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Abstract: Problem statement: Water injection into the combustion chamber ofdleengine found to
be one of best method for in-cylinder control of Nformation.Approach: The combustion of water-
diesel emulsion in diesel engine was simulatedguaicomputer program to estimate the heat release
rate, cylinder pressure, brake thermal efficierdmgke specific fuel consumption and NO formation.
Results. The numerical simulation was performed at differequivalence ratios, engine speeds and
water percentages. The numerical simulation wasepeal to study the combustion behavior and
emission of diesel engine because the experimémiaktigations were time consuming and costly
affair. Conclusion/Recommendations. Experiments also conducted to validate the predicésults of
computer simulation. Though the zero dimensiormalugation models predicted NO formation during
combustion process, the first appearance of NOdcoot be identified using this method which can be
solved by CFD technique.
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INTRODUCTION the rate of NO formatid. From the NO reaction
kinetics, it was found that NO emission is inveysel
Due to fuel economy advantages of direct injectionproportional to engine spedd
diesel engines, there are intense research efforts Modeling and simulation of diesel engine
ongoing in the combustion and emission aspecthisf t processes is an important avenue of research.tizffec
type of engine. Nitric Oxide (NO) and soot are the  process modeling in diesel engine provides a cost
major pollutants in the diesel engine exhaust.slt i efficient way of studying different engine geomesri
known that the simultaneous reduction of NO and sooand operating conditions. Using zero dimensional
is rather difficult due to the opposite influences  simulation studies on diesel engine, when operatimg
several engine design and operating conditiondein t diesel-oil emulsion, it was found that NOx emission
formation. The water injection into the combustionwas reduced by 29-37% and HC emission was reduced
chamber of diesel engine found to decrease the N®y 60-90%".
formation and soot simultaneously. Experimental studies were also conducted in diesel
Numerical study of combustion of emulsified engine using emulsified fu&f® to confirm the results
fuel** revealed that the presence of water vapor in thef numerical studies. The fuel with a larger enuisi
reactants influences the physical and chemicaltikime ratio results in a longer ignition delay and a leng
of combustion and has beneficial effect on rathedt premixed combustion phase. Both the maximum rate of
release and reduction in pollutant emission. Duringoressure rise and the maximum heat release rate
combustion vaporized water reduces the flaméncrease as combustion occurs more impulsively with
temperature and changes in chemical composition ahe fuel of a larger emulsion ratio. It is necegstar
reactants, resulting higher OH radicals concemtnati advance the injection timing to compensate for the
controlling NO formation rate and soot oxidatfhriThe  longer ignition delay and premixed combustion perio
OH radicals does not combine effectively with The optimum water amount in the emulsified fue2@s
molecular nitrogen to form NO and introduction of 25% for minimum NOx and BSFC when the engine is
water reduces flame temperature which in turn reduc operating at 1400 rpfh At all load condition in IDI
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diesel engine, the NOx specific emission foundcontent within the range of investigation. The
decreasing with water injection and the reasong#tie = maximum cylinder pressure did not change
vaporization and sensible heat of water reduces thsignificantly at the loads of investigation.

local adiabatic flame temperature. When the eniatif

fuel is used improvement in specific fuel consumpti Simulation of diesel cycle: Performance and emission
and thermal efficiency were obtained due to theof diesel engine depends on the combustion behatior
reduction in heat loss&d. It was found that the best fuel in the combustion chamber. Experimental
performance of the engine with respect to efficienc investigation of the combustion process in a tylpica
and NOx and soot emission was found when the engingiesel engine is a complex, time consuming andlycost
is operating on emulsified fuel with 20% water by affair. Mathematical models have been developed by
volume. It was also found that the percentage démwa various researchers to understand combustion and
in the emulsion increases, the torque producedubsequently the performance and formation of
increases. This may be attributed to the additiforae  pollutants. The various mathematical models progose
on the top of the piston provided by the pressureare  Zero-dimensional (Single Zone) model,
exerted by the stezﬂﬁ As the percentage of water in Phenomenological (Multi zone) model and Multi
the emulsion increases, a larger amount of diesel idimensional (CFD) models. Zero-dimensional model,
displaced by an equal amount of water. This melaais t based on first law of thermodynamics, is used to
less diesel fuel is actually contained within esolume  analyze performance characteristics and NO emission
of the emulsion. So BSFC decreases. The water/oibf engine in this research study.

