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Abstract 

A series of experiments using a single-cylinder direct injection 
diesel engine was conducted to investigate the smoke 
reduction effect of post injection while varying numerous 
parameters: the post-injection quantity, post-injection timing, 
injection pressure, main-injection timing, intake pressure, 
number of injection nozzle orifices, and combustion chamber 
shape. The experiments were performed under a fixed NOx 
emission condition by selecting the total injection quantities 
needed to obtain the predetermined smoke emission levels 
without post injection. The smoke reduction effects were 
compared when changing the post injection timing for different 
settings of the above parameters, and explanations were found 
for the measured smoke emission trends. The results indicate 
that close post injection provides lower smoke emission for a 
combination of a reentrant combustion chamber and seven-
hole nozzle. The same trend was also found in the tests that 
varied the injection pressure, main-injection timing, and intake 
pressure. However, a lower sensitivity of the smoke emission 
to the post injection timing was observed when using an 
injection nozzle with a larger number of orifices and a toroidal 
combustion chamber. The smoke reduction rate at the best 
post injection timing was higher for a lower injection pressure, 
larger number of nozzle orifices, and toroidal combustion 
chamber. The reasons for these trends were investigated, 
giving attention to the relation between the main spray flames 
and post sprays. 

Introduction 

Automotive diesel engines are often equipped with common-
rail fuel injection systems, and multistage injection strategies 
have played a significant role in combustion control to satisfy 
the stringent emission regulations with higher thermal 
efficiency and lower combustion noise. Post injection, in which 
a small amount of fuel is injected after the end of the main 
injection, has been proved to have a smoke-reduction effect 
when the post injection conditions were optimized. However, 
no smoke reduction effects are obtained, and negative effects 
are also observed when the post injection timing and quantity 
deviate from the proper settings for each engine operating 
condition. Many researchers have investigated the effect of 
post injection [1-13]. Ikemoto et al. showed that close post 
injection reduces smoke emission [10], whereas Desantes et 
al., in contrast, showed that retarded post injection reduces 
smoke emission [7]. The smoke reduction effect of post 

injection against the post injection timing seems to depend on 
the operating conditions and specifications of the engine. 

Ikemoto suggested a smoke reduction mechanism for post 
injection based on the results of experiments using an optical 
engine with a small bore: the main spray flame impinges on the 
side wall of the piston bowl and bounds back. Then, it flows 
along the bottom of the piston bowl to the center region of the 
combustion chamber. As time passes, the tip of the main spray 
flame rolls up and blocks the path of the post spray. When 
applying early post injection, the post spray is able to entrain 
sufficient oxygen before the main spray flame reaches the path, 
as shown in Fig. 1(a). In this case, soot from the main spray 
decreases because a portion of the main injection fuel is 
moved to the post injection and, in addition, soot from the post 
injection is suppressed. Therefore, close post injection leads to 
low smoke emission. On the other hand, retarded post injection 
entrains a high-temperature and low-oxygen mixture from the 
main spray flame, which rolls up to interrupt the post spray (Fig. 
1(b)). Therefore, soot from the post injection increases, which 
leads to a smaller smoke reduction effect from the post 
injection.  

Desantes performed experiments using a small-bore engine 
and pilot-main-post three-stage injection, and reported that the 
smoke emissions had little dependence on the post injection 
timing in the case of a small amount of post injection. The 
smoke level was always close to that in the case of a reduced 
main injection without post injection, in which the total injection 
mass was reduced by the removal of the post injection. The 
phenomena were explained by the separate combustions of 
the main and post sprays, or "split flame." On the other hand, 
in the case of a large amount of post injection, a close post 
injection increased the smoke emission compared with the 
case without post injection. However, retarding the post 
injection provided a lower smoke emission, and the smoke 
level approached that of the reduced main injection without 
post injection. In this case, the reason for the smoke trend was 
also explained by the “split flame.”  
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cases and 33 mm3/cycle for high-smoke cases. The post-
injection quantity qpost was set at 2, 4, and 6 mm3/cycle.  

