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Abstract The dual-fuel diesel engine {D.F.DF)isa conventional diesel engine in which much of
the energy released, hence power, comes from the combustion of gaseous fuel such as nawral gas.
The exhaust emission characteristics of the 13.1°.D.E needs further refinements, particularly in terms
of  reduction of Thibnrnt [ydrocarbons (UIIC) and Carbon Menoxide {CO) emission, because the
concentration ol these pollutants are higher than that of the bascline diesed engine. Furthermore, the
combustion process in a typical D.F.D.E tends to be complex, showing combination of the problems
cncountered both in diesel and spark ignition (S.1.) engines. In this work, a computer code has been
modilicd for simulation of 12.1.1D.15 combustion process. This model simulates I 1711 combustion
by using a Multi-Zone Combustion Model  (MZCM)  for diesel pilot jel  combustion and a
conventional 8.1 combustion model for modelling of combustion of premixed gas/air charge . Also,
in this model, there are four submodels for prediction of major emission pollutants such as: UHC,
NQ, CO and soot which arc enmitted from D.F. D.E. or prediction of formation and oxidation rates
of pollutants, relevants conventional kinetically-controlled mechanisms and mass balances are used.
The model has been verilied by experimental data obtained from a heavy-duty truck and bus dicsel
engines. The comparison shows [hat, there exist good agreements between the experimental and

predicted results {rom the DFDLE .
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INTRODUCTION various gaseous fucls without excessive increase in
The compression-ignition type of D.F.D.E has been cost compared with the baseline dicsel cngine.
employed in  a wide range of applications to utilize However, the combustion process in a D.F.D.E
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tends to display a complex combination of features
of both diescl and Otto engincs operation.

Introductng a gaseous fucl along with the
mlet air in the cvlinder during suction stroke
enhances  greatly  the mixing and  combustion
processes of the pilot jet, which is usually retained
to provide a reliable and strong source of ignition.
Flames from the various tgnition centers originating
from the pilot fucl droplets can propagate to
varying degrees and rates throughout the
surrounding gascous fucl-air mixtures.

Exhaust cmissions  from DF.DE vary
largely from the bascline dicsel engine at diffcrent
conditions of enginc spced and load. Duc to
hctcrogeneity  nature  of  the cylinder charge,
formation of the pollutants in the diesel engines is a
complex process. In DF.DE, by mtroducing
gascous fuel, the heterogeneity nature of the
cylinder charge increases tremendously.

A suitablc computer based mathematical
modclling can providc an adequate means for
describing  details of the complicated mixing,
combustion and pollutants emission processes in
these engines. The development of such models for
DFDE operation has been so far very limited,
mainly duc to the complex combustion and
cmiussion formation processes. Most of these models
arc based on Single-Zone Combustion Model
(SZCM), hence their accuracy for predicting the
performance and  pollutants characteristics of
D.F.DE arc limitcd. For example, many SZCM
bascd codes developed by Pirouzpanah, et al[1,2]
and Ramg,|3] could only be used to predict the
general  combustion performance of the D.F.D.E
such as cvlinder pressurc, temperature and power

output. Reeently  Pirouzpanah, et all4] and Karim,
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ct al|3-7] developed a SZCM code which simulates
pollutants emission in D.F D.E.

The limited accuracy of SZCM in predicting
of  pollutants emission concentration  and
performance characteristics of D.F.D.E is mainly
duc to absencc of measurcs for considering
temporal and spatial variations of tcmperaturc and
mixture strength within the cylinder. The formation
and climmation processes of pollutants are strong
functions of the distribution of the charge
temperature  and  fuel concentration  within  the
cylinder. Suitable approaches need to be developed
volving multi-zonc computational models for
bettcr simulation of the complex naturc of the
combustion and pollutants emission processes in
DFD.E.

Since  such models can predict in-cylinder
temporal and spatial distribution of temperaturc and
composition, they would lead to a better prediction
of  performance and pollutants cmission. These
models also requirc significantly less computing
resources than the so-called, Computational Fluid
Dvnamics (CFD) models which can not offer, as
vet, a rcalistic representation of the complex
transient  turbulent combustion processes  in
DF.D.LE.