emulsified fuel increases the brake thermal efficie In the single zone model, the entire combustion
of internal combustion engine. The maximum increas&hamber is considered as single zone. The fundainent
in brake thermal efficiency occurs when 20% water i assumptions for the model are:

the emulsion is used and this is due to the featt tthe

BSFC is at its minimum value. It is found that st ¢ Cylinder charge is homogeneous gas mixture of
percentage of water in the emulsion increases, the fuel vapor and air

exhaust temperature decreases. The ignition delay Pressure and temperature inside the cylinder are
increase with water-oil ratio, however, the overall uniform and vary with crank angle

combustion characteristics were found similar tosth «  Specific heats of the gaseous mixture are calalilate
of diesel fuef’. From the photographic study, it was as a function of temperature

found that strong micro-explosion occur in the bott

region of the luminous flames near the spray tiper€  Compression process. Pressure change during
are numerous small, round regions due to explosfon compression:

superheated water in the droplets. These spherical

regions may grow bigger, collapse with new flames o v,

convect with the mean flow motion. There is a raofje R.,= Fg(ej (1)

the sizes, from small ones that are barely idexitié to Vo

those of the diameters of a few millimeters. The

luminous flames of the diesel fuel are more  Temperature change during compression:
homogeneous, brighter and yellow in color with no

micro-explosion observed. Micro-explosions of augro v, r

of droplets of the emulsion fuel are strong enotmh T8+1:T9(V] @)
eject fragments of torn droplets to expand theatipl o

angle of the spray, enhancing mixing of fuel WIthlgnition delay: Ignition delay time can be calculated

surrounding air for faster and more efficient as the difference between the ti ¢ which
combustion. The combustion of emulsion droplet is ' ween € time at whic

characterized by the micro-explosion, which is eaus combustion starts and the time at which injection
by the volatility difference between the water ahd starts. Ignition delay is a complicated function of
base fudfl. Smoke and NOx emissions decrease as thiX{Ure temperature, pressure and equivalence ratio
water amount in emulsion is increased. Due to th&"d fl.JESI] Pproperties. The C(?rrelanon proposed by
overall shortening of combustion duration by \SSaNiS” is used in the model:

introducing water into fuel, fuel saving can beiaghd

if injection timing is optimized. The pressure rise 1 = 24 eXp[Eij @3)
ignition delay increases almost linearly with water B RT
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Heat transfer coefficient: The heat transfer coefficient dQ, _ dm, )
between cylinder gases and wall is calculated byﬁ_QLHV )
Hohenber§® correlation given as:

Rate of heat transfer:
- 130P® (G, + 1.4%°

h VO.OG-I- 0.4 (4)

% =hAs(T, - T,) (10)
Combustion process: Heat release rate is calculated

using model developed by Watson which is based on Rate of Work transfer:

the Lyn's description of compression ignition

combustion-a rapid premixed burning phase foIIoweddﬂzpﬂ (11)
by a slower mixing controlled burning ph3de do@ ~ do

Algebraic functions are used to describe the prethix

heat release phase and mixing controlled heatselea The energy Equation for the closed cycle period

phase. Fraction of fuel burn in premixed phase: can be written as:

p=1-2 (5) mduod0 D% ow 12)
Tid & d B b

where, a, b, ¢ are constants: or

0.8<a<0.95; 0.25<b<0.45; 0.025<¢<0.5 dT __1 dQc_hA«(T,-T,) RT1dv (13)

& mC, @ mG, C Ve
The premixed burning function:
The equation is solved by Runge-Kutta met{bd
f,=1-(1- X4 (6) to Qetermine th_e temperature at different crankleang
during combustion. Knowing the temperature at every
crank angle, the pressure at each crank angle lsan a

The mixing controlled function: be determined by the relation:
f, =1-expk,X“) (7) p= mRT (14)
\
Where:

Expansion process. Temperature change during
expansion process:

