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An ig ni tion de lay is a very com plex pro cess which de pends on a great num ber of pa -
ram e ters. In prac tice, def i ni tion of the ig ni tion de lay is based on the use of cor re la -
tion ex pres sions. How ever, the cor re la tion ex pres sions have very of ten lim ited ap -
pli ca tion field. This pa per pres ents a new cor re la tion which has been de vel oped
dur ing the re search pro ject on the di rect in jec tion M-type die sel en gine us ing both
the die sel and biodiesel fuel, as well as dif fer ent val ues of a static in jec tion tim ing. A 
dy namic start of in jec tion, as well as the ig ni tion de lay, is de fined in two ways. The
first ap proach is based on mea sure ment of a nee dle lift, while the sec ond is based on 
mea sure ment of a fuel pres sure be fore the in jec tor. The lat ter ap proach re quires
cal cu la tion of pres sure sig nals de lay through the fuel in jec tion sys tem and the vari -
a tion of a static ad vance in jec tion an gle chang ing. The start of a com bus tion and
the end of the ig ni tion de lay is de fined on the ba sis of mea sure ments of an in-cyl in -
der pres sure and its point of sep a ra tion from a skip-fire pres sure trace. 
The de vel oped cor re la tion gives better pre dic tion of the ig ni tion de lay def i ni tion for 
the M-type di rect in jec tion die sel en gine in the case of die sel and biodiesel fuel use
when com pared with the clas sic ex pres sion by the other au thors avail able in the lit -
er a ture.
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In tro duc tion

The pro cess of a fuel auto ig ni tion in the in ter nal com bus tion (IC) die sel en gines is a
re sult of nu mer ous close re lated, com plex phys i cal and chem i cal pro cesses that are of ten called
an ig ni tion de lay. Ac cord ing to usual def i ni tions, the ig ni tion de lay starts with an in jec tion of
liq uid phase of fuel into the work ing cham ber of the IC en gine. The pro cesses which fol lows are: 
de vel op ment of spray, dis per sion, and evap o ra tion of fuel. All of the men tioned pro cesses rep re -
sent a phys i cal ig ni tion de lay.

The first chem i cal pre-ig ni tion re ac tions be tween the fuel and ox y gen start dur ing the
evap o ra tion pro cess of the in jected fuel. The auto ig ni tion of the air/fuel mix ture in an evap o -
rated phase oc curs af ter the com ple tion of the chem i cal ignition delay.

It is very com plex to sep a rate the phys i cal and the chem i cal ig ni tion de lay. Ad di tion -
ally, ther mo dy namic bound ary con di tions of the pro cess are con tin u ously chang ing. Changes of 
the ther mo dy namic bound ary con di tions of the pro cess are caused by the pis ton move ment, as
well as by cool ing of the com bus tion cham ber walls due to the im pinge ment and evap o ra tion of
the in jected fuel. A lo cal equiv a lent air/fuel ra tio is in flu enced by the evap o ra tion of fuel, dif fu -
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sion, and spa tial move ment of the work ing mix ture. Since chem i cal ig ni tion de lay mostly de -
pends on the tem per a ture, pres sure, and equiv a lent air/fuel ra tio, a auto ig ni tion of the in jected
spray de pends on de vel op ment of the phys i cal pa ram e ters. At the end of the ig ni tion de lay and
the first lo cal auto ig ni tions, the combustion process evolves in a manner determined by the
level of heterogeneity. 

