtith corresponding Dr values.

In the case of the main injection, we can see thatWI| operating point with advanced
injection has reached the predefined combustioelaation limit relatively early as shown
in Figure 80 b. After this we see that the reference point witkiluted intake charge reaches
the pre-defined combustion acceleration limit o® MW/s around 5° later. It is interesting to
note that by advancing the injection timing, we atr¢he same ID for WI as for the reference
(non-diluted) point (seeing that we have advandeel injection timing by about 5°).
Afterwards, the combustion acceleration for bothRE@nd WI diluted operating points
proceeds at mostly the same rate until the conmdousdcceleration limit of 200 MW/s is
reached, after which the EGR combustion acceleraiges much more than for WI. This
could explain the slower rise in in-cylinder temgttere as shown iRigure 79 a On the final
in-cylinder temperature curvé&igure 79 g, we can see that the peak temperature in the case
of WI is of the order of 100K less than that for EG

Referring to the in-cylinder bulk temperature grayloperating point B, EGR also leads to
lower temperatures during combustion compared ¢oréierence operating point, but to a
lesser extent than WI. It seems that the redudtmotemperature is only due to dilution,
whereas WI seems to reduce the in-cylinder temperdtefore SOC as can be seekigure

79 b.

With reference to points C and D for which the ytirader bulk temperature evolution is
given in Figure 79 candd, we see that in both cases, the temperaturesebh&80OIC are
slightly lower when WI is used and this differenite temperature becomes even more
pronounced as the main diffusive combustion takasep

4.2.2. Influence of WI on PM and NOx emissions:

4.2.2.1.Influence of WI on NOx emissions and comparison wht LP EGR:

The influence of WI on NOx emissions is giverFigure 81 for operating points A to D. As
expected, NOx emissions decrease when WI rate asese This is due to temperature
reduction which itself has several causes as dscug the above section: water cooling
effect due to vaporisation, increase of heat caypaltie to higher trapped mass, increase of
specific heat capacity due to air dilution with @ap, increase of heat losses at the wall,
combustion delay due to increase in ID and evelytukdcrease of chemical reactions rates.
Here it should be noted that some effects of Wtlfsas a possible increase of premixed
combustion peak) may have a tendency to increase édssions but are largely overcome
by other competing effects.
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Figure 81.Comparison of NOx emissions rates with WI and BGRall four operating points

The maximum NOXx reduction depends on the maximunradd, which is in turn limited by
combustion stability. It reaches 77.3, 76.1, 854l 83.8% for operating points A to D
respectively, with a corresponding WI rate of 6, P1 and 21 kg/h respectively. The
maximum water/fuel mass ratio varies from 2.3 1@ dnd the water /intake air mass ratio
varies from 0.10 to 0.15. NOx emissions obtainetthwie LP EGR system are plotted on the
same figures for a comparison. EGR also causes dlissions to decrease. It must be
underlined that the nature of diluent (water or @mwhaust gas), which was studied by
Ladommatos et al. [22] is not the only differenagween the two cases: WI cooling effect
leads to lower temperatures before SOC comparecE@R, water is added to air
(supplemental) while EGR replaces some air (sulitit) and ROHRs are also different.
However these differences seem to compensate ¢oraher so that for a given dilution ratio
the NOx reductions with EGR and WI are of the samagnitude, generally a little lower with
EGR.

4.2.2.2.Influence of WI on PM emissions and comparison with.P EGR:

