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Nor mally, cyl in der pres sure was used as a cri te rion of com bus tion oc cur rence,
while in some con di tions, it may be un re li able when iden ti fy ing lean mix ture com -
bus tion. This is par tic u larly im por tant for fu els like liq ue fied pe tro leum gas, which
has good ca pac ity for lean com bus tion. In this study, a fast re sponse NO de tec tor,
based on the chemiluminescence method, was used to mea sure real time NO emis -
sions in or der to eval u ate the tech nique as a cri te rion for es tab lish ing com bus tion
oc cur rence. Test re sults show that real time NO emis sions can be used to iden tify
the cyl in der com bus tion and mis fire oc cur rence dur ing en gine crank ing, and real
time NO emis sions can be used to un der stand the com bus tion and mis fire oc cur -
rence. Real time NO emis sions mostly hap pened in first sev eral cy cles dur ing cold
start, and NO emis sions in creased with the spark tim ing ad vanc ing.

Key words: liquefied petroleum gas, spark ignition engine, cold-start, the first
firing cycle, NO emissions

In tro duc tion

Nowdays, de mands for emis sion re duc tion of the ve hi cle be came very ur gent which
lead to stricter emis sion reg u la tion. The cold start emis sion at –7 °C en vi ron men tal tem per a ture
was re quired in the Eu rope and the USA emis sion reg u la tion [1]. The re search shows that
50%~80% HC and CO emis sions was pro duced dur ing the cold start [2, 3]. Since the 1990s,
many re searches about HC emis sions dur ing the cold start were car ried out of China. Re cently,
the sim i lar re search was car ried on in China. Pro fes sor Huang [4, 5] etc. stud ied the HC emis -
sions and their in flu enc ing fac tors dur ing cold start. Yong [3, 6] etc., com bined with study of the
light off char ac ter is tic of the three-way-cat a lytic con verter, stud ied the emis sions and af fect ing
fac tors dur ing cold start and warm-up.

Those stud ies show that the ex cess air co ef fi cient was the key pa ram e ter for the first
fir ing cy cle (FFC) dur ing cold start. The mix ture con cen tra tion be ing too rich or too lean will in -
crease the HC emis sions of the FFC dur ing cold start sharply. There fore, the main ob ject was to
op ti mize the ex cess air co ef fi cient in the FFC dur ing cold start. HC emis sions were one of the
judg ments for the op ti mum mix ture con cen tra tion. While, study of HC emis sions were not
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enough to mon i tor for ma tion of the mix ture, com bus tion in the cyl in der and the cre ation of
emis sion in de tails on spark ig ni tion (SI) en gine. The real time NO emis sions can judge whether
the com bus tion in cyl in der hap pened or not be cause NO emis sions come out with com bus tion
and in creas ing with the com bus tion tem per a ture. There fore, the real time NO emis sions were
an other judg ment for the op ti mi za tion of the ex cess air co ef fi cient ex cept for cyl in der pres sure
and HC. The study about the real time NO emis sions started firstly by Peckham [7, 8] . He stud -
ied the real time NO emis sions emit ted from the cyl in der and ex haust valve on SI en gine
equipped with the real time NO de tec tion. Hands [9] stud ied the real time NO, CO, and HC
emis sions dur ing the first 505 sec onds of the FTP75 on four cyl in ders SI en gine. So far, no pa per 
were puplished about the real time NO emis sions dur ing cold start.

Equipments and test meth ods

The study was done in a four-stroke air-cooled port fu eled in jec tion SI sin gle cyl in der
en gine fu eled with LPG (en gine pa ram e ters are shown in tab. 1). A sin gle in jec tor was equipped

on the in take port. The LPG was in jected at
gas phase on 0.14 MPa con stant pres sure.
The ro ta tion en coder of CHA-1 and
Kistler6125b cyl in der pres sure (con nected
with WDF-3 charge am pli fier) was
equipped on the en gine. The mea sure ment
res o lu tion of cyl in der pres sure was 1 °CA.
The test was done at the con di tion of 20 °C
am bi ent tem per a ture, stan dard at mo sphere
and 12 V bat tery volt age.