The main dif fer ence in a pro ce dure of the air/fuel mix ture for ma tion in the die sel and
gas o line en gines, as well as in the in dus trial flame de vices could be rec og nized in a fact that the
tem per a ture dif fer ence be tween air and fuel is greater in the case of the die sel en gine. An a lyz ing
the ex pres sion by Arhenius [1-3] one can no tice that the tem per a ture has a sig nif i cant in flu ence
on pro cesses of chem i cal re ac tions. High tem per a tures will have an in flu ence on a fuel struc ture
in the case of the fuel mix ture with a hot air in the die sel en gine. Mol e cules of the fuel, es pe cially 
in the case of het er o ge neous mix tures, lead to for ma tion of per ox ides with im pul sive par tial re -
ac tions. The pro cess of mol e cules de cay fol lows, where this de cay ac cel er ates auto ig ni tion.
From the other side, the rest of the mol e cules be come richer with car bon which is an in ert in re -
ac tion and causes a soot for ma tion. With a re lease of hy dro gen from a mol e cule, the mol e cule
leaves with out the nat u ral cat a lyst be cause the car bon re ac tion is ac cel er ated to a de sired value
by a fi nal prod uct of the hy dro gen re ac tion but only if this re ac tion is hap pen ing on a mo lec u lar
level. The greater in creas ing of the tem per a ture dur ing the com bus tion pro cess leads to de cay
pro cesses that can not be stopped, un til the to tal break down of mol e cules. In that way, the usual
char ac ter of re ac tions is achieved in the die sel en gine, the high speed of re ac tions at the
beginning, related with noise and finally an ad di tional ox i da tion of the car bon. 

In or der to over come all of dis ad van tages re lated with the clas sic fuel sup ply of the die -
sel en gine, the M-sys tem of the die sel fuel in jec tion makes pos si ble a set ting of a wide and a fine
film of fuel on walls of a ball shape work ing cham ber [4]. Fuel in tro duced into the work ing cham -
ber in this way is not forced to mix with the air on high tem per a tures which is the case with the
other sys tems of the mix ture for ma tion. The fuel in tro duced into the work ing cham ber with the
M-sys tem is heated up to the al lowed val ues. In this way, ox y gen from the air could be ac cepted by 
the fuel in small quan ti ties with out the ox y gen hy drau lic “muf fle” and si mul ta neous pre heat ing of
the fuel mol e cule. Self ig ni tion of the non-con trolled large fuel quan tity is avoided [4].

Se lec tion of a small dis tance be tween the in jec tor or i fice and the walls of the com bus -
tion cham ber en ables only a small quan tity of fuel set apart from the in jected spray. A part of the
fuel lo cated on the wall of the work ing cham ber grad ual heats and evap o rates. A speed of evap o -
ra tion de pends on a tem per a ture between the wall and gas.

Only evap o rated part of the fuel can par tic i pate in the mix ture for ma tion. The mix ture
for ma tion hap pens very fast be cause of a gas phase of the fuel and a sig nif i cant speed of air mo -
tion. Evap o rated parts of fu els did not ex posed to any or a very small de cay and they cre ate a
mix ture that combusts due to ig ni tion by the other sources. The sources could be red-hot parts of
car bons cre ated by self ig ni tion of a small fuel quan tity during the initial phase.  

Back ground

Nu mer ous ex pres sions for the def i ni tion of the ig ni tion de lay for the IC en gines, as a
func tion of pa ram e ters of the IC en gine and a state of the work ing mix ture in cyl in der, could be
found in the lit er a ture. Most of them are based on the Arrhenius law of com bus tion speed in the
fol low ing form:

tid
Re

A

= -Ap b

E

T
~

(1)

where A and b are co ef fi cients and EA the ac ti va tion en ergy.
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Dis ad van tage of the ex pres sion (1) could be rec og nized in an in ad e quate in ter pre ta tion 
of the ig ni tion de lay and the ex pres sion could be used only for def i ni tion of the chem i cal ig ni -
tion de lay. In or der to de ter mi nate the whole ig ni tion de lay, it is nec es sary to in cor po rate def i ni -
tion of the phys i cal ig ni tion de lay. Ex pres sions in te gral the phys i cal and chem i cal ig ni tion de -
lays have a more com plex form than ex pres sion (1). Also, a prob lem of tem per a ture (T) that
should be used in ex pres sion (1) ex ists. Tak ing into con sid er ation the lit er a ture sources, the first
group of au thors thinks that the gas tem per a ture at the fuel in jec tion should be used, while the
sec ond group uses the av er age tem per a ture in the work ing cham ber dur ing the ig ni tion de lay.
Sim i lar opin ions ex ist in the case of the pres sure in the cham ber.