Figure 5 shows the smoke, CO, THC, intake O2, indicated 
thermal efficiency, and indicated mean effective pressure 
(IMEP) against the post-injection timing for the low- and high-
smoke cases. The results of two cases without post injection 
(pilot  main) and (pilot  reduced main) are also shown. 
Reduced main injection means that the total injection mass 
was reduced by the removal of the post injection. To maintain 
the NOx concentration, the EGR rate was increased as the 
post injection was advanced because the heat release from the 
post spray was advanced, and therefore the in-cylinder 
temperature around the TDC increased. This reduced the 
intake O2 concentration. Nevertheless, the smoke emission 
decreased with the advance in the post injection. The reason 
for this phenomenon was already explained in the Introduction. 

The smoke emission for the largest post injection quantity case, 
qpost = 6 mm3/cycle, was higher than that without post injection 
at post injection timings later than 14°ATDC for the high-smoke 
case and later than 11°ATDC for the low-smoke case. The 
spread and roll-up of the main spray flame in Fig. 1 would be 
suppressed in this case. However, the post spray region was 
rapidly expanded by the large quantity of post injection, which 
led to a stronger interaction between the main spray flame and 
post spray. On the other hand, for the most advanced post 
injection, the smoke emission was not significantly higher than 
in the other post injection quantity cases. The CO and THC 
emissions were less affected by the post injection conditions. 
The IMEP and indicated thermal efficiency were almost the 
same or superior for the close post injection compared to those 
without post injection. However, they decreased as the post 
injection timing was retarded because of the lower degree of 
constant volume. The post injection timing only slightly affected 
the exhaust temperature because the range of the timing was 
not very wide: the rise in the exhaust temperature by post 
injection was within 5 K compared to the case without post 
injection, which means that the influence on the aftertreatment 
will be small. 

 

 
Figure 5. Effects of post injection quantity on performance and 
emissions (upper: low smoke, lower: high smoke). 

Effect of Injection Pressure 

The effect of the injection pressure pj was investigated, with pj 
set at 70, 90, and 125 MPa. The total injection quantities for 
each injection pressure are listed in Table 3. 

Table 3. Total injection quantities for various injection pressures. 
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Low 
Smoke 

25.0 mm3/cycle 29.0 mm3/cycle 31.0 mm3/cycle

High 
Smoke 

31.0 mm3/cycle 33.0 mm3/cycle 34.0 mm3/cycle

 

Figure 6 shows the effects of the injection pressure on the 
performance and emissions. The CO and THC data are not 
shown in this figure because they were only slightly influenced 
by the post injection conditions. Increasing the injection 
pressure reduced the smoke reduction effect, which means the 
smoke difference between the most advanced post injection 
case and the two-stage injection case without post injection. 
Under late post injection conditions, higher injection pressures 
(90 and 125 MPa) increased the smoke emission compared 
with the two-stage injection case. This effect was remarkable in 
the low-smoke case. Increasing the injection pressure 
enhanced the penetrations of both the main and post sprays, 
and led to a strong interaction between them. A decrease in 
the smoke emission with the advance of the post injection was 
observed in every injection pressure case. However, the 
change in the smoke emission with the post injection timing 
was very small in the low-smoke case with the lowest injection 
pressure. This was probably because there was a weak 
interaction between the main spray flame and post spray 
regardless of the post injection timing, caused by the small 
main injection quantity and low penetration of the post spray. 

 

 
Figure 6. Effects of injection pressure on performance and emissions 
(upper: low smoke, lower: high smoke). 

Effect of Boost Pressure 

The boost pressure pb was varied from 120 to 140 kPa (abs.). 
The increase in pb from 120 to 140 kPa reduced the smoke 
emission without post injection from 2 to 1 FSN. The total 
injection quantities are listed in Table 4. 
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The results are shown in Fig. 7. In addition, in the case with a 
higher boost pressure, a tendency for the smoke to decrease 
with the advance of the post injection appeared, and the boost 
pressure hardly affected the smoke emission at the most 
advanced post injection. The suppression of the spread of the 
main spray flame by a higher in-cylinder density and the 
enhancement of the interaction by an increase in the main 
injection quantity would cancel each other out. 

 

 
Figure 7. Effects of boost pressure on performance and emissions 
(upper: low smoke, lower: high smoke). 

Effect of Main-Injection Timing 

The main-injection timing main was varied in the range of 1° to 
3ATDC. The total injection quantities are listed in Table 5. 