X = ign
Alomb \V/ kot
T..=T.| =81 15
k, =2+1.25¢ 10°(1y N** o "[ Ve } (15)
k, =5000
_142 Pressure change during expansion process:
37 oo
k
k, =0.79K* e
B = Fs(TT“] " (16)
6

The mass of fuel burned:

Gas exchange process. The pressure change during the

mg X _ exhaust process is given by:
nz—bzsfﬁ(l—s)fz kg CA™ (8) P 9 y
fo
E) = kpp(iﬂ_jﬂj (17)
Heat release rate: de Mde Vde
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The pressure change during the intake process N,+O — NO+N (29)
written as:
N+0, — NO+O (20)
P (RTa P ) a8)
) vV d8 V do N+OH — NO+H (21)
Simulation of NOx formation: Nitrogen oxides are The initial NO formation rate (KmoL Msec) is

abbreviated by the symbol NOx and comprise botriven as:
nitric oxide (NO) and nitrogen dioxide (NP Nitric

oxide is generated in combustion processes under thd[NO] :6xldsexp[—6909(j[oz]0-s[ N 22)
influence of high gas temperatures and a suffidizcdl dt T°® T € €

oxygen. Diesel fuel contains only a very small antou

of nitrogen, so NO formation occurs almost exclabjiv NO formation is strong dependent on temperature

through the oxidation of atmospheric nitrogen. Aena and oxygen concentration during the combustion @has
hurdle in understanding the mechanism of formationChemical equilibrium consideration indicates that f
and controlling its emission is that combustiohighly  burnt gases at typical flame temperatures,,/NO
heterogeneous and transient in diesel engines.eWhilatios should be negligible small. While experinant
NO and NQare lumped together as NOx, there are somelata shows that this is true for spark ignitionieag, in
distinctive differences between these pollutants.isla  diesels, N@ can be 10-30% of total exhaust emissions
colorless and odorless gas, while N®a reddish brown of oxides of nitrogen. NO formed in the flame zones
gas with pungent odor. Both gases are consideséc to can be rapidly converted to N@®ia reactions such as:
but NG, has a level of toxicity 5 times greater than that

of NO. Although NQ is largely formed from oxidation NO+HO, — NO+OH (23)
of NO, attention has been given on how NO can be
controlled before and after combustion Subsequently, conversion of this Nt© NO occurs

Four different mechanisms lead to the formation of, ;-
nitric oxide in combustion system.

The thermal NO is formed at high temperaturesyo,+0 — NO+O, (24)
under slightly lean conditions with the burned protd.
The involved nitrogen and oxygen stem from the
combustion air.

The prompt NO, path describes the reaction of N
from combustion air with hydrocarbon radicals ielfu
rich regions. Because of the need of hydrocarbo
radicals, this path is followed directly within theaction
zone.

The fuel NO which refers to the formation of NO
from fuel bound nitrogen as it may be containeddal
and heavy distillates of petroleum.

N,O intermediate route is activated at lower
temperature than the thermal NO in a fuel-leantdgi
pressure environment. It can become important B ga
turbine combustion, but it has only a minor effect MATERIALSAND METHODS
diesel engine combustion.

NO is formed during the post flame combustion Based on the model description, a computer
process in a high temperature region. The mostlwide program is developed using C program for the diesel
accepted mechanism was suggested by Zeld[é%ch cycle simulation to predict the cylinder presswethe
The principal source of NO formation is the oxidati complete cycle and performance parameters such as
of the nitrogen present in atmospheric air. Theimit brake power, brake specific fuel consumption arakér
oxide formation chain reactions are initiated bgnaic ~ thermal efficiency and NO formation during
oxygen which forms from the dissociation of oxygencombustion process using Zeldovich mechanism. The
molecules at the high temperature reached durieg thspecifications of the engine used for the simutatiad
combustion process: experimental studies are shown in the Table 1.
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Unless the N@formed in the flame is quenched by
mixing with cooler fluid. This explanation is costnt
with the highest NONO™ ratio occurring at light loads
ri]n diesels, when cooler regions which could quetheh
conversion back to NO are widespread. The NO
formation in diesel combustion is mainly governad b
thermal NO described by the extended Zeldovich
mechanism. The NO that was generated through
thermal NO accounted for 88% of total NO. Fenimore
NO and NO via DO accounted for 7 and 1.5%
respectivel{#?.
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The engine is equipped with crank angle sensorsame engine under certain operating conditions to
cylinder pressure sensor, thermocouples to medlare validate the simulated readings. All the resultsreve
temperature of water, air and gas, rotameter tossurea shown in Fig. 1-9.