Ma jor ity of the ex pres sions for the def i ni tion of the ig ni tion de lay were based on se lec -
tion of the ap pro pri ate val ues of a pres sure and a tem per a ture re lated with the state of en gine, for
ex am ple, a pres sure and a tem per a ture at start of the in jec tion pro cess, pfi and Tfi, re spec tively.
Ad di tion ally, it could be de clared that an in flu ence of the en gine load, de fined by the equiv a -
lence air/fuel ra tio, dur ing com pres sion stroke is de fined us ing only state of air Tic and pic at the
in take valve clos ing (in di rectly by co ef fi cient of re sid ual gas ses), while speed loads has an in flu -
ence di rectly on Tfi and pfi [5]. Se lec tion of p and T on this way could in tro duce a cer tain er ror in
the cor re la tion ex pres sions. 

Tak ing into con sid er ation the fact that all cor re la tion ex pres sions pre sented in the lit er -
a ture are semi em pir i cal and achieved by the mea sure ments on cer tain en gines, on a cer tain
speed and load re gimes, us ing a cer tain fuel type, a ques tion re gard ing its uni ver sal ity for ap pli -
ca tion in other cases could be raised.

This pa per an a lyzes fre quently used semi em pir i cal ex pres sions from the lit er a ture
[6-11]. The in ten tion is to check ap pli ca tion of these ex pres sions on the die sel en gine with the
M-sys tem of the fuel in jec tion in the case of the die sel and biodiesel fuel use. An a lyzed cor re la -
tions are sys tem at i cally pre sented in tab. 1. Sub se quently, the ex per i men tal re sults are used to pro -
pose a mod i fied ex pres sion for the M-sys tem en gine op er at ing with die sel or biodiesel fuel.

The ap proach to de vel op ment of a new cor re la tion ex pres sion is based on the fact that
the pe riod of the ig ni tion de lay should be a func tion of a pres sure, a tem per a ture, prop er ties of
used fu els and en gine speed re gimes. The ar gu ments for this ap proach are based on a phys i cal
in tu ition and chem i cal ki netic con sid er ations. 

The first part of the pa per con tains the ba sic in for ma tion re gard ing the re search ob ject,
as well as set tings for the ex per i men tal re search ing in or der to ob tain re li able data for def i ni tion
of the ig ni tion de lay. The sec ond part is to ob tain the cor re la tion ex pres sion as a func tion of the
fol low ing vari ables: pres sure, tem per a ture, fuel type, and en gine speed. The ex pres sion for def i -
ni tion of the ig ni tion de lay is cre ated based on the re sults of re search ing on the en gine, as well as
on the dif fer ent static ad vance in jec tion an gle. The fi nal part of the pa per pres ents pos si bil i ties
for the pre dic tion pe riod of the ig ni tion de lay us ing the new cor re la tion ex pres sion and the com -
par i son with the ex per i men tal results.

Ex per i men tal setup

The ex per i men tal in ves ti ga tion is car ried out in the Lab o ra tory for IC En gines on the
Fac ulty of Me chan i cal En gi neer ing, Uni ver sity of Maribor, Slovenia. The ob ject of re search ing
is the die sel en gine M.A.N. of D2566MUM type. The mod ern equip ment with sev eral mea sure -
ment chains and dig i tal reg is ter ing and pro cess ing is used dur ing the re search. Ad di tion ally, the
mea sure ment de vices with out pos si bil i ties for au to matic reg is tra tion and data ac qui si tion are
used too. The ba sic in for ma tion re gard ing the IC en gine and the die sel fuel in jec tion sys tem
used dur ing the re search are pre sented in tabs. 2 and 3, re spec tively.
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Ta ble 3. Ba sic in for ma tion of the diesel fuel in jec tion sys tem

