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ABSTRACT

Fuel economy along with high thermal efficiency is the main incentive of
diesel engine applications. However, pollutant gasses exhausted from
diesel engines are considered as the important sources of air pollution.
Emulsification the fuel by different percentage of water has been studied in
this research and its effect on pollutant emissions has been investigated.
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Considerable reduction in NOX emission and less specific fuel consump-
tion were observed when emulsified fuels were used. To determine the
optimum water/diesel ratio, a factor (SEF) has been defined in this article
which demonstrated that emulsified fuel 20% had the best performance

comparing to 10%, 15% and neat diesel.
© 2009 Trade Sciencelnc. - INDIA

INTRODUCTION

Diesdl engineshavebeen tremendoudy devel oped
inlast two decadeswhich madethem completdly differ-
ent from thelast generation. Diesdl engineshave many
preferencessuch aswideand variousgpplications, dong
with highthermd efficiency, comparabledurability, fuel
economy, higher output torqueand workingin heavy duty
conditions. Ontheother hand diesd enginesareconsid-
ered asoneof theimportant sourcesof ar pollution.

Amongthemain air pollutants, seven of them are
more noticeablewhichareHC, CO, CO,, NOX, Sox,
PM and adeids. These pollutants cause damageto the
ozone layer, enhance green house effect and produce
acidraini*2,

Nitrogenintheair isoxidized during the combus-
tionintheengineand isconverted to nitrogen oxides.
Inasmuch asall of these oxideshave smilar effectson
air pollution, al of them areconsidered asNOX.

Themost important effect of nitrogen oxidesonair
pollutionistheir contributionin congtituting thesmog®.

Plenty of researches have been conducted to re-
ducethe exhaust pollutantsemitted from diesel or gas
engines, themost remarkable onesare:¥
- improving enginedesign, enginemaintenance con-

ditions, andfud system
- Usngcatayst converters
- Exhaust gasrecirculaion (EGR)

- Water injection into combustion chamber
- Usingrenewableenergies
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- Water-diesdl emulsion

Water—diesel emulsion has been introduced as an
effective method toimprove the combustiont®.

Emulsionindudesanorn-homogeneoussystem com-
prisngtwoinsolubleliquids, oneisintheshgpeof smal
dropsusually lessthan 0.1 micron spread in the other
liquid. Such system haslow stability dueto high surface
tensioninside each phase. Ingtability of emulsion can
be diminated using surface active agentsso called sur-
factantsor emulsifiers®.

Fuel-water surfactants must be burnt without pro-
ducing soot and their structure must befree of sulfur,
nitrogen and aromatic chains. Thereforethey must com-
prise of carbon, hydrogen and oxygen. To select an
emulsfier and determineitsactivity HLB index isneeded
which showsthe Hydrophile-Lipophile Balance of the
aforementioned phases. However it must be noted that
HLB of an emulsifier doesn’t show its performance.

High temperature and pressure of combustion
chamber indiesel engineisthemain reason of emulsifi-
cation of gasoil instead of gasolineto reducethe NOX.

Presence of water dropsin thefuel hassignificant
effectsin reducing NOX and particulate matterg™*2,
Therefore consi derabl e attention has been focused to
useemulsfied fudsto protect theenvironment especidly
for NOX and particulate matter that directed theengines
to be approved adapted Euro4 and Euro5 standards.

In most of the researches 5-10% of water wasused
inemulsiong®®. However in somestudiesit hasbeen
mentioned that the best magnitudefor reducing PM is
10-20% of water.

Intake of humid air to the enginein shape of aerosol
and emulson of water indiesel wasperformed by Schlit
and Exner. Reductionin PM and Nox emissionswas
reported in both method comparing to neat diesd ™.

Lin and Chen used an ultrasonic method to pre-
pare two phase and three phase emulsion. Result
showed that thereisnot significant difference between
w/0 and o/w/o emulsions. Two phase emulsions ap-
peared to havealower fuel consumption, CO and black
smoke opacity®®,

Samec et d. investigated the effect of 10 and 15%
of water on NOX emission, HC, soot and specific fuel
consumption (SFC). ConsderablereductioninHC and
soot wasobserved inemulsonwith 10% of water. NOX
reduction ismostly subjected to water extent and the

Evaluation of exhaust emission from emulsified fuels in diesel engine

ESAIJ, 4(6) December 2009

maximum reduction was observed at highest percent-
age of water(6l,

Nadeem et d. evaluated diesdl engine performance
and emission using emul sified fuel s stabilized by two
different kindsof surfactants. They used afour stroke,
four cylinder engine (Ford XLD418) withacompres-
sionratio 21.5 and maximum power of 60hp at 4800
rpmto investigatethe emission of Co, Nox, and PM.
Theresultsshowed that emul S onsstabilized by Gemini
surfactant had moreidentical distribution of water in
diesel and were more stable which leadsto better at-
omization of fuel*7,

Linand Wang used four strokes, four cylinder die-
sdl engineUMBDI to investigatethethree phase o/w/o
fuel emulsions. Theenginehad acompression ratio of
17 and maximum power of 88 hp at 2800 rpm. The
results showed that three phase emulsions produce
higher exhaust gastemperature compareto two phases
w/o emulsionsbut lower CO and NOX emissiong*.,

It can beinferred from the previousresearchesthat
pollutant emissionsof emulsified fudsaredifferentin
some conditions such as engine power, rated rpm and
output torquefor heavy or light duty engines.