The present contribution describes a model
that simulates dual- fucl combustion by using a
quasi-dimensional entrainment model (MZCM) for
pilot jet combustion and a conventional S.I.
combustion model for modelling the combustion of
premixcd  gas/air charge. The thermodynamics
parameters  for cylinder charge arc calculated
during a complete closcd cycle from the start of
inlet valve closes (IVC) till the exhaust valve opens

(EVO). Also, four submodels have been developed
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for predicting the formation and oxidation ratcs of
major in-cylinder pollutants (CO, UHC, NOx and
soot) from D F.DE..

DESCRIPTION OF THE PRESENT MODEL

The inlet  cvlinder charge m D.FDE. s
homogencously premixed of gaseous fucl and air
that has diffcrent thermodynamics propertics (Cp,
Cv andy) from the charge(i.c. purc air) in baseline
diesel engine. In this work, the model can predict
these properties for various proportions of diesel
and gaseous fuels. Also, by calculating the whole
period of compression  stroke. the actual condition
at the injection timing is cvaluated . On the basis of
the work of Annand, W.J.D.[8], this model is also
able to calculate heat transfer between charge and
cylinder walls during the complete closed cvele.

The D.F.DE model assumes that the
ignition of the charge occurs as a result of the pilot
jet auto-ignition and uscs the ignition delay
model[9] for the ignition delay period calculation. It
should be noted, however, that the cylinder pressure
and temperature during the ignition delay period
will be affected by the presence of the premixed
natural gas-air charge. Morg specifically, the high
spectfic heat of natural gas compared with air, will
extend the delay period in the D.FDE. For
modelling the pilot jet combustion, the Multi-Zone
Combustion Modelf10] (MZCM) is meodificd and
used in the present work. Furthermore, it is
assumed that the quantity of air that is utilized for
combustion of gaseous and pilot jet fucls 1s
proportional to the mass ratio of those fuels that are
supplied to the engine simultancously.

A simple Wicbe Function burning pattern,

which has previously been used in S.1. engines
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combustion modcls, has been employed here to
determine the rate of gaseous fucl combustion[11].
For combustion of homogeneous gascous-air
mixture a two zone model (TZM) was considered.
The first zone consists of the reactant mixture
(unburnt zone-U) and the second zone contains the
products of combustion (burnt zone-B). These
zoncs arc separated by a thin flame front. The
laminar flame speed is calculated from an cmpirical
correlation|3]. The combustion duration of the
gascous fuel is then calculated from the laminar
flame speed by considering turbulence factor. It is
also assumed that a) the unburnt zone(U) burns by
passing the flame front, with a constant cquivalence
ratio during the period of combustion of gascous
fuel, b} the gas burning zones have a uniform and
similar temperature and pressure and thus these
properties are different from the propertics of pilot
Jet burning zones, and c) in modelling the pilot jet
combustion by MZCM, therc is a uniform pressure
i all zones, but there exists zonal temperature
distribution within the pilot jet .

The overall structurc of the present
computatronal model is shown i Figurc 1. The

proposed Wicbe combustion  function that
characterizes the premixed combustion of gaseous
fucl-air mixture is cmploved to describe the rates
of burming and hence the heat released of the
gaseous fucl-air mixtures.

On the other hand, the MZCM can predict
only heat rcleased rate of the pilot et
combustion[10]. Then total rate of the heat releascd
in combustion chamber is the sum of the above
rates. Also, the heat transferred from the pilot jet
zones to the cylinder walls can be predicted by

utihzing suttable corrclation, whercas the heat
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Pilot Jet
Combustion Region

Gaseous Fuel
Combustion Region

B U Air

Burnt \ Unburnt
Zone Zone

Figure 1. Difterent zones and regions in cvlinder,

transferred from the gaseous burning zones can be
predicted by solving the conservation of the encrgy
cquation,

The variations of thermodynamics
parameters such as pressure and temperature can be
calculated from the energy conscrvation, volume
constramnt and state equations, Then from the above
data the pollutants formation rate can be ultimatcly
predicted. In the cmission model, the concentration
of major pollutants mm D.F.D.E. such as Unbumt
Hydrocarbon (UHC), Carbon Monoxide(CO),
Nitrogen  Oxide(NO)  and soot particles arc
calculated.