the water flow rate and manometer to measure @ fl
and fuel flow. All the measured readings are fed to
computer using a 12 bit add on card to analyze the
results. An Engine performance analysis software
“Engine soft” is used to analyze and plot the geph
The exhaust gas analyzer, Model QRO 402, is used to
measure CO, HC, GO, and NOx emissions.

RESULTS

The computer program was run for the engine
specifications shown in the Table 1 at different
equivalence ratios (0.95, 0.9, 0.85 and 0.8), #erdint
engine speeds (1400, 1500 and 1600 rpm) and at
different water in percentage (0, 10 and 20%) ia th
diesel-water emulsion to estimate heat release, rat
cylinder pressure, specific fuel consumption, brake
thermal efficiency and Nitric oxide formation dugin

%—ig. 2:

Pressure [ba

—— 0% HO
—=10% HO
—=20% HO

170 18 19C 20( 210
Crank angle [de

Pressure rise during combustion [N = 1500,r
CR=17.5® =0.85]

combustion. The experiments were conductedthen 800(+
——®=0.9%-.x...d=09 ——P=0.85
Table 1: Engine specifications
Bore 87.5 (mm) 600(1
Stroke 110 (mm) ‘S 50004
Connecting rod length 234 (mm) =
Speed 1500 (rpm) — 400+
Compression ratio 17.5 5 3000/
Swept volume 661 (cc) z
Loading Eddy current dynamometer 2000
Inlet valve open 5°bTDC
Inlet valve close 36° aBDC 100C- VA
Exhaust valve open 36° bBDC 0+ ‘ \ \ \ \
Exhaust valve close 5°aTDC 16( 17¢ 180 190 200 210
Fuel injection 23°bTDC Crank angl¢{deg]
0.05 1 Fig. 3: NO formation at various equivalence asti
—— 0% H0 22 [N =1500 rpm, CR = 17.5p = 0.85]
0.04f ] ——10% HO
2 004 | 1400
[}
3 1200
o ! =
g 0.03 £ 1000-
© k=
% 0.05 o 800
5 Z 600
£
0.02! 400
——N=150C
‘ 2001 —eN= 1600
0.0z [ ; ; ; 0 ; ; ‘ ‘
160 170 180 190 200 210 160  17C 18C 190  20C  21C

Crankangl [deg]

Crank angle [dec

Fig. 1: Heat release rate [N = 1500 rpm, CR 517 Fig. 4: NO formation at various engine speeds [CR =

® =0.85]
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.5: NO formation at various percentage gOH
[N =1500 rpm, CR = 17.5p = 0.85]
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Fig. 6: Effect on brake specific fuel consumptidn
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Fig.
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7: Effect on brake thermal efficiency [N = 160
rpm, CR = 17.5¢ = 0.85]
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Fig. 8: Simulated and measured cylinder presshire [
= 1500 rpm, CR = 17.5p = 0.85]
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Fig. 9: Simulated and measured NOx emission (S:
Simulated values, E: Experimental value)