Thusthe main objectiveof thisstudy wasto eva u-
atetheemulsified fuelsby different percentage of water
on alight duty enginewith maximum rpm of 1800.

Itisalso evident that in the previous researches,
pure pollutant emission hasbeen considered for intro-
ducing theoptimumwater/diesd ratio.

Therefore this study was performed to compare
emissionsof threedifferent percentagesof water /oil ra-
tios 10%, 15% and 20% based on the proposed emis-
sionfactor (e) whichisintroduced inthisarticle. This
factor makesit possibleto compareemissionsconsider-
ing power and fuel consumption a thesametime.

MATERIALAND METHODS

A light duty diesel engine coupledto anelectrica
dynamometer was used to measure engine power and
fudl consumption. Threedifferent percentage of water
indiesdl wasusad to provideemul sified fuel s 10%, 15%
and 20%. Internal combustion enginein thisstudy was
asinglecylinder, four stroke, water cooled with abrake
horsepower of 9hp at 1800 rpm. Thismaximum power
can bereached at compression ratio of 18:1.
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Displacement volume of the enginewas 765 cc.
Thedectrica dynamometer wasusedto exert variable
loadson engine. Thereare 201oading switch provided
on dynamometer that each oneexertsatorqueequa to
2.7N.M onengine.

Two kindsof surfactantswere used to preparetwo
phase o/lw emulsfied fuels. The surfactantswereali-
pophilic agent “Span 80 and hydrophilic agent “Tween
80”. Characteristics of these two surfactants are listed
inTABLE 1.

TABLE 1: Some physicochemical characteristicsof surfac-
tantsused for emulsified fuels.

Surfactants HLB Spec[ﬂc

gravity
Span 80 (sorbitan monooleate) 43 0.98
Tween 80 (polyoxyethylene sorbitan 15 108

monool eate)

InasmuchasHLB isanimportant factor in emul-
sion stability, amixture of Span 80 and Tween 80 was
prepared to produce HLB=8 which hasthe most sta-
bility. Therequired amounts of thesetwo surfactants
weredetermined using equation 1:

HLB,,=(H,xW,)+(H xW,) 1)
W,, W,: weight of each surfactant A (Span 80), B (Tween 80),
H,, H,: HLB value of the surfactants.

INTABLE 2, required amountsof these surfactantsare
shownto prepareemulsifier withHLB=8for 1liter of
fuel emulsion. 2%, 3% and 4% emulsifierswerere-
spectively used for emulsions 10%, 15 % and 20%
waterinfuel.

TABLE 2: Required amountsof surfactantsused for prepar-
ing the emulsifier.

Surfactant Emulsion Emulsion Emulsion
10% 15% 20%
Span 80 13.1 19.6 26.2
Tween 80 6.9 10.4 13.8

Preparingthefue

To form an emulsion, energy isneeded to spread
the dispersed phase assmall dropsin the continuous
phase. Mixing speed isone of theeffectivefactorson
gability of emulsonand diameter of thedropsingdethe
continuous phase. Sointhisstudy amixer with 300 rpm
speed wasused. In each test, four litersfue prepared
accordingto TABLE 3following thestages below:

1- Mixingthegasoil and Span 80 by meansof amixer
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at 3000 rpm for 5 minutes.
2- Mixing Tween 80 and water at 3000 rpm for 5
minuets.
3- Mixing the partl and 2 at the same speed for 5
minuets
TABLE 3: Combination of theemulsified fuels

Emulsifier Water (cc) Gasoil Mixture percentage

20 100 900 10%

30 150 850 15%

40 200 800 20%
Procedureof thetests

To ensurethat engineisconsuming the considered
fud, ineachtest, fuel system was compl etely vented
and charged withthe next fudl.

Testswerebegun after warming up theengineto
80°c, power measurements carried out using dynamom-
eter by exerting variableloads. Testswere begunfrom
themaximum revol ution speed (at idling Speed of 1800
rpm). At thisspeed, output torque and power werezero
and gradual ly wereincreased by loading theengine.