For calculating the UHC mass, it is assumecd
that the differcnce between masses of input fuef and
burut fuel in cach time step composes masscs of
UHC, soot and CO. Then by using the mass and
cnergy  balances  the UHC mass can be
obtamed[12].

For the calculation of CO concentration,
relevant kinetically-controlled mechanism for CO
formation and 1ts oxidation arc used {12{. For the
calculation of NO concentration, the famous
extended Zceldovich mechanism has been used[13).
For the prediction of soot particles concentration,
thc amount of net soot is calculated by considering

the differences between the rates of soot formation
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and soot oxidation inside diffcrent zones of pilot
jet{14]. In  this work, it 1s assumed that UHC, NO
and CO concentrations are originated from both
combustion  regions (pilot jet and gascous burning
zones), but soot cmission is attributed only to the

pilot jet region.
MATHEMATICAL TREATMENT

Modelling Performance and Combustion Onc of
the basic simplified assumptions made is that the
injection of the dicsel pifot jet can be represented by
thc characteristic of a stcady state gas jet and
calculated  from  momentum  theory  and
supplemented by experimental data]10]. Molccular
formula for the Iraman produced dicsel and natural
16(CH;¢;) and

(Cl_lE?tSGHAl 378500,074N0f)1), respcctivc]y. At the end of

gas fucls are taken as:

the diescl fuel ignition delay period, both of the
fuels start to burn. In cach calculation time step, by
utilizing the MZCM code for simulating the pilot jet

combustion process, the heat relcased rate (d4a.) |
thc heat transfer rate (44w asand temperature and

pressure  of diescl combustion region (T, P} are
predicted. In the combustion region of gascous fucl,
the laminar flame speed is calculated as[3]:

.- @?%08); 045-0015d (D)
wherc: ¢ = equivalence ratio of gascous fucl
and, d = residual fraction (%)

The constant A affects the flame speed
versus cquivalence ratio characteristics and has a
strong effcct on the flammability limit at which
=01 m/sce[15]. From the work of Raing, R R.|3|
valucs of A=0.64 and 2.59 are chosen which
correspond to lean flammability limits of 0.54 and

0.0, respectively. In order to deal with the strong
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effecet  of turbulence on the fuel burning ratc, a
combustion duration timc m crank angle degree is
calculated as:
Al gomb = "K_x 6n (1-2)
ul
Where K is a semi-empirical constant which
mcludes turbulence factor (i.e. Taylor microscale
turbulence)| [ 1| and n is the engine speed. Mass
fraction of burnt gaseous fuel can be obtained
as[11];

mp,

=l._cxp[451(eﬁg—)bﬂj (2‘1)
mgas AD comb

Where my and my,, are the instantaneous

(o) =

mass of burnt zonc (of gasecous fuel-air mixturc
combustion region) and total mass of gascous-air
mixtures, respectively. Also, a and b are cmpirical
and 2 offered for a and b.
respectively[11]) and 0 ig is the crank angle at the

constants(5

start of ignition.
Then. by differentiating equation (2-1) a rate
of gas/air mixture combustion can be obtained as:

‘h”igh atha ) 0-0 & b a- Oig bl (2—2)
R TN S yorexpl a(— T3]
9 AE b AD !