DISCUSSION

Effect of emulsified fuel on heat release rate and
pressure rise: The rate of heat release and peesser
were estimated at engine operating conditions of
constant compression ratio, constant speed andacins
equivalence ratio. The rate of heat release fdi00and
20% water in the emulsion is shown in Fig. 1. Taeer
of heat release found to increase with percentdge o
water. The reason seems to be the fact that theuraix
is better prepared due to prolonged ignition delay.
Experimental investigatioffs shows that strong micro-
explosions of a group of droplets can occur in the
specific regions of the luminous flame near theagpr
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tip. Micro-explosions of the emulsion fuel seem tothat the zero dimensional model predicts a higher
enhance the mixing of fuel with surrounding air for values of pressure at different crank angles. lis th
faster and more efficient combustion also resuliing  model, the cylinder temperature and equivalence rat
higher heat release rate. are assumed to be uniform throughout the cylinder.
The pressure rise during combustion for 0, 10 and hough the Watson’s heat release model can hahele t
20% water in the emulsion is shown in Fig. 2. Thepremixed and diffusive models of combustion, thathe
cylinder pressure is increasing with the percentafje transfer by radiation is not considered in this elod
water in the emulsion. Because of this simplification, the predicted puess
are higher than the measured values.
Effect of equivalence ratio on NO formation: The The predicted NO values at various equivalence
NO formation during the combustion is simulatechgsi ratios at different crank angles during combuspbase
Zeldovich mechanism, the variation of NO formationin the cycle and measured NOx at engine outlet are
with equivalence ratio is shown in Fig. 3 at consta shown in Fig. 9. The model underestimates the NO
engine speed and compression ratio for diesegmission becguse _only thermal meclh{;\nlsm is pomider
combustion. The rate of NO formation is increasingfor NO formations in the model and it is very difit to

with equivalence ratio as the mass of fuel injedeed correctly model thermal NO level due to the simedf
increasing which gives higher flame temperature. analysis used for NO formation. However, the meatsur

NOx emission is agreeable with the predicted result

Effect of engine speed on NO formation: The NO
formation with engine speed is shown in Fig. 4,amd
similar ~ engine operating conditions, constant  The single zone zero dimensional model for direct
compression ratio and equivalence ratio, the N® isat  injection diesel engine for complete cycle inclugdMO
decreasing with engine speed which is similar ® th formation during combustion process has been
results obtained by Takemi Chikahitaal ¥ successfully developed for water-diesel emulsion

combustion. The model is effectively used to estima
Effect of water percentage in the emulsion on NO  the performance parameters and NO emission for
formation: Figure 5 shows the NO formation rate with water-diesel combustion at various water percentage
percentage of water in the emulsion. The vapoomnati the emulsion, equivalence ratio, compression raitid
and sensible water heats reduces the local adiabatspeed. The NO emission prediction at different
temperature and thus NO formation. From theequivalence ratio agree with the experimental tesul
simulated results, it is found that 18 and 21.5 # o Though the single zone model predicts the NO, itisé f
reduction in NO is achieved with 10 and 20% dilatio appearance of NO during combustion could not be
of diesel with water respectively. identified using the simulation. A CFD studies on
combustion and emission of diesel engine usingrflue
is under progress to fulfill the above needs.

CONCLUSION

Effect of emulsified fuel on engine performance and
NOx emission: The effect of water in the emulsion on
brake specific fuel consumption and brake thermal
efficiency are shown in Fig. 6 and 7 respectivdlige 1
percentage of water inlthe emulsion increa.sesb_rlzhiee. ' Numerical and experimental study of water/oil
specific fuel consumption decreases consideringedlie emulsified fuel combustion in a diesel engine. Fuel

alone as total fuél o o 8l:  20352044. DOl  10.1016/S0016-
The brake thermal efficiency is increasing witk th 2361(02)00135-7

water percentage in the emulsion increases. Abd‘Zai 2 Mello. J.P. and AM. Mellor 1999. NOx emissions
also reported that the average increase in bradenti from  direct injécfion diesel engines  with
efficiency for 20% water emulsion is approximately —\yater/steam dilution. SAE. Trans., 108: 366-380.
3.5% over the use of diesel for the engine speedera g //direct.bl.uk/bld/PlaceOrder.do?UIN=086485
studied. Jamil Ghojekt al.”! found that the brake 163&ETOC=RN&from=searchengine
thermal efficiency for Diesel Oil Emulsion (DOE) is 3, Chikashisa, T., M. Konno, T. Murauamad a
higher over the test range in the direct injectitiesel T. Kumagai, 1994. Analysis of NO formation
engine. characteristics and its control concepts in diesel
The predicted and measured cylinder pressure at engines from NO reaction kinetics. JSAE. Rev.,
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