In jec tion sys tem In-line die sel fuel in jec tion pump equipped with gov er nor and tim ing de vice

Fuel in jec tion pump  
Type

Bosch PES 6A
95 D410 LS2541

Tim ing de vice Me chan i cal fly weight

– Speed max i mum 1230 rpm
In jec tor man u fac turer
Type

Bosch
DLLA 25 S 834

– Fuel ling (fuel
– quan tity)

131 + 2 mm3

per cy cle per cyl in der
– Nee dle open ing
– pres sure 175 bar

– Pump plunger
– (di am e ter ´ lift) F 9.5 mm ´ 8 mm

– Max i mum of the
– nee dle lift 0.30 mm

Gov er nor
Bosch RQ
250/1100 AB 965 DL

Fuel pipe
(di am e ter ´ length) F 6/F 1.8 ´ 900 mm
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Ta ble 1. Cor re la tions for def i ni tion of pe riod of ig ni tion de lay [6-11]
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Ta ble 2. Ba sic in for ma tion of the M. A. N. D2566MUM IC die sel en gine

En gine type 6-cyl in der, in-line, as pi rated, hor i zon tal die sel en gine

Dis place ment 11413 dm3
Con. rod length 244 mm

Bore 125 mm Ef fec tive power/speed 160 kW/2200 rpm

Stroke 155 mm Com pres sion ra tio 18:1



The M-type die sel en gine was tested us ing an
elec tri cal dy na mom e ter.  Other pa ram e ters that are
not closely re lated with the def i ni tion of the ig ni -
tion de lay are mon i tored too for ver i fi ca tions.

Pres sure in a cyl in der, pres sure af ter the high
pres sure pump, and pres sure be fore in jec tor are
mea sured by the pi ezo elec tric sen sors. The lo ca -
tion of pi ezo elec tric sen sor in a head of the first cyl -
in der is shown in fig. 1, whilst the lo ca tion of a sen -
sor for mea sur ing pres sure be fore the in jec tor is
shown in fig. 2. These pi ezo elec tric sen sors are
con nected to the am pli fier Kistler, of 5007 type and 
a con nec tor block NI SCXI-1301. This mod ule en -
ables data trans fer to an 8-chanell dif fer en tial am -
pli fier mod ule NI SCXI-1140 for sam pling [12]. A
nee dle lift was mea sured by an in duc tive sen sor
and its sig nals were reg is tered by the data ac qui si -
tion sys tem.

The data ac qui si tion sys tem is built on the NI
plat form, SCXI se ries with the data ac qui si tion card
type NI AT-MIO-16E-2 built in a PC [12]. This card 
pro vides data pro cess ing with 16 in de pend ent an a -
log in puts, 12-bit res o lu tion and 500 kS/s speed
sam pling. A nec es sary soft ware sup port is ob tained
by the com puter pro gram LabVIEW 7.0 where the
whole al go rithm for the data ac qui si tion is com -
pleted. NI DAQmx is used for fast and ef fi cient set -
ting of pa ram e ters for each in put pa ram e ters. In or -
der to de fine a re al is tic start of an in jec tion and 
com bus tion, ad di tional rou tines nec es sary for post
pro cess ing are de vel oped us ing FORTRAN.

The en gine test re gimes are se lected in the way
that they en able re al is tic com par i son of en gine op -
er a tions for the use of dif fer ent fu els (die sel,
biodiesel, and its mix tures). Dur ing the re search
pro ject, a spe cial care is ded i cated to a cal o rific fuel
value, and the main ob jec tive is to achieve al most
the same ef fec tive en gine power in the case of the
use of dif fer ent fu els. The en gine speeds at full load
re gime are var ied from the min i mum (1000 rpm) to the max i mum gov erned (2200 rpm) speed.