£

comb combs

So, for each timec step, the ratc of heat

released 4, of gaseous fucl can be obtained as:
gas

dm

1z
d s = S % 1.l I\/)g‘,ls (3)

LHV),, is the lower heating valuc of gascous
fucl.  Furthermore, in each time step the
thermodynamics properties such as Cp, Cvand y
and the masses and moles of cach zone can be
obtained as:

_ CPgis Nais +Cpy Ny +Cpy Ny (44
(Ndis + NU +NB )

(fp(l\’

Cvur =Cpas-R (4-2)
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Cpoy (4-3)

Yaow =, —
1 Cryy

Then, total rate of heat released is calculated as:

A0 = d Qg + ) =TT RR) {3)

gElS
The application of the first law of thermodynamic:

to the total meylinder charge gives:

g = {—(JLP—“— &y, v (ik)i“;}+dt.] all (6)
My =10 de Ty, —1) dO

wherc dq. 18 the fotal ratc of hcat transfer
Lwall

between cylinder walls and  charge, then it can be

written as:

gt =4 g e + G Uy s (7)
As seen before, dguen )y and v,. depend on
the Ty . Therefore, by means of the cquation (6)
Ty and P, are rclated together. Then by solving
cquation (6), P, can bc obtained (by itcration
method). Once the pressure of combustion chamber
(P..) 1s determined, the temperaturc of combustion
chamber can be calculated from state equation :

_ P, .V ®)
Ntot R

Ny =Ngi +Ny + Np

ay

where Ny, is the total moles of the charge in
the cylinder. Then the actual value of T, can be

found from following rclations:

my, = Ind15+ nlgas (9)
L Myis - Liig (10)
T, = ——2 G870
s m
gas

where my;, and my,, arc the instantancous masscs
of pilot jct combustion region and gascous fuci-air

mixture combustion region.

Pollutants Emission Formulation The pollutants
UHC, NO and CO concern both regions(

i.c. pilot jet and gascous fucl combustion regions).

such as

The  concentrations  of these  pollutants — are
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calculated in each combustion region. Then the sum
of their concentrations is considered as the total
pollutants  in  dual-fucl combustion. But it is
assumed that concentration of soot concerns the
pilot jet combustion region only.

Chemical  equilibrium  calculation 18 a
prerequisite to detailed cmission formation models
bascd on kinetics of various speeics. In this work
two methods arc utilized to calculate the
cquilibrium  products of combustion within each
zone. One of the methods is outlined by Olikara and
Borman[16] and the other mcthod is based on the
work done by Benson ¢t al[17]. The calculations
include all major chemical species comprising CO,,
CO, H. OH, H,0, NO, N, N;, O,, O, H> and Ar .
UHC Formation [t is assumed that the difference
between total masses of input fuels per cycle(my)
and total masscs of bumt fuels (mg) includes the
masses of UHC. CO and soot. Heating values of
UHC and soot arc heating values of dual-fucl
equivalence (LHV)4: and carbon particle (LHV)..
respectively.

Then for calculating thc mass of UHC
(muuc), first  the equivalent mass of hydrocarbon
(UHC)g i is obtained, then my - is found as:
(UHO) =Moo (LHV)ermee (LHV)eol ALHV)o

()
My = my - My, - (UHC) g (12)

Some of the UHC cmission inD.F.D.E is
duc to overlapping angle, because during this
period some of the inlet gaseous fucl may cscape
to the cxhaust system and producc unrcacted
livdrocarbons.

CO  Formation The

mechanism of CO formation in 1.C. cngines has

kinetically-controiled

been confirmed. It was assumcd that the ratc of
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formation of CO is proportional to the availablc
UHC and the temperaturc level, both of which
control the rate of fuel decomposition and
oxidation| 12]. This is represented below

dL;: (- Ay mpy. P ep(120000, ) (13)
Where T and P are the respectively the icmpcerature
and pressure of cach of the combustion zones in
pilot jet region or the average temperature and
pressurc of gaseous fucl air mixturc combustion
region, my, is mstantancous mass of unburnt fuct
and Ag is an cmpirical constant. Furthermore, 1t 1s

CO and

Hydroxyl radical (OH) is thc main controlling

belicved that the rcaction between

reaction| [2]:

.t K
CO+ OH ..__—L:J_‘ CO,+ 1 (14)

dCOy

X

=k T |CONOH] -k T [CO4][H] (15)

where | | denotes molar  concentration,

During cquilibrium :

k*[COI, OH] ; = kT[COz ], [H], (16}
k™ :k+[COJC[()11%CO2 L) (17}

If CO is the only spceics which i1sn't on
cquilibrium  state, hen the rate of CO oxidation
would be:

dCO 4y
—a-{&‘ = kT[OH], {[CO]-[COJ.} (18)