The real time anal y sis and mea sure in -
stru ment – CombustionfNOx400 was used
to test the NO emis sions of the FFC dur ing
cold start. Com pared with the tra di tional
elec tronic chem is try meth ods, the re sponse
time of NO was short ened ap par ently by
CombustionfNOx400. The re sponse time
for real time NO was about 4 ms. The po si -
tion of NO probe was near the ex haust valve
(fig. 1). The NO emis sions sig nal, crank -
shaft ro ta tion an gle sig nal (CHA-1), cylin-
der pres sure (Kistler6125b), and en gine run -
ning pa ram e ter (the wa ter and cyl in der tem -
per a ture, throt tle open postion) were mea -
sured by the real time data ac qui si tion
sys tem.

The re search was car ried out based on
the cy cle by cy cle anal y sis of the first fir ing
cy cle dur ing the cold start. The pis ton of the
sin gle cyl in der en gine usu ally stops be fore
the com pres sion top dead cen ter (TDC). At
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Ta ble 1. The spec i fi ca tions of test en gine

Max i mum power 7.3 kW at 73 kW at 8500 rpm

Max i mum torque 8.7 Nm at 8500 rpm

Cyl in der di am e ter 56.5 mm

Stroke 49.5 mm

Com pres sive ra tio 9.2 

Figure 1. The location of the sample head

Figure 2. The relationship between fuel pulse time
and excess air coefficient



that time, the in take valve closed, the fuel in jec tion at that time will en ter the cyl in der in the next
cy cle. There fore the first fir ing cy cle in the ory was the next cy cle of the first in jec tion hap pened
with crank ing, i. e. the sec ond cy cle dur ing cold start. It was named as in ject ing then fir ing. In
the first crank ing cy cle, fuel quan tity of in jec tion and the ig ni tion ad vance an gle was con trolled
by soft ware. The real time data of en gine pa ram e ters were mea sured by the high speed data ac -
qui si tion sys tem. The LPG in jec tor was pro duced by KEIHIN. The re la tion ship be tween in jec -
tion pulse width and the ex cess air co ef fi cient was shown in fig. 2.

Test re sults and anal y sis

The judg ment of the fir ing
dur ing the cold start

Fig ure 3 shows the en gine char ac ter is tic us -
ing 2.2 ms in jec tion pulse width dur ing cold
start. From fig. 2, the ex cess air co ef fi cient cor -
re spond ing to that in jec tion pulse width was a
lit tle big ger, which means the mix ture con cen -
tra tion was very lean. Al though each cy cle had
one time fuel in jec tion, the mix ture con cen tra -
tion was not in creased im me di ately. The en -
gine did not fire un til the 5th cy cle when crank -
ing. The cyl in der pres sure and si mul ta neous
crank shaft speed af ter com bus tion in creased
ob vi ously com pared to the other cy cle. The real 
time NO in creased to more than 1200 ppm, the
peak value of cyl in der pres sure was 4 MPa, 
and speed was nearly 1600 rpm. Be cause of the
leaner mix ture, the fol low ing cy cle mis fired
which can be judged by the cyl in der pres sure,
speed, and NO emis sions.

The fuel in jec tion can be set on the de fined
cy cle by en gine con trol unit. As shown in fig. 4, 
the fuel was in jected only in the 5th and 6th cy -
cle dur ing the cold start; the other cy cle was
crank ing cy cle with starter mo tor with out fuel in jec tion. Be cause the fuel was in jected into the
in let air port be fore the com pres sion TDC, the mix ture can not en ter into cyl in der im me di ately
but in the fol low ing cy cle. There fore, the en gine fired in the 6th and 17th cy cle af ter the in jec tion
in the 5th and the 16th cy cle. Fig ure 4 shows the real time NO emis sion, the cyl in der pres sure, and 
the speed in creased rap idly in the cer tain cy cle. The two dif fer ent fir ing cy cles had al most 2.5
MPa peak value of cyl in der pres sure, and en gine speed is greater than 1500 rpm. For two fir ing
cy cles, the real time NO emis sions in creased from 0 to 1500 ppm rap idly. Since no fuel in jec tion 
in the fol low ing cy cle, the speed and cyl in der pres sure in the cy cle next to the two fir ing cy cles
drop quickly, and the real time NO emis sions de creased grad u ally. It was seen that the re sid ual
NO in the cyl in der dropped step by step, fi nally be came zero.
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Figure 3. Cold start characteristic of continuous
lean fuel injected