The re sults of re search ing, pre sented in the pa per, are re lated with al ready men tioned
re gimes of the en gine op er a tion and for the static ad vance in jec tion an gle of 21 deg bTDC and
23 deg bTDC. The rea son for se lec tion of these val ues could be ex plained by the re sults of the
pre vi ous re search pre sented in [13] where the op ti mal re gime of the en gine op er a tion in the case
of biodiesel fuel and pol lut ants emis sions, en gine pow ers, and spe cific fuel consumptions are
achieved for 21 deg, bTDC. Ac cord ing to the ref er ences of the en gine man u fac turer, an op ti mal
an gle of the ad vance in jec tion in the case of the die sel fuel is 23 deg bTDC.
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Fig ure 1. Pi ezo elec tric sen sor lo cated in
the cyl in der head

Fig ure 2. Lo ca tion of pi ezo elec tric sen sor for
pres sure reg is tra tion in HP line be fore
in jec tor



Since fu els used in this pa per are die sel and biodiesel, as well as its mix tures, it is nec -
es sary to de fine the ba sic char ac ter is tics of pure fu els that are pre sented in tab. 4.

Ta ble 4. Ba sic phys i cal and chem i cal prop er ties of die sel and biodiesel fu els

Properties Die sel Biodiesel

Den sity at 15 °C [kg/m3] 845 865

Ki ne matic vis cos ity at 40 °C [mm2/s] 2.5 4.3

Cal o rific value [MJ/kg] 42.6 37.3

Cetane num ber 46 >49

Con tents

– mass fraction of carbon
– mass fraction of hydrogen
– mass fraction of sulfur
– mass fraction of oxygen

0.860
0.134
0.003

–

0.7750
0.1210
0.0001
0.1040

Stoichiometric com bus tion ra tio 14.5 12.4

Sound ve loc ity [m/s] 1430 1460

The HP pump is equipped with a tim ing de vice for a static ad vance an gle. A char ac ter -
is tic of the tim ing de vice could be ex pressed as fol lows:

jV CA= -0012 1200. ( ) [deg ]n (2)

in the case of the HP pump speed range 1200-2200 rpm.
In ter est ing an gles that de fine the ig ni tion de lay (jid) are: tim ing de vice an gle (jV),

static ad vance in jec tion an gle (jSA), dy namic ad vance in jec tion an gle (jDA), and an gle of sig -
nals de lay be tween the HP pump and the start of in jec tion (jD).The men tioned an gles, as well as
the pro file of a nee dle lift (h) is shown in the fig. 3. Fig ure 3 shows how a nee dle lift de fines a
start of in jec tion and how start of com bus tion is de fined us ing a lo ca tion of in-cyl in der pres sure
trace sep a ra tion from skip-fire pres sure trace. The first der i va tion of the pres sure curve in func -
tion of crank shaft an gle was used to check start of com bus tion pro cess.

Ex per i men tal tech nique for de ter min ing start of in jec tion

In or der to an a lyze the ig ni tion de lay it is nec es sary to iden tify a start of in jec tion into
the work ing cham ber of the IC en gine and the start of com bus tion de fined as the end of the ig ni -
tion de lay.

Dur ing the re search, a dy namic ad vance in jec tion an gle is de fined in two ways. The
first way is based on a known ge om e try of the fuel in jec tion sys tem, a known nee dle open ing
pres sure and a mov ing static ad vance in jec tion an gle due to an ac tion of tim ing de vice. The sec -
ond way is based on us ing mea sured a nee dle lift. The start of com bus tion is de fined on the ba sis
of pro cess ing the in-cyl in der pres sure.

