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The ef fect of three in jec tion rate modes on fuel spray-wall im pinge ment and com -
bus tion pro cess in a di rect in jec tion die sel en gine is in ves ti gated in pres ent work. A
three-di men sional com pu ta tional fluid dy nam ics model for flow field, spray,
spray-wall in ter ac tions, com bus tion, and emis sion for ma tion pro cesses have been
used to carry out the com pu ta tions. The op ti mized omega com bus tion cham ber ge -
om e try was used in the die sel en gine model in stead of base line cy lin dri cal ge om e try 
and the re sults were ver i fied for this im proved com bus tion cham ber ge om e try. Re -
sults for dif fer ent in jec tion modes in di cate that us ing the ramp in jec tion rate curve,
the spray-wall im ping ing is in creased due to higher in jec tion rate at the end of in -
jec tion du ra tion. Also the in creased in-cyl in der tem per a ture, pis ton sur face tem -
per a ture and higher tur bu lence in ten sity leads to en hanced wall-film evap o ra tion.
Soot mass frac tion also de creases due to im proved air-fuel mix ing and evap o ra tion
of wall-film by re duc tion of the fuel rich zones es pe cially in the im pinge ment re -
gions. Re sults for dif fer ent in jec tion modes in di cate that us ing the ramp in jec tion
rate shape slightly re tards the com bus tion pro cess and im proves com bus tion char -
ac ter is tics while main tain ing lower NOx and con sid er ably lower soot emis sions
com pared to the boot and rect an gle in jec tion modes. Also, in this in jec tion mode,
be cause of the high pres sure in jec tion, higher spray drop let ve loc i ties (higher
Weber num ber) and in creased wall spray height than the other modes, it could be
said that the dom i nant im pinge ment re gime may be the splash ing re gime. The re -
sults of model for base line die sel en gine are com pared with the cor re spond ing ex -
per i men tal data and show good lev els of agree ment. 

Key words: injection mode, diesel engine, computational fluid dynamics,
spray-wall impingement, combustion, spray, emission

In tro duc tion

In ter nal com bus tion en gines have proved very prac ti cal and use ful due to the high ef fi -
ciency and con sid er able power to weight ra tio and vol ume and are widely used in many fields
such as trans por ta tion, au to mo tive in dus try, etc. Now a days, the cri sis of de ple tion of en ergy re -
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sources and en vi ron men tal di lem mas, a lot of re searches are be ing done to im prove ther mal ef fi -
ciency and to con trol and re duce emis sion trade-off on such en gines. There has been a lot of
works done in the field of en gine re search us ing both ther mo dy namic meth ods and com puter
aided mod el ing and sim u la tions. With the pro gres sive de vel op ment of com pu ta tional fluid dy -
nam ics (CFD) and flow field mod els, it is pos si ble to study and pre dict drop let dis tri bu tion, tem -
per a ture, pres sure, and other pa ram e ters at ev ery de sired point and time within the com bus tion
cham ber [1]. 

Flow field mod els, such as KIVA II code in 1990 [2, 3] and nu mer i cal Ricardo code [4] 
in 1992, are pre miere ex am ples. Sev eral works have been re ported in the lit er a ture cor re spond -
ing the in jec tion strat e gies, in jec tion mode and shap ing, and also spray-wall in ter ac tions. The
3-D KIVA 3 was used by Patterson et al. to study the ef fects of in jec tion pres sure and split in jec -
tions on die sel en gine per for mance and soot and NOx emis sions. The re sults show the use of the
up dated ver sion of KIVA gives good agree ment be tween mea sured and pre dicted en gine cyl in -
der pres sures and heat re lease data for sin gle in jec tion cases [5]. Ex per i ments were con ducted
by Henein et al. [6] to in ves ti gate the char ac ter is tics of a com mon rail fuel in jec tion sys tem us -
ing a flow rate test rig and a sin gle cyl in der re search die sel en gine. Dif fer ent in jec tion modes
were in ves ti gated in clud ing main in jec tion, main-post in jec tion and pi lot-main in jec tion. The
anal y sis in di cated that the com mon rail fuel pres sure af fects all the in jec tion pa ram e ters in clud -
ing the start of fuel de liv ery, its du ra tion and amount un der all modes of in jec tion. Naoki et al.
[7] pro posed the ap pli ca tion of dual mode die sel en gine by pre mixed die sel com bus tion at low
loads which was achieved by early in jec tion and con ven tional die sel com bus tion at high loads.
The re sults in di cated that NOx and smoke could be de creased by this method. The ef fect of in jec -
tion rate shap ing has been in ves ti gated by Rottmann et al. [8] on small bore di rect ig ni tion (DI)
die sel en gines. The re sults show that the ramp mode re tards the com bus tion and re duces NOx