In the case of PM emissions, the global trend isnarease of emissions of 23%, 141% and
502% using WI for operating points B, C and D (refeFigure 82b to d), thus leading the
common trade-off between NOx and PM emissions ¢&oln in NOx coupled with an
increase in PM). This evolution can be explainedh®ydecrease in in-cylinder temperature
during combustion which limits soot oxidation. Agéit decrease of is also observed (of 6.8,
8 and 3%) which may also limit PM oxidation procd3k! production (in the core spray) may
also be altered by WI, for instance by the increafspremixed part of combustion which
generally produces no PM, or by a change in richia¢dift-off length that has a strong effect
on the PM production rate [25, 60, 63]. But thigdapoint requires that an optical access be
available on the test engine so that the phenomemay be investigated experimentally.
Returning to the figures, we can see that the asgan PM emissions with EGR is much
more significant as compared to WI, for a giverutiliin ratio. Even if the nature of diluent
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(water or dry EGR) may play a role [22, 65], a magrplanation for the trend between EGR
and WI seems to be the difference in global ait/éiivalence ratid. As was stated earlier
and seen here iRigure 82, for WI, the cooling effect compensates for thieitchn effect so
that the trapped mass of air does not vary much Wit rate, whereas the recirculated gases
replace some of the air when EGR rate increasdsstjution EGR). This is because EGR is
performed at constant density at engine inlet (bposssure and inlet air temperature being
kept constant). The decreaselat likely to limit PM oxidation, thus explainindié¢ higher
final emissions. PM production may also be diffédestween WI and EGR, in particular due
to differences in temperatures in the core sprdgaal fuel/air ratio at lift-off length.
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Figure 82.Comparison of PM emission rates for Wl and EGRperating points A-D

A different trend is observed for operating point(i&fer to Figure 82 g: PM emissions
decrease when WI rate is increased. This can b&iegd by the fact that at low load,
combustion temperatures are already low withouptiesence of WI. The introduction of WI
may cause the engine to enter a low temperaturdoestion (LTC) mode. In that case, a
decrease in PM emissions is classically observatkwdmperatures are decreased (generally
with large amount of EGR [48]). The temperatureentbecome too low for PM to form, so
that engine-out emissions can be reduced, alth®Mtoxidation is also drastically reduced.
A major drawback is that at these temperatures 6@ BHC emissions increase a lot, in
addition to the engine BSFC, while combustion éficy decreases. In this case, PM
emissions are similar for both Wl and EGR for aegidilution ratio.

4.2.2.3.Influence of WI on NOx — EGR trade-off :

Here, NOx/PM trade-off curves obtained with WI aresented irFigure 83 for operating
points A through D. The corresponding values of BSife also presented in addition to the
NOx/PM trade-off obtained with LP EGR. For opergtpoint A, a simultaneous reduction of
NOx and PM can be achieved, both with WI and EGIts Ts due to a particular combustion
mode (LTC) as described in the previous sub-sectlealing with WI effects on PM
emissions. For the other three points, a more iclsgade-off is obtained which is much
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better with WI than with EGR: this means that fogigen NOx level, PM emissions will be

lower with WI than with EGR.
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Figure 83.NOx / PM trade-off diagrams for all four operatipgints A through D

It has been mentioned and proven previously thatdéfys combustion. In the absence of
injection timing adjustments, this would mean tthet combustion reactions are slowed down
due to the lower in-cylinder bulk gas temperaturais combustion retarding effect has
positive influence on NOx emissions which are redun-cylinder pressure and in-cylinder
temperature are lower during combustion). A majamdack on the other hand is an increase
in the engine BSFC. This is true for the first thoperating points.

In the case of operating point D however, WI isualty beneficial with respect to BSFC in
that it reduces it slightly. This may be due to thet that at such low values of any EGR
would cause a rich combustion which is not optifoatorque production. This can be seen in
Figure 82 d where unlike WI (which is 30% higher than stoichitric), EGR causes the
air/fuel ratio to drop down to only 9% off of theéoshiometric. It can be noted that
supplemental EGR (i.e. boost pressure is increaket) with EGR rate to keep the A/F ratio
constant) can lead to PM emission evolution clogerthose obtained with WI, than
substitution EGR. However, supplemental EGR hasmar differences with WI:

v' The increase in boost pressure causes an incregsessure during combustion, and
in turn changes very important parameters such lasef lift-off length and
corresponding richness. Thus an increase in igegiressure is often required [66].

v' The rates of supplemental EGR are limited by thiétalof turbocharging system to
deliver high boost pressure, in particular at medathd high load conditions [66].