Table 5. Total injection quantities for each main-injection timing. 

 main = 1ATDC 1ATDC 3ATDC 

Low 
Smoke 

27.0 mm3/cycle 29.0 mm3/cycle 28.5 mm3/cycle

High 
Smoke 

32.0 mm3/cycle 33.0 mm3/cycle 33.0 mm3/cycle

 

The results are shown in Fig. 8. The smoke emission 
decreased with an advance in the post injection regardless of 
the main injection timing. At the same post injection timing, the 
retarded main injection provided a reduced smoke emission. 
This included the effect of the shorter interval between the 
main and post injections when retarding the main injection, 
which would avoid the strong interaction. Figure 9 shows a 
compilation of the smoke emissions against the interval 
between the start of the main injection and the start of the post 
injection. In both the high- and low-smoke cases, the smoke 
value is almost decided by the interval, irrespective of the main 
injection timing.  
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Figure 8. Effects of main-injection timing on performance and 
emissions (upper: low smoke, lower: high smoke). 

 
Figure 9. Effect of injection interval on smoke emission. 

Effect of Nozzle Specification 

A comparison was made of nozzles with 7 and 10 holes and 
the same flow rate. The orifice diameters were 0.125 mm for 
the 7-hole nozzle and 0.105 mm for the 10-hole nozzle. The 
total injection quantities are listed in Table 6. 

Table 6. Total injection quantities for injection nozzles with 7 and 10 
holes. 

 7-hole nozzle 10-hole nozzle

Low 
Smoke 

29.0 mm3/cycle 28.0 mm3/cycle

High 
Smoke 

33.0 mm3/cycle 32.0 mm3/cycle

 

The results are shown in Fig. 10. The 10-hole nozzle provided 
a different smoke emission tendency against the post injection 
timing. Retarding the post injection initially reduced the smoke 
emission, whereas further retarding it to 21°ATDC increased 
the smoke emission again. Compared with the 7-hole nozzle, 
the smoke emission was less sensitive to the post injection 
timing, especially in the low-smoke case. Figure 11 shows the 
heat release rates for post injection timing post values of 11 
and 17ATDC. The injection duration for the 10-hole nozzle 
was slightly longer than that for the 7-hole nozzle as a result of 
adjusting the injection quantity. The peaks of the heat release 
rate by post injection were not very different for the two nozzles 
at post  11ATDC. On the other hand, at the later post 
injection timing of 17ATDC, the heat release rate peak by post 
injection with the 10-hole nozzle was higher than that with the 
7-hole nozzle. As a result of the shorter spray penetration by 
the smaller orifices of the 10-hole nozzle, close post injection 
may have caused interaction between the main spray tail and 
the post spray. Retarding the post injection would have 
weakened such interaction. In addition, the spread of the main 
spray flame was slower because of the shorter penetration of 
the main spray, which would suppress the main spray flame’s 
interference with the post spray. Further retarding the post 
injection would increase the interaction because the main 
spray flame would enter the path of the post spray. However, 
the interaction for the 10-hole nozzle seemed to be weak 

8 12 16 20
0

1

2

3 16

17

180.46

0.48

0.50

0.52 0.80

0.85

0.90

0.95

S
m

ok
e 

   
F

S
N

Post injection timing   ATDC

w/o postw/o post

     
     
     

(4 mm3 reduced)
  
  
  

     
main 

      with post

 1 ATDC     
   1 ATDC    
   3 ATDC    

                w/o post
 (pilot+main_reduced)

w/o post
(pilot+main)

In
ta

ke
 O

2
   

%

In
di

ca
te

d 
th

er
m

al
 e

ff.

 

IM
E

P
  M

P
a

 

8 12 16 20
0

1

2

3 16

17

180.44

0.46

0.48

0.50 0.8

0.9

1.0

1.1

S
m

ok
e 

   
F

S
N

Post injection timing   ATDC
                w/o post
 (pilot+main_reduced)

w/o post
(pilot+main)

In
ta

ke
 O

2
   

%

In
di

ca
te

d 
th

er
m

al
 e

ff.