mass frac tions which are also ver i fied by the pres ent work for the stud ied heavy-duty DI die sel
en gine. The ef fect of fuel in jec tion rate has also been ex per i men tally in ves ti gated in early works
by Nishimura [9] in 1998 and it was found that in jec tion pat tern rep re sents an im por tant fac tor in 
emis sion re duc tion and com bus tion con trol. As for the spray-wall in ter ac tions, de tailed in ves ti -
ga tions of wall-spray de vel op ment are re ported in Mohammadi et al. [10] and Allocca et al.
[11]. Also, in the pre vi ous work by the au thors [12], the ef fect of spray im pinge ment on com bus -
tion pro cess and emis sion for ma tion was in ves ti gated at var i ous speeds by the same model. It
was shown that an in crease in en gine speed leads to in creased spray im ping ing and av er age wall
tem per a ture in cyl in der. Also at higher en gine speeds, com bus tion was de layed and fuel was
con sumed in a shorter time pe riod by the en hanced air and fuel mix ing. The shorter com bus tion
du ra tion pro vided less avail able time for soot and NOx for ma tion.

At the pres ent work, the 3-D CFD code AVL FIRE 8.31 has been used to study the ef -
fect of in jec tion modes on wall-film for ma tion, com bus tion pro cess and emis sion in the
OM-355 die sel en gine with the op ti mized com bus tion cham ber ge om e try. This pa per also dem -
on strates the use ful ness of mul ti di men sional mod els to gain in sight into the spray-wall,
spray-flow filed, and tur bu lence-mix ing in ter ac tions and to pro vide di rec tion for ex plor ing new
en gine con cepts about com bus tion pro cess and emis sion.

Model de scrip tion

The nu mer i cal model for heavy duty OM-355 die sel en gine with the spec i fi ca tions
on tab. 1 is car ried out us ing AVL Fire code. The Cal cu la tions are car ried out on the closed
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sys tem from in take valve clo sure
at –118 °CA to ex haust valve
open at 120 °CA. Ini tial pres sure
is set to 86 kPa and ini tial tem per -
a ture is cal cu lated by us ing of ex -
per i men tal air-fuel ra tio data in
the en gine. Con sid er ing the sym -
me try of the model, prob lem was
only solved for a quar ter sec tion
of the whole ge om e try. An anal y -
sis was car ried out on the ef fect of 
com bus tion cham ber ge om e try
prior to main cal cu la tions and re -
sults in di cated that us ing the
omega pis ton cusp im proved the
com bus tion pa ram e ters com -
pared to the base line cy lin dri cal
pis ton head. There fore the re sults
for the rest of cal cu la tions are
pre sented for the omega com bus -
tion cham ber type in this pa per.
Fig ure 1 shows the nu mer i cal
grid. The tur bu lent flow within the com bus -
tion cham ber is sim u lated us ing the RNG k-e
tur bu lence model, mod i fied for vari able-den -
sity en gine flows. Com bus tion pro cess is
mod eled by eddy breakup model. This model
as sumes that in pre mixed tur bu lent flames, the 
re ac tants (fuel and ox y gen) are con tained in
the same ed dies and are sep a rated from ed dies
con tain ing hot com bus tion prod ucts. The rate
of dis si pa tion of these ed dies de ter mines the
rate of com bus tion ac cord ing to eq. (1):
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The first two terms of the “min i mum value of” op er a tor de ter mine whether fuel or ox y -
gen is pres ent in lim it ing quan tity, and the third term is a re ac tion prob a bil ity which en sures that
the flame is not spread in the ab sence of hot prod ucts. Above equa tion in cludes three con stant
co ef fi cients (Cfu, tR, Cpr) and Cfu var ies from 3 to 25 in die sel en gines. An op ti mum value was
se lected ac cord ing to ex per i men tal data [13]. Spray breakup and drop let dis tri bu tion is mod eled
by ad vanced Wave Stan dard [14].  In this model the growth of an ini tial per tur ba tion on a liq uid
sur face is linked to its wave length and to other phys i cal and dy namic pa ram e ters of the in jected
fuel and the do main fluid.
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Ta ble 1. En gine spec i fi ca tions (OM-355 Mercedes Benz)