Figure 4. Transient characteristics of the engine
during the special cold start



The judg ment of mis fir ing cy cle dur ing cold start

Fig ure 5 shows that the en gine speed, cyl in -
der pres sure, and the real time NO emis sions
change with the con stant in jec tion pulse width.
That con stant pulse width is shorter than nor mal
which means the mix ture fuel is lean. It shows
that the first two drag ging cy cle fail to fire. It can 
be seen from lower cyl in der pres sure and crank -
ing speed. Be cause no com bus tion, the NO
emis sions did not in crease. Al though there was
no com bus tion in the first two cy cles, the fuel
mix ture con cen tra tion be came higher be cause of 
the re sid ual fuel. It led to the fir ing in the third
cy cle. The cor re spond ing peak value of cyl in der

pres sure in creased to 3 MPa, the speed in creased to 1500 rpm and NO changed greatly to 1000
ppm. The 4th cy cle mis fired be cause of the lean mix ture again. The NO emis sion dropped
quickly, the cyl in der pres sure and speed de creased as well. The 1st fir ing cy cle in creased the cyl -
in der tem per a ture, made the com bus tion con di tion better. There fore, the en gine fired suc cess -
fully af ter the 5th cy cle. From fig. 5, the NO emis sion in the 5th cy cle in creased sharply. Com -
pared with the 5th cy cle, the NO emis sions de creased ob vi ously in the 6th cy cle. It shows that the
NO emis sion de creased when en gine runs smoothly in idle. At that time, en gine did not need too
much fuel to sus tain the com bus tion and com bus tion tem per a ture de creased. Whether the com -
bus tion is suc cess ful or not can be judged clearly based on the real time NO emis sions (fig. 5).

Fig ure 6 shows the same curve as fig. 5. But
the in jec tion pulse width in creased 100 ms com -
pared with fig. 5. The en gine suc ceed to fire in
the 2nd cy cle, the peak value of cyl in der pres sure
ex ceeded the 2 MPa, the speed in creased to 1400 
rpm, the real time NO emis sion in creased greatly 
from 0 to 1200 ppm. Due to the lean mix ture, the
3rd and 4th cy cle mis fired af ter the 2nd cy cle. The
NO emis sions de creased grad u ally. The 5th cy cle 
had a vi o lent fir ing. In that cy cle, the peak value
of cyl in der pres sure in creased to 4.5 MPa rap -
idly, the NO emis sions in creased greatly to 2200
ppm, the speed in creased to 1500 rpm. The 6th

cy cle be longed to the sta ble com bus tion cy cle.
The cyl in der pres sure de creased a lit tle com pared with the for mer cy cle. The NO emis sions had
a small peak value be fore the open ing of the ex haust valve. But the lean mix ture made the un sta -
ble com bus tion and mis fir ing in the 7th cy cle.

The char ac ter is tics of the real time NO emis sions dur ing cold start

The main quan tity of the real time NO emis sions came out in the 1st sev eral cy cles dur -
ing cold start. The NO emis sions de creased grad u ally in the fol low ing cy cle. Be cause of the
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Figure 5. Characteristics of NO emissions for
the misfiring cycle during cold start