L oading theengine by meansof e ectrica resistors
inthe dynamometer decreases the engine speed and
makesthe output torqueto increase. Output torque can
be measured by equation 2:

T=rF 2

Where T: output torque of the engine, F: reaction force of the
engine measured at generator casing of the dynamometer, r:
distance between scale and center of rotation of the generator.

Output power wasthen determined using equation 3:
P =2xnT/60 3
Where P: Output power in watt, N: Engine revolution speed
(rpm)
M easuring specificfuel consumption (SFC)

L oading theengineincreasesfud consumption. Fuel
consumptionwasdetermined by measuring thetimethat

engineconsumed 15cc fud . Specific fuel consumption
was cal culated using equation 4:

SFC=QI/P 4
Where Q: fuel consumption (lit/hr)
M easuring pollutant emissions

Exhaust gasesweremeasured using an exhaust gas
andyzer EUROGA S modd 8020. Thisinstrument was
ableto measure gases Co, Co2 and O2 in percentage
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and gasesNoand HC in ppm.

In each stage exhaust gases weretaken into ana-
lyzer and datawererecorded after some secondswhen
measurementsbecamestable.

RESULTS

All thetestswere performed in threereplications
and data were recorded when two replications gave
thesameresult.

Power test

Variations of the output power versusenginerevo-
|ution speed weredrawn in Figure 1 by measuring out-
put torque and using equation 3.
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Figurel: Output power of neat diesel and emulsified fuels
with 10%, 15% and 20% water content

Asit can be seen, adding water to fuel in none of
the af orementioned percentages decreased the output
power. Although asmall increasein power was ob-
served at maximum power of emulsion 15%whichwas
2.6% respect to neat diesel.

Comparing different mixture percentage of wa-
ter and diesdl, it can be seen that output power with
higher water content at high RPM swere higher than
neat diesel but at low RPMs output power of emul-
sionswerelessthan neat diesel. Two reasons can be
mentioned for this case; Firstly, water has been con-
verted to steam by absorbing the heat, and its ex-
pansion hasraised the effective pressure on piston,
but whileusing neat diesdl, thishigh temperature gases
exhausted ineffectual from the engine. Secondly, mi-
cro-explosions occur in emulsified fuelsdueto ex-
istence of water that makesthe fuel to be atomized
moreeffectively. Thislowersignition delay and raises
the power at higher RPM s but thisis not thecasein
lower RPM s because the flame has more time for
expansion.
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Specificfue consumption (SFC)

Increasing water content inemulsified fueshasdi-
minished thefuel consumption of theenginesasit can
beseeninFigure2. Alsoit showsthat thereductionin
fuel consumptionisproportional to water percentage
of emulsfiedfuds.

15
[ —

)‘I
{20

e 4 —e—15%

SFC (lithr-kw)

—=—10%

= - ——neat dasel

ooooooooooooo

2 o ° ° = ©° °

g 88 8B 8

RPM
Figure2: Specificfuel consumption using emulsified fuels
and neat diesdl

It should bed so noted that the pure gasoil consump-
tion islesser when the percentage of gasoil inmixtureis
considered. Figure 3 were drawn based on pure gasoil
consumption for nest diesdl andthreeemulsifiedfuds.
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Figure3: Purespecific fuel consumption using emulsified
fuelsand neat diesel

CO emission

Carbon monoxideisoneof themost important toxic
and pollutant gases produced fromincompl ete combus-
tioninengine. Figure4 showstheeffect of adding weater
togasoil on CO emission at different revol ution speed.
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Figure4: CO emission of neat diesel and emulsified fuels
with 10, 15and 20% water content.
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It can be seen that CO emission have been in-
creased whenwater content of theemulsified fuel were
increased. Also thisincreasein CO emissionwaspro-
portiona to thewater extent added. Thisisduetothe
fact that water causesthe combustion temperatureto
drop whichin turn causestheincomplete combustion.
Also existence of water in combustion chamber de-
creasesthe contact of oxygen and fuel moleculesthat
al so causesincompl ete combustion.

CO, emission

CO, isadesirable product of complete combus-
tion. Higher CO, emissionisaresult of better perfor-
mance of theengine. Infact CO, and water vapor are
two main gases make the pressure on piston and pro-
ducemechanicd energy inengine. Figure 6 showsthat
loading theenginefromtheidlespeed causes CO, emis-
soninenginetoincrease. But thisincreasedropswith
loading theengineafter reaching ard ativemaximum.

Also it isseen that adding water didn’t have the
significant differenceon CO, emission.
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Figure5: CO,emission of neat diesel and emulsified fuels
HC emission

Unburned Hydrocarbons has been increased by
addingwater percentageinemulson (Figure6). It means
that existence of water in fuel causesmisfire of some
extentsof fud.
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Figure6: HC emission of neat diesel and emulsions

Thereisnot asignificant differencebetweenthein-
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creasein HC emission for emulsionswith 15%, 20% of
water comparing to neat diesel and emulsion 10%.