The reaction ratc constant 1s[12] :

T+ 10 . (T
k* = 6780 10" exp(T] gy )

From cquation (13) and (18), it canbe
found that
dCO  4COg  dCO,
dt dt dt

(19)
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Soot Formation Formation of soot is concerned to
pilot jet combustion region only. The formulation of
soot formation and oxidation are based on the work

of Pirouzpanah, et al[14].

NO Formation The kinctics of thermal NO
formation is based on the cxtended Zeldovich
mechanism. The principal reactions governing the
formation of thermal NO are based on the work

of Pirouzpanah, et alf13].
NUMERICAL METHOD

As seen before, 1n the cnergy equation (6) there are
two unknown parameters, namely Ty, and P,
which arc mterdependent. In mnitial conditions (first
step), it 1s assumed that Ty, cquals Ty,and Py,
cquals Py, . Then, this cquation is solved bya
fourth-order Runge-Kutta  iteration method. Flow
charts of the combustion and emission subroutines
arc given m Figures 2 and 3. The prsent code is
written In FORTRAN 95 and cxecuted on the

PC 486.606 .

RESULTS AND DISCUSSION

Figure 4 is a schematic representation of the engine
test set-up. In this work, cxhaust gas pollutants

such as CO, CO, ,

analvzer

UHC, O; are measured by an
cxhaust  gas (Cussons  P8333),
NOx{NO,NO:) by a Signal Analyzer (4000 VM),
and black smoke by a Bosch Smoke meter, Tablel
lists the technical specifications of the engine under
mvestigation. For Figures 3-7 and 9, the engine
speed 15 constant (N=1400 rpm) and engine
operation is at full load.

Figurc  5-a  compares variations of the
calculated pressure in D.F.D.E versus crank angle

with  those of experimental results. Figure 3-b
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comparcs variations of the calculated pressure in
basclme  dicscl enginc versus crank angle with
those of cxperimental results. It can be seen that
the maximum pressure values in D.F.D.E occur
ater than thosc observed for dicsel operation due to
the longer ignition delay resulting from the

addition of the gascous fuel.

It should be noted that the underprediction of
the cylinder pressure in the carly part of the
compression stroke 1is not related to the inaccuracy
of the model. It is mainly due to the measuring
Imutation of our electronic indicator, which only
shows combustion and expansion parts of P-§
diagram. So this part of the pressure curve has been
extrapolated from the available data.

In thesc Figures corresponding temperature
curves are also superimposed. [t can be scen that
the peak of the evlinder temperature in D.F.DE
occurrs  later than in the diesel cngine, and
therefore it can be concluded that the period of
combustion in D.F.DE s longer than that of the
diescl one. Also the peak of pressure in DF D E s
lower than that in dicsel opcration, so cvlinder
charge pressure in D.F.D.E is higher than that of
dicsel engine at the end of cxpansion stroke.

Figure 6 shows the variations of the
concentration of CO in different combustion regions
in DFDE

The only available experimental

and also in the bascline diescl engine.
datal] 17| for
concentration of CO at one speed of the engine is
given in Tablc2. Sincc the period of combustion in
D.F.D.E is longer than that is dicsel one, and the
charge does not have enough time for completing its
combustion, cven at the end of expansion stroke,
thereforc oxidation of CO is not complete and

cmission of CO in D.F D.E is higher than that in
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A calculate mgis, Mgas , U, , ABcorp
and start of new time step

calculate T, Pais , HR R )i , dq want) ais »
Ngis from MZCM in pilot Combustion

!

The initial value of Ty, , Py, are
cqualized with Ty ,Pgi

A4

with Ty, and Py, the chemical composition of

the two zones in gaseous fuel-air mixture

(U.B Zones) and yg, and N and
dQwa )ges  are obtained.

Y

LYav is calculated .

f

equation(6) is solved then P,, is obtained(by
using order 4 of Runge-Kutta iteration method).