En gine type Heavy duty DI die sel en gine

In jec tor Centric/4 holes

In jec tion pe riod From –18 °CA up to 0 °CA

En gine speed at max torque 1400 rpm

En gine speed at max power 2200 rpm

Pis ton di am e ter* stroke 150 ´ 128 mm

Cyl in der vol ume 11.58 L

Peak of in jec tion pres sure 500 bar

Max out put power 240 hp

Max out let torque 824 Nm

Num ber of cyl in ders 6, ver ti cal type

Com pres sion ra tio 16.1:1

Ini tial in jec tion pres sure 195 bar

Swirl/tum ble Qui es cent

Figure 1. Outline of the computational mesh



Drop let par cels are in jected with char ac ter is tic size equal to the noz zle exit di am e ter
(blob in jec tion). The Dukowicz model was ap plied for treat ing the heat-up and evap o ra tion of
the drop lets. This model as sumes a uni form drop let tem per a ture. In ad di tion, the rate of drop let
tem per a ture change is de ter mined by the heat bal ance, which states that the heat con vec tion
from the gas to the drop let ei ther heats up the drop let or sup plies heat for va por iza tion. NOx for -
ma tion is mod eled by the Zeldovich mech a nism while, soot for ma tion is mod eled by Ken nedy,
Hiroyasu, and Magnussen mech a nism [15]. 

Wall-film model

Due to im per fect at om iza tion and evap o ra tion, a por tion of the in jected spray drop lets
im pact on the walls of the com bus tion cham ber and in spe cial con di tions, lead to for ma tion of a
wallfilm. This in flu ences the com bus tion pro cess and con se quently the pro duc tion of emis sions, 
as an in com plete com bus tion in the vi cin ity of the wall will re sult in high HC emis sions and soot
par ti cles. The spray-wall in ter ac tion model used in the sim u la tions was based on the spray-wall
im pinge ment model de scribed in [14-16]. At this model, be hav ior of the im ping ing drop let is in -
flu enced by ma jor fac tors like wall tem per a ture and Weber num ber which iden ti fies a num ber of 
im pinge ment re gimes. In prin ci ple, higher sur face tem per a tures pre vent the for ma tion of wall
film due to rapid boil ing or due to drop let re-bound ing be cause of the Leiden frost phe nom e non.
To gain in sight into this fact, a code was writ ten and in te grated with the AVL Fire solver to cal -
cu late the mean cyl in der sur face tem per a ture at de sired crank an gle. There are four spray-wall
in ter ac tion re gimes de pend ing on the in let drop let ve loc ity. At very low in let ve loc i ties the drop -
let sticks to the wall or to the wall film. When the in let ve loc ity in creases a va por or gas bound -
ary layer is trapped un der neath the drop let and causes the liq uid to re bound. Dur ing the re bound, 
parts of the ki netic en ergy are dis si pated and the out go ing nor mal ve loc ity is usu ally lower than

the in com ing nor mal ve loc ity. A fur ther in crease 
of the ve loc ity leads ei ther to the spread or the
splash re gime. In the spread re gime the com plete 
liq uid spreads along the wall with hardly any
nor mal ve loc ity. In the splash re gime a part of
the liq uid re mains near the sur face and the rest of 
it is re flected and bro ken up into sec ond ary drop -
lets. Fig ure 2 pres ents the re flec tion of a par cel
con tain ing drop lets at the wall. The wall film
mod ule takes care of the splash ing re gime of im -
ping ing drop lets.

Ac cord ing to cor re la tions by Mundo et al. [17, 18], the pre dom i nant in flu ence of drop -
let mo men tum and prop er ties as vis cos ity and sur face ten sion is taken into con sid er ation by in -
tro duc ing the dimensionless groups Reynolds num ber and Ohnesorge num ber for the par tic u lar
drop let ac cord ing to eqs. (2) and (3):

Re D = ^r

m

d u0 0 (2)

Oh =
m

rsd0

(3)
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Fig ure 2. Wall in ter ac tion of drop lets



The Reynolds num ber com pares mo men tum to vis cous forces, whereas the Ohnesorge 
num ber re lates vis cous forces to sur face ten sion. For the Reynolds num ber, only the wall nor mal 
com po nent u^0 of the ini tial drop let ve loc ity u0 is used, which ac counts for im pact an gle ef fects.
In ad di tion to the Weber num ber, a K-value [17] is de fined which is mod i fied form of a Weber
num ber is ac cord ing to eqs. (4) and (5):

We = (ReDOh)2 (4)

K = Oh
D

Re .1 25 (5)

This K-value is a char ac ter is tic quan tity which serves to dis tin guish be tween dif fer ent
im pinge ment re gimes and gen er ally is used as the key pa ram e ter for the splash ing model.