 
IM

E
P

  M
P

a

 

0

1

2

3

8 12 16 20
0

1

2

3

(reduced)    

high smoke

 w/o post     
main

     with post   w/o post

        
         
        

1 ATDC         
  1 ATDC          
  3 ATDC          

                
                
                 

S
m

ok
e 

   
  F

S
N

low smoke

Injection interval   CA
                w/o post
 (pilot+main_reduced)

w/o post
(pilot+main)



Page 8 of 11 

 

because of the short penetrations of both the main and post 
sprays, which resulted in the weak influence of the post 
injection timing on the smoke emission. 

 

 
Figure 10. Effects of nozzle specification on performance and 
emissions (upper: low smoke, lower: high smoke). 

 
Figure 11. Heat release rates of 7-hole nozzle and 10-hole nozzle at 
post = 11 and 17ATDC under low-smoke condition. 

Effect of Combustion Chamber Shape 

A toroidal combustion chamber T55 was compared with Re55, 
the standard reentrant combustion chamber. The total injection 
quantities are listed in Table 7. 

Table 7. Total injection quantities for two combustion chambers. 

 Re55 T55 

Low 
Smoke 

29.0 mm3/cycle 25.0 mm3/cycle

High 
Smoke 

33.0 mm3/cycle 29.0 mm3/cycle

 

The results are shown in Fig. 12. In contrast to the standard 
case (Re55), the post injection timing did not have much 
influence on the smoke emission for the toroidal combustion 
chamber (T55). T55 exhibited a smoke emission tendency that 
was similar to that mentioned above for the 10-hole nozzle. 
The injection quantity for T55 was less than that for Re55, and 
T55 did not have the squish lip, which allowed part of the 
mixture from the main spray to flow into the squish area. 
Therefore, the fuel mass contained in the piston bowl was 
smaller for T55. This caused a slower development of the main 
spray flame, as in the 10-hole nozzle. 
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Figure 12. Effects of combustion chamber shape on performance and 
emissions (upper: low smoke, lower: high smoke). 

Comparison of Amounts of Smoke Reduction 
by Post Injection for Various Conditions 

In order to compare the smoke reduction effects by post 
injection with different parameters, the smoke reduction rate  
is defined as α = ∆S⁄∆S0, which is illustrated in Fig. 13. Here, 
∆S is the smoke-emission difference between the case of two-
stage injection without post injection (pilot + main, "A" in Fig. 
13) and the case with post-injection (pilot + main + post, "B"). 
These cases have the same total injection quantity. ∆S0 is the 
difference between the case of two-stage injection (pilot + main, 
"A") and the case of two-stage injection with a reduced main 
injection (pilot + reduced main, "C"). ∆S indicates the reduction 
in smoke emission when post injection is employed instead of 
increasing the quantity of the main injection. ∆S0 is a reference, 
and represents the reduction in the smoke emission when a 

fuel quantity corresponding to the post injection is removed 
from the main injection in two-stage injection mode "A." A 
negative  indicates that the addition of post injection causes a 
large increase in smoke emission by increasing the soot from 
the main spray combustion (promoting soot generation and/or 
interrupting the soot oxidation) and/or increasing the soot from 
the post spray combustion. If  exceeds unity, this indicates 
that the post injection markedly reduces the smoke emission, 
not only by avoiding soot from the post spray but also by 
significantly reducing the soot from the main spray. In this case, 
an extra smoke reduction effect is obtained, in addition to the 
effect by the reduction of the main injection quantity. 

 
Figure 13. Definitions of ∆S and ∆S0. 

The values of , ∆S, ∆S0, and total injection quantity qf for all 
the above results are listed in Table 8. In each parameter 
test,was calculated for the selected post injection timing that 
provided the largest reduction in the smoke emission.  neither 
fell below zero nor exceeded unity in any case under the 
experimental conditions in this study: the fixed NOx emission 
and limited parameter ranges. This means that a smoke 
reduction effect could certainly be obtained by using post 
injection if the post-injection timing is properly selected. On the 
other hand, the above-mentioned extra smoke reduction effect 
was not observed. 