In addition to this, referring back to pressure@spresented iRigure 74 b, it is quite clear
that WI has very little effect on the phasing ohmustion and reacts for the most part to
reduce NOx production via a reduction in combustemperature.
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4.3. Study of test points with simultaneous use of WI and EGR

Finally, two test pointsB andD — please refer tdable 40 have also been studied with LP
EGR used in conjunction with WI. For poiBt the WI injection rate was fixed at 3.0 kg/h and
the EGR rate was varied, while in the case of pbinthe WI rate was fixed at 6.0 kg/h and
the EGR rate varied. The influence of dilution gatin the NOx production rate is shown in
Figure 84.
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Figure 84.Comparison of NOx emissions for poiftsandD with EGR + WI.

We can clearly see that the inclusion of EGR allesvto reduce NOx emissions rates to a
greater extent while using EGR and WI for pdntThe limit for WI rate was determined by

misfiring. That is to say, at Dr value of 10% wit¥il only, the engine was misfiring to such

an extent that it was not possible to increaseatd.However, with the inclusion of EGR, the

engine combustion is stabilised, and for the saruia@h ratio, we see a marginally better

performance for NOx reduction.

In the case of poirD, shown inFigure 84 b, we see that due to the high engine load, the WI
system has achieved its limit before destabilisihg engine combustion. As for NOXx
emissions rates, as with the EGR + WI usage foratimg pointB, we see that NOx
reduction is slightly improved as compare to stialy| or straight EGR.
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Figure 85.Comparison of PM emissions for poifgsandD with EGR + WI.

Figure 85 a.andb. show a comparison of PM emissions rates for bothtf8 andD. In the
case of poinB shown inFigure 85 a, we see that EGR + WI helps mitigate some of i¢e r
of PM emissions when EGR is used. It seems thatuge of WI brings down the PM
emissions rate to between EGR and WI levels fostdme dilution levels. An interesting fact
to note here is that for the same dilution rati@ ¢quivalence ratio with EGR + WI seems to
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be almost the same as for EGR, and yet EGR produoes PM emissions. This may have
something to do with the greater fuel reaction pu#é of supplementary OH radicals
produced during combustion with WI as discussedsection 1.3.3.3and some earlier

bibliographic citations.

In the case of operating poiBtas shown irFigure 85 b, we see that comparing EGR and
EGR + WI, we see almost the same performance mstesf PM emissions rates with
reference to the equivalence ratio. At low EGRgatke PM emissions rates are higher and at
higher EGR rates, the PM emissions fall.
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Figure 86.PM / NOx emissions trade-off for poirBsandD with EGR + WI.

In Figure 86, we see PM / NOx trade-off diagrams with spedifiel consumption values

superposed onto the graphs. In the case of opgrptimt B, we see that WI clearly affects

combustion performance, reducing the efficiency tbé engine. For the same NOXx
performance, EGR + WI is much better than WI alaa&g only slightly worse than EGR

alone. Taking the example of 6 g/h of NOx emissB8FC value with EGR is at 247 g/kW-

h, with EGR+WI, it is around 250 g/kW-h, while witll, it is at 254 g/kW-h. At the same

time, the PM emissions of the EGR + WI setup is Imbetter as compare to EGR alone
(around half in g/h), while not being favourable @smpared to WI (30% higher in PM

emissions).

In the case of poinD shown inFigure 86 b, we see that we have a slightly better specific
consumption when using WI, this may be due to gh#lly greater availability of oxygen
which results in a better combustion, and hencettgetbcombustion profile. Otherwise, the
difference in fuel consumption between EGR and $\ary narrow.

169



The effects of inlet WI have been investigated omodern, small, automotive HSDI

Diesel engine. Parts of this study were reportedwn publications [67, 68]. The effects of
water as vapour and as liquid on combustion havenh@esented and compared with EGR.
Here are the main conclusions:

v

v

A large reduction of NOx emissions can be achievittd high WI rates, at low load as
well as high load conditions. A water mass of al@futo 65% of the fuel is needed to
obtain a 50% NOXx reduction.

At low load conditions when air excess is naturdligh, EGR has the capability to
reduce NOx emissions without increasing PM emissioa much. At these conditions,
from a practical point of view, EGR seems to hameadvantage compared to WI
because it does not require a second liquid (wategddition to fuel. At higher loads,
WI has the capability to reduce NOx emissions withe large increase of PM
emissions because the diow rate remains approximately unchanged. At these
operating points, NOx emissions cannot be largelsreased by EGR because the air
flow rate cannot be reduced without a large increes®M emissions. Thus, the WI
technique has a clear advantage in terms of NOxeton as compared with EGR at
high load.