Re sults and discussion

Fig ure 3 show the com puted and mea sured in cyl in der pres sures and ex haust emis sion
for OM-355 DI base line die sel en gine [13]. The op er at ing con di tion is 1400 rpm and full load
state. As can be seen, there is a good agree ment be tween the mea sured data and the model pre -
dic tion. The good agree ment be tween the mea sured and com puted re sults for this en gine op er at -
ing con di tion (max i mum emis sion) gives con fi dence in the model pre dic tions, and sug gests that
the model may be used to ex plore new en gine con cepts about ef fects of spray-wall in ter ac tion on 
the emis sion and com bus tion pro cess at var i ous in jec tion modes.

The pre dicted re sults are pre sented in this sec tion for the three in jec tion rate modes
con sid ered.  Fig ure 4 shows the boot, ramp, and rect an gle in jec tion mode curves that which
were ap plied at the in jec tion pe riod. The amount of in jec tion rates are dimensionless val ues
which Fire code uses to cre ate in jec tion rate pro files. These val ues are mod i fied such that the
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Fig ure 3. Com par i son of cal cu lated and
mea sured [13] in-cyl in der pres sure and
emis sion data for base line die sel en gine at
1400 rpm



area un der the curve for all cases is equal. The
CFD code pro jects these curves on the in jec tion
pe riod spec i fied to en sure cor rect to tal fuel
mass is in jected in the cy cle.

Fig ure 5 shows the pre dicted pres sure, heat
re lease rate and emis sion data for the three in -
jec tion mode cases. Ac cord ing to the fig ure, the
rect an gle in jec tion rate re sults in high est peak
pres sure which leads to in creased mean in-cyl -
in der tem per a ture and thus in creas ing the NOx

mass frac tions (figs. 5, 8, and 11). Due to in jec -
tion of more fuel at the early parts of the in jec -

tion pe riod, low mix ing and tur bu lence in ten sity (see also fig. 6) in the rect an gle mode, soot for -
ma tion is in creased con sid er ably com par ing with boot and ramp modes. Mean while, the ramp
in jec tion mode has re tarded the com bus tion thus de creas ing the NOx mass frac tion. Be cause of
the fact that the larger por tion of fuel is in jected later in the in jec tion du ra tion in the ramp mode
and due to im proved air-fuel mix ing (see also fig. 5), the soot mass frac tion is con sid er ably de -
creases at this case com pared to the boot and rect an gle modes. The boot mode ex hib its av er age
re sults among the three types. 
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Fig ure 4. In jec tion mode curves

Figure 5. Mean in-cylinder pressure, heat release rate, NOx, and soot mass fractions for different 
injection modes



At the end of ramp in jec tion mode high in jec tion pres sures are nec es sary in or der to in -
ject the com plete fuel mass in the end of in jec tion time. Fur ther more, high in jec tion pres sures
are now ad van ta geous, be cause they en hance mix ture for ma tion and sup port the re duc tion of
soot at later crank an gles. Al to gether, a si mul ta neous re duc tion of soot and NOx can be
achieved, fig. 5. Also, in the pre vi ous work by the au thors [19], the ef fect of split in jec tion on
com bus tion pro cess and emis sion was in ves ti gated at full load state. It was shown that split in -
jec tion is one of other pow er ful tools that make the chance to shift the trade-off curve (soot and
NOx) closer to or i gin. 

It is clear that spray wall im pinge ment and the for ma tion of liq uid films may have an
im por tant ef fect on spray at om iza tion and mix ture for ma tion. In the case of film for ma tion on a
hot wall, which can hap pen, for ex am ple, in a small-bore or high pres sure in jec tion di rect in jec -
tion die sel en gine (ramp mode) if the spray im pinges on the hot pis ton sur face, its evap o ra tion
strongly in flu ences the mix ture for ma tion pro cess in the near wall re gion and must be stud ied by
CFD mod els. 