The sim plest way for def i ni tion of the start of the dy namic in jec tion is mea sur ing nee -
dle lift. The start of the nee dle lift de ter mines a start of a fuel in jec tion.
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In the case that di a gram of the nee dle lift is un known and know ing char ac ter is tic val -
ues of the fuel in jec tion sys tem, based on the fig. 3, the dy namic ad vance in jec tion an gle could
be found in the following way:

jDA = jSA + jV – jD (3)

where the an gle of sig nal de lay be tween the high pres sure pump and the start of in jec tion (jD),
de pend ing on a de sign of the fuel in jec tion sys tem, could be rep re sented like a sum of the de lay
of the fuel flow through the high pres sure line (jDP) and a de lay of the fuel flows through the in -
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Fig ure 4. Pres sure af ter pump and be fore in jec tor and nee dle move ment at 2200 rpm in case of
die sel fuel use

Fig ure 3. In flu ence of
tim ing de vice on static
ad vance in jec tion
an gle on 1600 rpm in
case of die sel fuel use



jec tor (jDI), that is shown in fig. 4. The de scribed method for de ter mi na tion of the start of in jec -
tor nee dle lift was used in or der to con firm ex per i men tal ob tained val ues:

jD = jDP + jDI (4)

For ex am ple, the val ues of an gles jDP, jDI1, and jDI2, pre sented in fig. 4 are ob tained
dur ing the mea sure ment of a dy namic pres sure at the start and the end of the high pres sure pipe,
as well as reg is ter ing di a gram of a nee dle lift.

Be sides the an gle of a sig nal de lay be tween the high pres sure pump and the start of in -
jec tion, caused by a de lay of the fuel flows through the high pres sure pipe, as it shown in fig. 4, a
pe riod for set ting enough high pres sure in the sys tem in or der to lift a nee dle from its seat (jDI1 in 
fig. 4) has an in flu ence on the dy namic ad vance in jec tion an gle. Fi nally, an an gle of sig nals
(waves) de lay through the whole sys tem with a known length of pipe and an in jec tor, a sound ve -
loc ity and an en gine speed, could be de fined us ing the fol low ing ex pres sion:

j j j j jD DP DI1 DI2 p i DI1= + + = + +
6n

a
l l( ) (5)

The start of com bus tion as the end of pe riod of the ig ni tion de lay is dif fi cult to de ter mi -
nate pre cisely. There are sev eral ap proaches for its de ter mi na tion, but ev ery sin gle ap proach
brings cer tain un re li abil ity. De pend ing on the cri te ria se lec tion, the re sults achieved us ing cer -
tain meth ods could be dif fer ent. One of the most re li able ap proaches for de fin ing the start of
com bus tion and the end of the ig ni tion de lay is to use a di a gram of the in-cyl in der pres sure. This
ap proach is based on a sud den gra di ent of an in di cated pres sure curve, caused by a start of com -
bus tion. Us ing of lu mi nos ity de tec tors, that de tect the flame ap pear ance, rep re sents an al ter na -
tive method for def i ni tion of the ig ni tion de lay. How ever, the ex pe ri ences in this field show that
a vis i ble flame ap pear ance is de layed in re la tion with a sud den change of an in-cyl in der pres sure 
gra di ent caused by com bus tion [6-8, 11]. Some au thors [8] sug gested that the start of com bus -
tion should be de fined us ing sec ond or even third de riv a tive of pres sure an a logues tech niques
from the gas o line IC en gines for the ap pear ance of knock ing. This phe nom e non is very close to
a pro cess of self ig ni tion in the die sel en gines and for this rea son the men tioned method of fers
pos si bil i ties for the au to matic data pro cess ing.

Start of com bus tion was de ter mi nate on two dif fer ent ways in this re search ing. The
first way was based on us ing in-cyl in der pres sure di a grams and the skip-fire pres sure traces,
while sec ond way was based on us ing the first der i va tion of pres sure in func tion of crank shaft
an gle.

An ex am ple of the start of com bus tion def i ni tion at an en gine speed of 1600 rpm and a
use of the die sel fuel at a static ad vance in jec tion an gle of 21 deg bTDC, is shown in fig. 3.