A new effect of inlet WI as compared with EGR ésr#duction of inlet temperature
due to vaporisation, which a consequence is a ladgerease of in-cylinder
temperature at SOl and during combustion, as welleghaust temperature (which
will have consequences on the design and matcHirigeoturbine and the exhaust
after treatment devices).

However, WI seems to increase heat losses at eylimehll, which can affect
negatively the engine globalffiefency.

The irfluence of WI on combustion (pilot anthin injections) has been also studied
and show the same effects as for EGR (increasgndfan delay and consequently of
the premixed part of combustion, off-phasing eféectombustion). These effects are
much more sigficant for Wi than for EGR for a given dilution ratido maintain the
cycle eficiency, the readjustment of fuel injection whiler@asing the dilution ratio is
thus higher with WI than with EGR.

Finally, the simultaneous use of a moderate quaritEGR and WI give us results
which are comparable to either only EGR or only Witerms of NOx and PM
emissions. This could allow the reduction of usevafer, all the while drastically
reducing the quantity of NOx emissions while kegfire increase of PM emissions in
check, compared to EGR only and for the same NGssgm rate.
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Les effets de l'injection d’eau a I'admission d’'onmoteur Diesel automobile récent ont

été étudiés expérimentalement. Les résultats amé&lbeu a deux publications [67, 68]. Les
principales conclusions sont données ci-apres :

v

Il apparait que de larges réductions des émissid@sNOx peuvent étre obtenues,
aussi bien a faible charge qu’a charge plus éle\edébit d’eau égal a environ 65%
du débit de carburant est nécessaire pour une rioluade 50% des émissions de
NOX.

A faible charge lorsque I'excés d'air est natureilent élevé, 'EGR a la capacité de
réduire les émissions de NOx sans que les parsqubBgmentent exagérément. Dans
ces conditions 'EGR semble plus avantageuse qgugdtion d'eau car elle ne
nécessite pas de fluide supplémentaire. A plus fdraérge I'injection d’eau permet de
réduire les émissions de NOx sans trop pénalise€haissions de particules, car le
débit d’air est peu modifié. Elle a alors un avaggaclair sur 'TEGR (au moins de
substitution), qui du fait de la baisse du débdidtonduit dans ces conditions a des
hausses tres importante des émissions de particules

Un effet spécifique de I'injection d’eau par rapp@r 'EGR est la réduction de la
température d’admission grace a la vaporisationl'dau. Elle a pour conséquence
une réduction importante de la température dansyledre au début de I'injection de
carburant et pendant la combustion, ainsi que deelapérature d’échappement ce
qui peut avoir des conséquences sur les systemegodetraitement et sur
'adaptation de la turbine du turbocompresseur.

Toutefois, l'injection d’eau semble augmenter lestgs thermiques aux parois du
cylindre, ce qui peut altérer le rendement globalndoteur.

L'influence de l'injection d’eau sur la combusti¢dans le cas d’une injection pilote
+ principale) a également été étudiee et montre me8mes effets que I'EGR
(allongement du délai d’'inflammation et par consgmfude la part de carburant
suivant une combustion de type pré-mélange, retaet de la phase de combustion).
Pour un taux de dilution donné, ces effets sontibeap plus marqués avec l'injection
d’eau. Par conséquent le réajustement du phasagkingection pour maintenir le
rendement de cycle est aussi plus important.

Finalement, l'utilisation simultanée d’'une quantitidérée d’eau et ’'EGR conduit a
des résultats intermédiaires (par rapport a I'eaeuke ou 'EGR seul) en termes
d’émissions de NOx et de particules. Cela permeinuiter la quantité d’eau utilisée,
tout en réduisant de maniére drastique les émissidm NOx et avec une hausse
moindre des particules, comparativement a 'EGRI stupour un méme niveau
d’émissions de NOx.
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Conclusions and perspectives

The bibliographic study in chapter 1 provides a suwary of up-to-date knowledge on
the sequence of events that take place in dirgetction diesel combustion and on the
production of pollutant emissions (NOx and PM) f&i#nt means of WI are also dealt with in
detail, as well as their effect on combustion anodpction of pollutant emissions. At times,
different results were obtained by different authoas much as quantitative in nature
(relative WI quantity required for a similar NOx chection), as qualitative (for some, WI
caused a drop in PM production rates while for afhen increase was noted).