Figure 6. Characteristics of NO emissions for
the misfiring cycle during cold start



worse com bus tion con di tion dur ing cold start, the richer mix ture con cen tra tion was used for the
1st sev eral cy cles to make sure of the suc cess ful com bus tion. At that time, the cyl in der pres sure
and com bus tion tem per a ture in creased sharply which lead to greats of NO emis sions. When en -
gine run smoothly in idle, the en gine need less com bus tion heat to sus tain as the 1st sev eral cy -
cles of cold start. The com bus tion heat and NO emis sions de creased grad u ally. Fig ure 7 shows
that the in stan ta neous crank shaft ro ta tion speed, cyl in der pres sure, and the NO emis sions when
the ex cess air co ef fi cient was 0.78 in the 1st cy cle (us ing the same in jec tion pulse width and ig ni -
tion ad vance an gle in the fol low ing cy cle). As shown in fig ure, with the suc cess ful fir ing in the
1st cy cle, the en gine speed in creased to 1500 
rpm rap idly and was sta ble around the idle
speed in the fol low ing cy cle. The cyl in der
pres sure in creased to 4.4 MPa with the suc -
cess ful fir ing and de creased grad u ally in the
fol low ing sta ble com bus tion. When the ex -
haust valve open in the 1st cy cle, the real
time NO emis sions in creased rap idly to
2200 ppm. It shows that the com bus tion
tem per a ture in the cyl in der in creased
greatly which lead to a lot of NO emis sions.
Fol low ing the suc cess ful cold start, the cyl -
in der pres sure and en gine speed come to sta -
ble, the NO emis sions de creased. Be cause
of the fast chang ing of the ex cess air co ef fi cient and higher tem per a ture in cyl in der in the 1st sev -
eral cy cles, the NO emis sions in creased rap idly. That phe nom e non was very sim i lar to ac cel er a -
tion pro cess. The rule can be found to op ti mize the com bus tion and re duce the real time NO
emis sions.

Fig ure 8 shows the real time NO emis sions vs. the ig ni tion ad vance an gle at the 1st cy -
cle. The ex cess air co ef fi cient was 0.78 at the 1st cy cle. The ig ni tion ad vance an gle was 20 °CA
bTDC, 15 °CA bTDC, and 10 °CA bTDC at the 1st cy cle. The fol low ing cy cle had same ig ni tion
ad vance an gle and fuel in jec tion quan tity. Only the real time NO emis sions were shown in fig. 8, 
not in clud ing the cyl in der pres sure and en gine speed curve cor re spond ing to those three ig ni tion 
ad vance an gle. The en gine had suc cess fully sta ble idle af ter cold start (fig. 8 sim i lar to fig.7).
The NO emis sions mainly came out from
the early pe riod of cold start (fig. 8). The NO 
emis sions de creased grad u ally with the sta -
ble idle speed. Af ter ex haust valve open at
the first cy cle, the real time NO emis sions
in creased greatly in all three ig ni tion ad -
vance an gles. The 20 °CA bTDC had the
high est peak value of NO emis sions (2500
ppm). NO emis sions at 15 °CA bTDC and
10 °CA bTDC are 2200 ppm and 2000 ppm,
re spec tively. With the same fuel in jec tion at
the 1st cy cle, the NO emis sions in creased
with ad vanc ing of the ig ni tion ad vance an -
gle. The NO emis sions in the fol low ing cy -
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Figure 7. Transient characteristics during cold start

Figure 8. Variation in real time NO emissions during
the cold start with the spark timing of the 1st firing
cycle



cles de creased grad u ally and were al most same be cause of the same ig ni tion ad vance an gle and
fuel in jec tion quan tity.

Con clu sions

� Because the NO emissions coming out together with combustion, the real time NO emissions 
can be used as the criterion for the firing cycle during cold start.

� This test proved that the real time NO emissions can be used as the criterion for misfiring
cycle during cold start because of no combustion in the misfiring cycle.

� Because the worse combustion condition, a richer mixture was used in the 1st several cycles
to make sure the successful cold start. The real time NO emissions were mainly produced in
the first several cycles during cold start, decreased gradually in the following cycles when
engine speed came to stable.

� When the mixture concentration keeps constant during cold start, the real time NO emissions 
increased with the advancing of the ignition advance angle.
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Ac ro nyms

bTDC –  before top dead centre
FFC –  first firing cycle

LPG –  liquid petroleum gas
TDC –  top dead centre