Cor re la tion for ig ni tion de lay

The ex pres sion for the def i ni tion pe riod of the ig ni tion de lay at the M-type die sel en -
gine is pre sented here based on ex per i ments de scribed above. The im por tant pa ram e ters in the
cor re la tion ex pres sion are: pres sure (pfi) and tem per a ture (Tfi) in a cyl in der at the start of the fuel
in jec tion, an en gine speed (n) and a type of used fuel de fined by the cetane num ber (CN), ac -
cord ing to tab. 1. In or der to de fine an ap pro pri ate cor re la tion ex pres sion for the ig ni tion de lay,
cer tain num bers of other ex pres sions pre sented in the lit er a ture were an a lyzed. The most rel e -
vant ap proach for this work was the ap proach pre sented in [14]. By mod i fi ca tions, the cor re la -
tion ex pres sion con ve nient for the ig ni tion de lay def i ni tion in the case of the M-type die sel en -
gine pow ered by dif fer ent fu els is ob tained [15]:
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The con stants in the cor re la tion ex pres sion (6) are de fined on the ba sis of the ex per i -
men tal re sults, as well as the use of sta tis ti cal meth ods like minimization of least-square er ror in
or der to achieve min i mum dif fer ences be tween the mea sured and the cal cu lated re sults.

In or der to make a val i da tion and test pos si bil i ties of the new cor re la tion ex pres sion,
the re sults of cal cu la tion are com pared with the re sults ob tained by the ex ist ing ex pres sions.
Fig ures 5 and 6 rep re sent the re sults of cal cu la tion ob tained by the use of ex pres sions by Tolstov 
and Assanis et. al. (see tab. 1), as well as the re sults ob tained by the use of the new cor re la tion
ex pres sion in the case of the die sel and biodiesel fu els used at the static ad vance in jec tion an gles
of 21 and 23 deg bTDC. Two dif fer ent in jec tion an gles were used in this re search ing. In jec tion
an gle of 23 deg bTDC is rec om mended in jec tion an gle de clared by mo tor man u fac turer in case
of us ing pure die sel fuel, while an gle of 21 deg bTDC is a op ti mal so lu tion for achiev ing en gine
char ac ter is tics like power and pol lut ant’s emis sions in case of die sel and biodiesel fuel use [13].

It could be no ticed some dif -
fer ences (fig. 6) in start of com -
bus tion be tween the cases of
pure die sel and biodiesel us age
on higher en gine speeds. Rea -
sons for such dif fer ences could
be ex plained by cir cum stances
that fol lowed the mea sure ments
and they have no phys i cal mean -
ing.

Al though the ex pres sions by
Tolstov and Assanis are con cep -
tu ally dif fer ent, these ex pres -
sions give very close re sults.
How ever, these correla- tions
give sig nif i cantly dif fer ent val -
ues for the ig ni tion de lay in
com par i son with the re al is tic
val ues ob tained by the ex per i -
ments. An a lyz ing the re sults
pre sented in figs. 5 and 6, the
new cor re la tion ex pres sion
gives a very good pre dic tion of
the ig ni tion de lay in the case of
all in flu enced pa ram e ters: type
of used fuel, en gine speed, and
static ad vance in jec tion an gle.

De creas ing value of the static 
ad vance  in jec tion  an gle  from
23 deg bTDC  to 21 deg bTDC,
or i .  e. with a later start of the in -
jec tion, short ens the ig ni tion de -
lay. The rea sons for this fact
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Fig ure 5. Com par i son of ig ni tion de lay jid be tween die sel and
biodiesel fu els in case of static ad vance in jec tion an gle of 
23 deg bTDC



could be found in better con di tions for
the air/fuel mix ture ig ni tion due to
higher val ues of the pres sure and the
tem per a ture nearer to TDC. Fur ther -
more, the anal y sis of ob tained re sults
show in creased dif fer ences in the ig ni -
tion de lay be tween the die sel and
biodiesel fu els with re tard in jec tion, es -
pe cially at greater en gine speeds. Due
to the greater cetane num ber of
biodiesel and with the better con di tions
of the air/fuel mix ture ig ni tion, dif fer -
ence in the com bus tion pro cess in the
case of the die sel and biodiesel fu els
be comes more vis i ble.