Fig ure 6 shows the spray-wall im pinge ment data and the pis ton wall tem per a ture for
the three in jec tion modes. The im pinged mass tends to in crease in the ramp mode due to larger
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Fig ure 6. Spray-wall im ping ing data and
av er age pis ton sur face tem per a ture for the
three types of in jec tion mode



in jec tion rates at this case. How ever, due to in creased pres sure and heat re lease rate for the de -
layed com bus tion and in creased pis ton sur face tem per a ture the wall-film evap o ra tion is in -
creased in this mode and this re sult in de creas ing the soot mass frac tions at the im ping ing zones
which are pri mary zones for soot for ma tion ac cord ing to data in lit er a ture (see figs. 9 and 10).

In the pre vi ous work by the au thors [12], the ef fect of spray im pinge ment was also in -
ves ti gated on com bus tion pro cess and emis sion for ma tion at var i ous speeds by the same
multi-di men sional model. To es tab lish a ref er ence to the re sults of spray im pinge ment data for
the pre vi ous work which is rel e vant to this pa per, fig. 7 in di cates the in crease in en gine speed
short ens the avail able time for the spray evap o rat ing and leads to more im pinged mass and high
wall tem per a ture. Also at high en gine speed, be cause of high tem per a ture in cyl in der and low
heat loss, pis ton sur face tem per a ture will in crease. Fur ther more, con tact with a hot wall at high
en gine speeds in ten si fies wall-film evap o ra tion. 

As shown in figs. 8 to 11, the im pinge ment zones with high tur bu lence in ten sity, im -
proved mix ture for ma tion and the higher tem per a ture than 2000 K is the NOx for ma tion area. In
ad di tion, the area with high equiv a lence ra tio, low tur bu lence in ten sity and the tem per a ture ap -
prox i mately be tween 1600 K and 2000 K is the soot for ma tion area. A lo cal soot-NOx trade-off
is ev i dent in these con tour plots, as the NOx and soot for ma tion oc cur on op po site sides of the
high tem per a ture re gion. The pre dic tion of wall spray height (fig. 9) at three states cap tures the
trend that an in crease of in jec tion pres sure (ramp mode) re sults in larger val ues of wall spray
height. The drop lets in the wall spray get larger tan gen tial ve loc i ties due to the in creased gas ve -
loc i ties along the wall, and larger nor mal ve loc i ties be cause of a more in tense splash ing. 
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Fig ure 7. Spray im pinged mass, mean
wall tem per a ture, and evap o rated film
mass vs. crank an gle for var i ous en gine 
speeds [12]



Sum mery and con clu sions

This pa per was ded i cated to study the ef fect of in jec tion rate mode on im pinge ment of
spray and the com bus tion pro cess in a DI die sel en gine us ing AVL Fire 8.31 code and the fol -
low ing re sults were ob tained:
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Figure 8. Plots of temperature in cylinder at
three injection mode over various crank angle

Figure 9. Plots of fuel spray, vapor, and wall
impingement at three injection mode over
various crank angle

Figure 10. Plots of soot mass fraction in cylinder
at three injection mode over various crank angle

Figure 11. Plots of NOx mass fraction in cylinder
at three injection mode over various crank angle



· Results of model for in cylinder pressure and exhaust emission at 1400 rpm and full load
state (maximum emission point) was compared with the corresponding experimental data
and show good agreement. Such verification between the measured and computed result for
this operating point gives confidence in the model prediction, and suggest that the model
may be used to explore new engine concepts. 

· The ramp injection mode has shown to retard the combustion  process and reduce the NOx

mass fraction due to decreased in-cylinder temperature, also the soot mass fraction decreases 
considerably at this case because of high pressure injection and high turbulence intensity.

· The rectangle injection mode has highest peak pressure and temperature and increases the
NOx and soot mass fractions compared to other cases.

· The use of different injection rate curves affects the combustion related properties and can be 
used as an alternative way to control combustion and emission in the diesel engines.

· Spray impinging was increased in the ramp mode due to larger injection rates and high
injection pressure.

· At the ramp mode, due to increased turbulence intensity and average piston surface
temperature, the wall film evaporation is intensified and mixture formation is optimized
which resulted in considerable decrease in soot mass fractions.
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No men cla ture

C –  empirical coefficient
do –  parcel diameter
m –  mass, [kg]
&r –  fuel consumption rate, [kgs–1]
S –  stoichiometric oxygen requirement;

–  source term
y –  mass fraction

Greek let ters

m –  viscosity
&r –  density, [kgm–3]

s –  surface tension
tR –  turbulent mixing time scale

Sub scripts

fu –  fuel
ox –  oxidizer
pr –  product
R –  reaction
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