When thisresult iscombined to results of power
performance of theengine (Figurel) itisseenthatin
spite of incomplete combustion, output power of the
engine hasnot decreased. It meansthat the amount of
power increment dueto vapor expansionsand micro-
explosions has been higher than deficiency in power
duetomidfires.

O, emission

Existenceof O, inexhaustin contrastto COisan
indication of aleanair/fuel mixture. Highamount of O,
isasymptom of incomplete combustion and misfirethat
normally istogether with increasing unburned hydro-
carbonsor CO.
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Figure 7 : O, emission for neat diesel and three kinds of
emulsions

Figure 7 represents that adding water to gasoil had
increased O, existencein exhaust which meansthat add-
ingthewater prevented completefud consumption. This
isinaccordancewith theresultsof CO emissionspre-
vioudy discussed.

NOX emission

Asit canbeseenin Figure 8 adding water to diesdl
has been caused reductionin NOX emission. Itisdue
tothefact that thehigh temperaturein combustion cham-
ber which isnecessary for NOX formation drops due
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Figure8: NOX emission of neat diesel and emulsions
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toexistenceof water inemulsfied fud. Itisaso evident
that NOX emission has been reduced when the per-
centageof water inemulsions havebeenincreased how-
ever thereisnot asignificant difference between emul-
sion 15% and 20%.

Comparing theresult of NOX emission to other
exhaust pollutant, it isinferred that the most noticeable
effect of adding water to diesd isSNOX reduction.

ReductioninNOX emiss onwasspedificaly obsarved
at lower engine speeds because loading theenginein-
creased thetemperature of combustion chamber andwa-
ter could diminishthetemperaturemoreeffectively.

Itisinteresting that reduction inenginetemperature
did not cause the power of the engine to drop. The
reason isthat the produced hegt of combustion hasbeen
absorbed by water and converted to steamwhichraised
the pressure on the piston and power. It means that
however the combustion temperature hasbeen fallen
but the overall energy content of the combustion has
not decreased and the effect of high temperature of
combustion has been changed to expansion of water
seam.

To select the best emul sion composition, acom-
parison between thesefuel swasachieved. At first Sight,
emulsion 20 withlessemission seemsto beagood se-
lection. Itisobviousthat morewater percentage will
producelessemission. However theoutput power will
also diminish. Therefore, aratio of emission to power
must be cons dered for comparison between thefuels.

Ontheother handitispossiblethat the high power
produced is aresult of morefuel consumed. Thusa
ratio of power to fuel consumption must a so be con-
Sdered.

Accordingly itismorerationd that emissonto be
considered respect to power produced and fuel con-
sumed. Thereforein thisstudy “specific emission fac-
tor” (SEF) was defined to be used as a criterion for this
sdection.

Emissionx Fuel Consumptio

SEF = ©)
OutputPower

or

SEF =Emission x SFC (6)

Figure 9 representsthe mean SEF v uesfor emul-
sified fuelsand neat diesel. It showsthat SEF value
for emulsion 20% was|essthan the other fud's. Thus
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it can be said that emulsion 20% has been emitted
less NOX corresponding to power produced and
fud consumed.

SEF [ppm J#tIW -hr)
g

d
e
4
d
e

nzat digse 10% 15% 2%

Figure9: SEF valuefor diesel and emulsions

CONCLUSION

Different emulsfied fue shavebeen providedinthis
study by adding three different percentage of water to
diesdl. Thesefuel shave been compared to neat diesel
for their performance and exhaust emissions. Follow-
ing conclusionswerededuced from theresults:

- Adding water to diesel not only causesthe power
not to diminish but also alittleincreasein power
maly be observed.

- Specificfue consumption of emulsified fuelswas
lessthan that of neat diesel; reminding that reduc-
tion of SFC meansreductioninoverdl air pollution

- Addingwater to diesd asemulsion specificaly re-
ducesNOX emissionwhichismoreconsiderable
at higher engineloadings.

- Inasmuch as combustion temperature and pres-
sureindiesel enginesare higher than that of gas
engines, usngemulsfiedfuescandiminishalarge
portion of overall NOX pollutionintheair.

- Specificemissionratio (SEF) wasdefined to com-
paredifferent fuelsbased on emission, considering
fuel consumed and power produced. Emulsifica
tionthefue with 20% water which haslessSEFis
recommendedtolimitair pollution.

In brief, preferences of adding water to gasoil in
the shapeof emulsified fuels can be mentioned respec-
tively based on their importanceas:

- reductioninNOX emission

relaiveincreas ng power

reductioninfuel consumption
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