Con clu sions

A new de vel oped cor re la tion ex -
pres sion for the def i ni tion of the ig ni -
tion de lay char ac ter ized by the di rect
in jec tion of the M-type die sel en gine in
the case of the die sel and biodiesel fu els 
use is pre sented in this pa per. Mea sure -
ments of an in di cated pres sure, a pres -
sure af ter the high pres sure pump, a
pres sure be fore the in jec tor, and a nee -
dle lift are done for the com plete en gine 
speed range of the IC en gine in the case
of the die sel and biodiesel fu els use and
for the dif fer ent val ues of the static ad -
vance in jec tion an gle. The time (an gle)
of a start of the in jec tion (dy namic ad -

vance in jec tion an gle) is de fined by a nee dle lift or in other words by a nee dle lift from its seat.
Know ing all nec es sary de sign pa ram e ters of the fuel in jec tion sys tem, a nee dle open ing pres sure 
and tim ing de vice char ac ter is tics, the dy namic ad vance in jec tion an gle is checked by the sec ond
method pre sented in the pa per. The com pared re sults are in a very close agree ment.

The pe riod of the ig ni tion de lay is set as a dif fer ence be tween the start of in jec tion and
the start of com bus tion or the fuel self ig ni tion. The point of sep a ra tion of the in-cyl in der pres -
sure trace from the skip-fire pres sure trace is cho sen as a start of com bus tion. The re sults of cal -
cu la tion are based on the ex per i men tal val ues of the in-cyl in der pres sures for the re quested time
(an gle) mo ments like pfi and pCB, while the tem per a tures Tfi and TCB are de fined us ing the state
equa tion  based on the mea sured val ues of air flow through the man i fold. The new cor re la tion
ex pres sion is com pared with the cor re la tion ex pres sions by Tolstov and Assanis et.al. It is no -
ticed that the cor re la tion gives more re al is tic re sults for the M-type die sel en gine on dif fer ent en -
gine speeds in the case of dif fer ent fu els use. By com par i son of the new cor re la tion ex pres sion
with the ex per i men tal re sults one can no tice a po ten tial of the cor re la tion re gard ing the de ter mi -
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Fig ure 6. Com par i son of ig ni tion de lay jid be tween die sel
and biodiesel fu els in case of static ad vance in jec tion an gle
of 21 deg bTDC



na tion of the ig ni tion de lay at the di rect in jec tion M-type die sel en gine in the case of dif fer ent fu -
els use in all en gine speed re gimes and dif fer ent static ad vance in jec tion an gles.

No men cla ture
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a –  sound velocity, [ms–1]
CN –  cetane number of fuel, [–]
EA –  activation energy, [KJmol–1]
h –  needle lift, [mm]
l –  length, [mm]
n –  engine speed, [rpm]
p –  pressure, [bar]
~
R –  universal gas constant, [kJkmol–1K–1]
T –  temperature, [K]

Greek let ters

t –  time, [ms]
j –  crankshaft angle, [deg]

Sub scripts

CA –  crankshaft angle
CB –  combustion beginning
D –  signal delay

DA –  dynamic advance injection angle
DI –  delay of fuel flow through injector
DI1 –  period of pressure rise in the injector
DI2 –  period of signal delay through injector
DP –  delay of fuel flow through pipe
fi –  start of fuel injection
i –  injector
ic –  intake valve closing
id –  ignition delay
m –  average value
p –  pipe 
SA –  static advance injection angle
V –  timing device

Ab bre vi a tion

bTDC –  before top dead centre
HP –  high pressure
TDC –  top dead centre
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