The toroidal combustion chamber (T55) and increased number 
of nozzle orifices (10 holes) provided a high for both the 
high- and low-smoke cases. As already mentioned, the spread 
of main spray flame was slower in these cases. This realized 
weak interaction between the main and post spray/flame, 
which led to a higher smoke reduction rate when soot from the 
post spray was suppressed by selecting the post injection 
timing. A high value of  was also observed in the lower 
injection pressure case (70 MPa) and advanced main injection 
case (1ATDC) for the low-smoke case. Regarding the effect 
of the main injection timing, the larger smoke reduction at the 
advanced injection timing seemed to be caused by the reduced 
main-post injection interval (Fig. 9). The lower injection 
pressure would weaken the interaction between the main and 
post spray/flame for a smaller total injection quantity, while the 
interaction was not suppressed when the injection quantity was 
increased. 

The increased post injection quantity (6 mm3) and higher 
injection pressure (125 MPa) provided a markedly lower in 
the case of low smoke. As already described, the enhanced 
penetration of the post spray would be the cause of the smaller 
smoke reduction effect in these cases. In the case of the 
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increased post injection quantity, the post spray would 
strengthen the interaction with the main spray flame. In 
addition, it would be an additional source of smoke emission, 
especially in the case of lower soot from the main spray flame. 
On the other hand, for the higher injection pressure, the 
intensive interaction would be a major reason for the lower . 

Thus, an overall explanation seems to be possible considering 
the interaction between the main and post spray/flames. 

Conclusions 

An experimental study was carried out with pilot-main-post 
three-stage injection using a single-cylinder diesel engine and 
changing the post injection timing using different settings for 
various parameters: the post-injection quantity, injection 
pressure, boost pressure, main-injection timing, number of 
injection nozzle orifices, and combustion chamber shape. 
Experiments were performed under a fixed NOx emission 
condition by selecting total injection quantities that made it 
possible to obtain predetermined smoke emission levels for the 
pilot-main two-stage injection mode. The smoke reduction 
effects of post injection were compared when changing the 
above parameters. The following conclusions are derived: 

 When using the standard combination of combustion 
chamber and injection nozzle (reentrant and 7-hole 
nozzle), advancing the post injection reduced the smoke 
emission below the smoke level without post injection 
under the condition of a fixed total injection quantity. This 
smoke emission trend against the post injection timing 
was not qualitatively influenced by varying the post 
injection quantity, injection pressure, boost pressure, or 
main injection timing. 

 The sensitivity of the smoke emission to the post injection 
timing decreased for a nozzle with an increased number 
of nozzle orifices (10-hole nozzle) and a toroidal 
combustion chamber. The smoke reduction effect of post 
injection was obtained even at a late post injection timing. 

 The smoke reduction rate, which was defined as the 
decrease in smoke emission from employing post 
injection relative to the decrease by reducing the main 
injection quantity, fell to within 0–1 when the post injection 
timing was selected to obtain the minimum smoke 
emission in each parameter test. This meant that the 

smoke reduction effect was always obtained by selecting 
the proper post injection timing for the range of 
parameters in this study. The smoke reduction rate 
depended on the parameter and the reference level of the 
smoke emission.  

In this study, qualitative explanations that considered the 
interaction of the main spray flames and post sprays were 
given for the smoke emission trend when the various 
parameters were changed. Further study is required to provide 
more detailed and quantitative explanations. Swirl flow is a 
factor in controlling the interaction between the main spray 
flame and post spray, as previously reported [14]. In addition, 
the thermal effect of the post spray flame would be important. 
To improve the explanation of the soot reduction mechanism 
by post injection, further experiments and computational fluid 
dynamics simulations will be performed in future work. 
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Definitions/Abbreviations 

dQ/d Rate of heat release 

qf Total injection quantity 

qmain Main injection quantity 

qpilot Pilot injection quantity 

qpost Post injection quantity 

main Main injection timing 

pilot Pilot injection timing 

post Post injection timing 

pb Boost pressure 

pj Injection pressure 

S Smoke-emission difference between the case 
of two-stage injection (pilot + main) and the 
case with post-injection (pilot + main + post) 

S0 Smoke-emission difference between the two 
cases of two-stage injection (pilot + main) and 
(pilot + reduced main) 

 Smoke reduction rate 

DPF Diesel particulate filter 

ECU Electronic control unit 

EGR Exhaust gas recirculation 

FSN Filter smoke number 

IMEP Indicated mean effective pressure 

JIS Japanese industrial standards 

TDC Top dead center 

 
 