In the second chapter, the principal tools and @ets were presented (diesel engine
type, the WI system developed specifically for tesis, measurement apparatus and their
associated measurement precision) and numericdlyaisatools were developed. These tools
allow analysis of different thermodynamic condisiaafter the injection of water in liquid
form in the intake manifold; evaporation in theaké¢ manifold, evaporation in the cylinder
with the intake valves open (open thermodynamitesys or evaporation in the cylinder
during compression after the intake valves haveeazqclosed thermodynamic system).

The numerical tools developed in chapter 2 wera thged with the aim to determine
the state of water and the temperature of the mexturing different phases of the engine
cycle (while mixing in the intake manifold, intakdgo the cylinders, and then during
compression of the mixture). A parametric study dlésved us to show the influence of the
initial temperature of water and the initial condns of air (pressure, temperature, humidity)
before mixing on the quantity of water that careliaporated and the final temperature of the
mixture. In addition to this, the closely monitoredndition of the state of water and the
thermodynamic properties of the air /vapour/liquebidual gas mixture allows us to
calculate the heat release with relatively highaecy.

At the end, a summary of tests performed on a mddiroduction DI diesel engine
are presented (chapter 4). Different operating p®ihave been tested and quantities of WI
going up to 4 times the mass of fuel have been U$edresults have been interpreted in part
with the help of the tools developed in chapteespécially for the instantaneous heat release
rate calculations). An analysis of the experimemésults has given us new information on
the influence of presence of water in the intakargh on the NOx and PM emissions, on
combustion (ignition delay, and instantaneous mekgase), as well as the heat transfer to the
cylinder walls, the bulk temperature and the gasgerature in the cylinder, the specific fuel
consumption, and to a lesser extent, the CO emissiad exhaust gas temperatures. Finally,
the exhaust gas recirculation (low pressure EGR)arallel with WI allows us to drastically
reduce the emissions of NOx, while keeping the Ridsons in check (in comparison to
EGR only for the same NOx emissions), showingahantake WI system may be practically
viable for the reduction of engine-out NOx emission

The presented work shows several paths for furigssarch:

v" From an understanding point of view, a few questi@me left unanswered, for
example, what are the chemical effects of WI orptbduction of particulate matter
(production and partial oxidation in the combusticmamber)?

v It would be equally interesting to perform localasares (on an optically-accessible
engine or via endoscopy on a production engineasto collect information on the
effects of water on combustion (lift-off length aassociated equivalence ratio,
temperature of the flame core etc.)
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v It would be additionally interesting to test othapdes of water injection, notably as
an emulsion with the injected fuel, with the ainsitoultaneously reduce the NOx and
PM emissions

v" From an industrial standpoint, it seems interesting

» To study the effects of WI on the reliability (desbs of corrosion in the intake
after the point of WI, problems linked to the exdtalue to condensation, cold
starting, contamination of oil in the sump from #grine cylinders etc.)

* For automotive use, it seems to be difficult togma an “open” WI system.
The reason being that to achieve low levels of Nidx,shown that the ratio of
water to fuel is very often above 1, that is to, sagre water is injected than
fuel. One way to work around this problem wouldd&se WI in conjunction
with EGR as shown at the end of chapter 4. Anotheans would be to
develop a system to condense the water vapour igreséhe tailpipe and re-
inject it into the engine (closed circuit).

* If we condense water at the exhaust, the heatithateded to be removed
from the exhaust gases could potentially be usedritee a bottoming-cycle
power generation system for generation of auxilialgctricity (based on the
Rankine or HIM combined cycle), to reduce fuel comgtion and increase
global efficiency for both automotive and stationapower generation
purposes.