T’ g (the new amount )is obtained
with equation(10) .

ATgas = I Tgas - T’gas |
is calculated.

AT, > accuracy

AT, < accuracy

P’ ., is calculated

by equation (6) ,again

¥ .

APav :’Pav 'P’av‘
is calculated

GotoB

Chemical Equilibrium Calculation
for each Combustion Regions

! ! —

NO Formation Soot Formation &
—iKinetics for Both Oxidation Only Pilot Jet
Combustion Region
Y 1Y
" UHC Formation CO Formation &
for Both Regions | Oxidation,for Wy
Both Regions

—

Total Pollutants Emission
NO CcO UHC Soot

Figure 3. Flowchart of emission submodel.

TABLE 1. Engine Specifications.

Enginc: OM 355 D - CNG _ |Make and Model.
Mercedes-Benz

No. of Nozzles /
Injector : 4

Type:Direct-Injection,
Naturally-Aspirated,Heavy
Duty Vehicle Diesel ,4stroke

Cylinders: 6 , In-line Nozzle opening

-Vertical Pressure : 175 Bar

Bore* Stroke: 128 * 150 Max . Power : 240 HP

(mm*mm) (2200 RPM)

Capacity: 11.58 (liter) Max. Torque:824N.m
(1400 RPM)

Compression Ratio : 16.1  |Engine Speed: 1400 RPM

»
AP,, > accuracy

overall performance parameters are calculated
(P, Taw , OW , HRR)s and Qwall), ).

Y

Lc;qll Emission submodelsj

L start of new time step |-+—Go to A

Figure 2. Flowchart of combustion model.
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diescl engine.
Figure 7 shows the variations of the
theoretical concentration of kinetically thermal NO
in different combustion regions in D.FD.E and
also in the baseline diesel engine. Since the
combustion period inD.F.D.E is longer than
that in pure diesel engine, so there is enough time
for backward reactions in the Zeldovich mechanism
to be carried out in this type of engine (compared
with early freezing of reactions in the baseline

diesel engine). Also it can be reasoned that. due to

International Journal of Engineering




higher pressurcand temperature during early stages
of expansion stroke in D.F.D.E, the freezing of
NOXx is retarded. Thercfore, at lower speeds the NO
concentration in this enginc is lower than that of
dicsel engine.

Figurc 8 compares the experimental and
theoretical concentrations of exhaust NO versus

engine speed for D.F.D.E at full load. The curves

EMISSION ANALYZER

RE}QLA TOR

i ] FILTER | GAS
o FLOW
L
~ L . METER
C.N.G. —
LINE ) )
. DYNAMOMETER |~ {
|
|
- .
FUEL TANK .
]
| | o
- /
b‘/
DIESEL MEASUREMENT

show that by increasing speed, the concentration of
NO also increases.
This is mainly due to increasing of  flame

temperature and also short resident time for
backward reactions in the Zeldovich mechanism. It
can be seen that, the present model underestimates
the concentration of NO in the exhaust gases of

DFDE.

EXHAUST

L-’-«--—-

AIR FLOW
1 METER 3

/1 TANK |

OSCILLOSCOPE
| ———— ey
A
|
+ A
}
/VENTURI i
L { !
\\
NN
/ |
.’,(/ ‘
‘ ‘\
CRANK ANGLE
ENCODER | v
| CHARGE

v AMPLIFIER

CYLINDER PRESSURE TRANSDUCER

Figure 4. Schematic representation of D.F.D.E set - up.
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The concentration difference between the
two curves may be due to the assumptions which
are made for simplifying the model. It could also
be due to kinetic problems which arise firstly from
inadequacy of the existing mechanism which
underpredicts NOx  for  lean homogeneous
mixtures[19] in S.I. engines, and secondly from
pressure  dependence of the relevant rate constants.
However, in this stage, the trends of the curves are
important and they are nearly the same.