L’étude bibliographique (chapitre 1) a fourni uneynghése des principales
connaissances a ce jour sur le déroulement de tabestion Diesel a injection directe et sur
la formation des émissions polluantes (NOx et pal#is). Elle a exposé de maniere détaillée
les différentes techniques d’injection d’eau, aigse leurs effets sur la combustion et les
emissions polluantes. Des résultats parfois diffteyeont été observés par les différents
auteurs, d’'un point de vue quantitatif (niveau die&quis pour avoir une réduction donnée
des émissions de NOX) et parfois méme qualitaigle des particules observée par certains
auteurs, hausse observée par d’autres).

Dans un second chapitre, les principaux outils expéntaux ont été présentés
(moteur Diesel utilisé, systeme d’injection d’eaveloppé spécifiguement pour cette étude,
appareils de mesure et incertitudes associées)estaltils numériques d’analyse ont été
développés. Ceux-ci permettent d’analyser diff@®rgituations thermodynamiques aprés
injection de I'eau sous forme liquide dans I'aiadmission : évaporation dans le répartiteur
d’admission ou évaporation dans les cylindres pahda phase d’admission (systéme
ouvert), évaporation aprés la fin de I'admissiomgant la compression (systeme fermé).

Les outils numériques développés au chapitre Zostite été utilisés pour tenter de
déterminer I'état de l'eau et la température du amgje pendant les différentes phases
(mélange dans le répartiteur d’admission, admisslans les cylindres, puis compression du
mélange). Une étude paramétrique a permis de mokitrtBuence de la température de I'eau
et des caractéristiques de l'air (température, gies, hygrométrie) avant mélange sur la
guantité d’eau évaporee et sur la température @regdres mélange. Outre le suivi de I'état de
'eau et des propriétés thermodynamiques du mélaigé eau liquide / eau vapeur / gaz
résiduels, un calcul correct du dégagement de chiale combustion en présence d’eau est
de sorte rendu possible.

Enfin, une synthése des expériences menées sunrniesel automobile de série
modifié a été présentée (chapitre 4). Différentsfsode fonctionnement ont été testes et des
guantités d’eau allant jusqu’a 4 fois le débit delrant ont été injectées. Les résultats ont
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été interprétés pour partie a I'aide des outils eléppés dans le chapitre 2 (notamment pour
le calcul du dégagement instantané de chaleur). @nalyse des résultats a permis
d’apporter des informations nouvelles sur l'infleende la présence d’eau dans lair
d’admission sur les émissions de NOXx et de pads;ud combustion (délai d’inflammation et
dégagement instantané de chaleur), mais aussi esirpkrtes aux parois du cylindre, la
température moyenne et la pression des gaz danshkembre de combustion, la
consommation spécifique de carburant, et dans usiadre mesure sur les émissions de CO
et la température des gaz d’échappement. Enfinretarculation de gaz d’échappement
(boucle EGR basse pression) en paralléle de I'tipjpcd’'une quantité modérée d'eau a
permis de réduire de maniere drastique les émissaEnNOX, tout en limitant la hausse des
émissions de particules (par rapport a I'emploi HEGR seul pour un méme niveau
d’émissions de NOx vis€), montrant un intérét diguee » certain pour I'injection d’eau a
'admission d’'un moteur pour la maitrise a la soeirde ses émissions polluantes.

Les travaux présentés ouvrent plusieurs perspectieerecherche :

v" Du point de vue de la compréhension, certainestmresrestent en suspend, comme
par exemple quel est l'effet chimique de l'eau $s particules (formation et
oxydation partielle dans la chambre de combustidn)

v |l serait également intéressant de réaliser desumesslocales (sur moteur a acces
optique ou par endoscopie sur moteur de série) dfapporter des informations
locales quant a I'impact de la présence d’eau sucdmbustion (longueur d’accroche
de flamme et richesse correspondante, températlgeseur de jet et de flamme,...).

v Il serait en outre intéressant de tester d’autresdes d'introduction de I'eau,
notamment en émulsion avec le carburant, dans undbuéduction simultané des
émissions de NOx et de particules.

v" D’un point de vue industriel, il parait intéressant

e D’étudier les aspects liés a la fiabilité (problesnge corrosion a I'admission
en aval de [linjection d'eau, mais aussi a I'écheppent en cas de
condensation de I'eau par exemple lors d'un déngera froid, problemes de
contamination de I'huile par de I'eau aux parois cigindre,...).