Figurc 9 comparcs the  theoretical
concentration of soot between D.F.D.E and
diesel engine at constant speed (1400 rpm) and full
load operation. Obviously, with using the clean
burning CNG fuel

consumption of heavy diesel fuel in D.F D.E, the

and hence reducing the

density of soot will be lower than that in diescl
engine. The soot concentration can be converted to
other units such as the Bosch Smoke Number using

known correlations[20].

100
| 7 Press. Expt. 41,500
aoL ~“Fress. Calc. z
_ R 11,300
“~Temp. Cale. 3
= 41,100 F
el =
—— ;
2 [
7 dpoo =
@ =
a =
4700
500
— 300

-920 -45 o] 45 L0

ararik - angle (=ut.d.a)

Figure 5-a. Comparison of calculated and experimental
charge pressure and temperature for D.I'D.E  at constant
engine speed (1400 rpm) and full load opcration.
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Figure 3-b. Comparison of calculated and experimental
charge pressure and temperature for diesel engine at constant
engine speed (1400 rpm) and full load operation.
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Figure 6. The theoretical production of CO m different
combustion regions in D.FDE and diescl engines at
constant engine speed (1400 rpm) and full load operation.
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Figure 7. The theoretical production of thermal NO in
different combustion regions in D.F.D.E and diesel engines at
constant engine speed (1400 rpm) and full load operation.
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Figure 9. Comparison between theoretical soot concentration
in DFDE and diesel engines at constant engine speed
(1400 rpm) and full load operation.

Also, the theoretical and experimental[18]

concentrations of UHC for these engines are
reported in Table2. With the same reasoning as for
CO, emission of UHC is higher in D.F.D.E. Here
also some part of UHC emission is due to longer
overlapping period of the D.F.D.E.

Table2 compares some important pollutants
emission parameters of both engines at full load and
speed of maximum torque(1400 rpm). From
Table2, it can be seen  that there are good

agreements  between  experimental[18]  and
theoretical results of pollutants emission. But it
must be remembered that, analyzer for measuring
concentration of UHC, certainly had to be

calibrated accurately.
CONCLUSIONS

A model of D.F.D.E has been developed from
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an existing diesel engine model. Comparison with
experimental results indicates  that important
exhaust pollutants parameters of the D.F.D.E at full
load are being adequately modeled. Further
refinement of the model appears justified in order
to incorporatc the part load condition and define a
specified ignition delay period for D.F.D.E.

operation.

TABLE 2. Some Pollutants Emission Parameters.

Parameter D.F.D.E. Diesel
Engine
Speed 1400 1400
(RPM)
Air Fuel 21.7 17.5
Ratio
expt. 0.60 expt. 0.18
CO (%Vol)
calc 0.57 calc. 0.21
expt. 15.0 expt. 3.0
UHC (ppm)
cale. 235 calc. 141
expt. 2150 expt. 1067
NO (ppm)
calc. 1050 calc. 1250
soot expt. 0.52 expt. 3.45
(Bosch No.)
calc. 0.47 calc. 4.94
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NOMENCLATURE
A empirical constant
a,b empirical constants

Cp, Cv  specific heat at constant
pressure and constant

volume
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d residual fraction(%o)

dq heat released rate

d quyay heat transfer rate
HR.R. heat rcleased rate

J Newton constant

K empirical constant
LHV lower heating value
m mass

n engine speed(rpm)
N number of moles

P pressure

P’ calculated intermediate

pressure in iteration method

R universal gas constant

t time

T temperature

T calculated intermediate
temperature in iteration
method
volume

X mass fraction

Greek letters

¢ equivalence ratio

0 crank angle degree

A period

Y ratio of Cp/ Cv

Subscripts

av average of in-cylinder charge

b burnt

B burnt zone

C Carbon particle

CO Carbon monoxide

comb combustion

dis diesel combustion region

d-f dual-fuel
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Equiv cquivalence

tb burnt fuel

fgb burnt gaseous fuel

fi inlet fuel

fo formation

fu fuel

g,2as gaseous fuel-air mixture
combustion region

ig ignition

{ laminar

0x oxidation

tot total chamber

z zones of pilot combustion
region

U unburnt zone
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