 En automobile, il parait difficilement envisageahllaitiliser de I'eau en
systeme ouvert car le débit d’eau nécessaire ptemare de faibles niveaux
d’émissions de NOx est important (supérieur au tddbi carburant). Une
alternative serait d’utiliser des quantités « ramm@bles » d’eau en parallele
de 'EGR, comme cela a été montré a la fin du dragi, ou bien d’utiliser un
systeme de condensation de l'eau au niveau desdgshappement et
réutiliser cette eau, aprés traitement (systemmér

» La condensation de I'eau nécessitant I'abaisserdent température des gaz
d’échappement, il parait possible de coupler cetésys avec un systéme
auxiliaire de production d’électricité utilisant enpartie de la puissance
thermique des gaz d’échappement (cycle combinépie Rankine ou Hirn),
dans le cadre d’'une application automobile ou statiaire, et dans le but
d’augmenter le rendement global.
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Résumé

La réduction des émissions polluantes des moteigseDautomobile est devenue un enjeu majeur cesédes années. Le post-
traitement des NOXx restant complexe et onéreurédaction a la source est intéressante. Pour o faexiste certaines techniques
classiques comme la recirculation des gaz d'échrappe refroidis (EGR). L'objectif de cette thése d#tvaluer le potentiel de
I'injection d’eau a I'admission du moteur, qui esitisée sur certain moteurs Diesel industriels.

Une étude bibliographique est tout d’abord menégrés avoir brievement rappelé I'état de l'art sarcbmpréhension de la
combustion Diesel et des émissions polluantes gurastachent, une analyse détaillée des travaéxdatents est présentée. Les
différentes techniques d’injection d’eau sont désret comparées, notamment du point de vue de ééi@ts sur la combustion et les
émissions polluantes.

Le dispositif expérimental est ensuite présentépamiculier le moteur utilisé, le systeme d'inject d’eau mis en place avec les
différentes étapes de son développement et primcipgstemes de mesure et d’acquisition.

Les équations de thermodynamique régissant le meélda I'eau liquide avec I'air d’admission puis $entuelle évaporation sont
également établies.

Elles sont alors utilisées pour évaluer en fonctaes paramétres d’influence, les quantités d’'eaap@ées dans le circuit
d’admission du moteur et, le cas échéant, dangliedce, lors des phases d’admission et de comjmmesen particulier dans les
configurations testées expérimentalement.

Finalement les résultats expérimentaux obtenusaao H’essais moteur avec I'injection d’eau sontosés. L'influence de I'eau et
ces différents effets sur la combustion et suéhaissions polluantes sont analysés et comparésaded’'EGR.

Mots-clés :
Injection d’eau, Moteur diesel, Etude Expériment&lembustion, Emissions polluantes

Abstract

The pollutant emission reduction of automotive Blesngine has become a difficult challenge durimg last decade. NOx after-
treatment is still complex and expensive, thus yfinder reduction remains of interest. For thatpmse, there are some well
established technologies, such as exhaust gasulkation (EGR). The aim of this study is to evaduatater injection at the engine
intake, which is already in use on some indusamgines.

First a bibliographic survey is presented. Stat¢hefart Diesel combustion and corresponding patiuemissions descriptions and
analyses are summarized. Previous studies on wgetion are then detailed: the various technicpfesater injection are described
and compared, in particular, their effects on costibn and emissions.

The experimental setup is then presented. Thisidled the engine itself as well as the water impecsiystem with a short history of
its development to its present, stable, form. Mezrsent methods are also explained and detailed.

Following that, thermodynamic relations are develbpo describe liquid water mixing with the intakie and its evaporation.

They are used to evaluate the quantities of vapdngater in the intake track and eventually ingttee cylinder, during intake and
compression strokes.

Finally, the results obtained on the engine teschewith the water injection system are presentdebse results are analysed and
compared to both baseline operating points and taldow-pressure exhaust gas recirculation. Intlighthe obtained test results,
conclusions are drawn discussing the differentotdfef water injection on diesel engine combusénd emissions.

Keywords :

Water Injection, Diesel Engine, Experimental Studgmbustion, Pollutant Emissions

Discipline : Sciences de I'lngénieur



