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Introduction 
Gasoline Direct Injection (GDI) engines are the 
next generation of gasoline fuelled engines. Their 
greater fuel economy and reduced CO2 emissions 
compared with previous technology port fuel 
injection (PFI) engines has led to their popularity. 
However, GDI engines produce a greater number 
of particulate matter (PM) emissions than PFI 
engines. The forthcoming European legislation to 
regulate particulate emissions from gasoline 
powered vehicles following concern over the 
health effects of airborne nano-sized particles, has 
led to an increased interest in the study of PM 
formation, measurement, and characterisation. 
 
When new vehicles are certified for road use they 
undergo a number of tests. In this case, the test of 
interest is the test for emissions over a defined 
drive cycle. The current drive cycle used in Europe 
is the New European Drive Cycle (NEDC). New 
vehicles today are required to meet the EU6 
emissions standard, where  the particulate mass 
emission limit used for previous emissions 
regulations is replaced by a Particulate Number 
(PN) emission limit set at 6x10

11
 particles per km 

(with a derogation to 6x10
12

 particles per km 
permitted until 1 September 2017). The test for 
counting particulates in the range from 23nm to 

in the 
European PMP project and has a number of 
parameters which must be controlled in order to 
maintain a fair test; these include for example the 
temperature, humidity, and the fuel used.  The 
latter is the parameter under investigation in this 
work. 
 

 
It is not surprising that different fuels lead to 
different levels of PN emissions, and it is almost 
inevitable that even a single engine will not always 
be tested with the same fuel.  So when 
comparisons are made between tests using 
different fuels, then it would be useful to have a 

 guide to the particulate forming potential 
 of the fuel that could enable a correction 
 to be made based on the key fuel 
 properties.  
 

Honda, in a paper by Aikawa et al. [1], 
conducted tests with a Port Fuel Injection 
(PFI) engine and developed a model (the 
PM index) linking fuel composition with PM 
emissions.  It links PM emissions with the 
Vapour Pressure (VP) and Double Bond 
Equivalent (DBE) of the components in the 
fuel weighted by Mass Fraction (Wt): 

 

            
      

   

    
 

 

   

 

 
DBE is a measure of how unsaturated a 
hydrocarbon is, and can be easily 
calculated from: 

 

    
          

 
 

 
Where C, H, and N are the number of 
Carbon, Hydrogen, and Nitrogen atoms 
respectively present in an organic 
compound.  As an example, toluene (methyl 
benzene, C6H5.CH3) has a DBE of 4, the 
corresponding saturated compound would 
be heptane (C7H16), which has a DBE of 0. 

 
Method and Results 

 
Honda found a strong correlation between 
the PM index and measured particulate 
emissions.  The aim of this work was to 
review this index by independently 
controlling the volatility and double bond 
equivalent content of a fuel using a modern 
GDI combustion system and extend the 
index to be particulate number based.  The 
European industry standard is to display 
fuel composition in terms of volume fraction 
(Vi) and to evaluate vapour pressure as Dry 
Vapour Pressure Equivalent (DVPE) in kPa 
so these terms have been used in a 
modified index.  
The particulate number index (PN index) 
developed is defined as: 

 

         
            

  
   

          
 

 
 
The PN index is of course not an exact 

 quantity, and a potential error can be  
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calculated for it, by filtering down the 
reproducibility from the appropriate test methods 
(specified in [2] ,  nd  ssuming   ‘worst c se’ 
effect of each of the errors.  These error bars have 
been plotted on the displayed PN index on the 
experimental results. 
 
Having modified the index so, it has been tested 
on three different GDI engines, a Jaguar Land 
Rover single cylinder research engine, a Jaguar 
Land Rover AJ133 Naturally Aspirated V8 engine, 
and a Jaguar Land Rover AJ126 Supercharged 
V6.  All of these engines were connected to 
dynamometers in a laboratory rather than in 
vehicles. The single cylinder research engine in 
place in Oxford is shown in Figure 1. PM 
emissions have been analysed using a 
Cambustion DMS500 fast particulate 
spectrometer, which measures particles with 
diameters 5-1000nm, which covers the range of 
interest.   

 

Figure 1: The Jaguar Land Rover single 
cylinder research engine in the 

laboratory in Oxford 

The single cylinder research engine used had the 
capability of optical access into the combustion 
chamber, enabling the use of a high-speed 
camera to take images of the fuel sprays.  Imaging 
of in-cylinder evaporation and in-cylinder 
measurement of hydrocarbons showed how the 
composition of model fuels and their behaviour in-
cylinder affects their PM emissions. This is shown 
in Figure 2 where fuels with two different 
volatilities are compared. These images were 
used to refine the model fuel design, as the two 
fuels showed different evaporation characteristics 
which were leading to different PN emissions (the 
fuel on the right gives a more well mixed mixture 
and hence lower particulate emissions). 

 

Figure 2: False colour images of a 
model fuel spray a) fuel with pentane 
and b) fuel without pentane, units of 
CAD after the start of injection. It can 

be seen that the spray on the right 
penetrates further into the cylinder 
before evaporating giving a better 

mixed mixture and hence lower 
particulate emissions.  Were the fuel to 
penetrate far enough to impinge on the 

surface of the piston or the cylinder 
walls the reverse effect would be 

observed with a significant increase in 
PN emissions from burning liquid fuel 

In order to test the PN index scientifically, 
initially model fuels were mixed, mimicking 
commercial gasolines, but independently 
controlling the parameters of the index 
(DBE and DVPE).  The results (shown in 
Figure 3) showed that the PN index is 
followed closely using model fuels for both 
of the parameters of interest.  
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Figure 3: PN emissions from the model fuels 
showing close agreement with the PN index 

 
Having verified the PN index using model fuels, 
the PN index was also tested using commercial 
fuels on a single cylinder engine and a V8 engine; 
the results again showed that the PN index is also 
an excellent predictor of PN emissions for market 
fuels from both of these engines.  
 
As the trends of PN index had been shown to hold 
for commercially available gasolines, the Euro 5 
reference test fuel for emissions tests were 
investigated.  The emission test standard specifies 
a parameter range for the test fuel [2], known as a 
reference fuel. These parameters can be arranged 
to give a maximum and minimum PN index 
possible with a reference fuel meeting the 
specification, as seen in  
 
 
Table 1.  It can be seen that a variation in the 
index of  pproxim tely 24 % is theoretic lly 
possible.  
 

 

 

Table 1: Reference fuel parameters for 
greatest PN index variation 

 
Min PN 
index 

Max PN 
index 

DVPE (kPa) 60.0 56.0 

DBE + 1 (% v/v) 2.19 2.53 

PN index 
(1/kPa) 

3.65 4.51 

 
Two fuels (here referred to as Fuels A and 
B) were blended to give these two 

extremes.  These fuels were then tested 
both in the single cylinder research 
engine, and in the Jaguar Land Rover 
AJ133 V8 engine.  The results obtained 
are shown  in Figure 4.  It can be 
seen that these two  EU5 reference 
fuels in fact give a larger  variation 
in PN emission than that  predicted 
by the PN index, about a factor  of 2.  This 
has very important implications  for any 
EU6 reference fuel standard and 
 the associated testing method, 
given that  PN emissions from GDI 
engines are  legislated. 

 
 

 

Figure 4: PN emissions from Fuels A 
and B which were blended to give two 
extremes within the Euro 5 reference 

fuel specification 

 
The PN index has also been investigated 
in a Jaguar V6 engine tested over a 
simulated NEDC with five different fuels 
with a spread of calculated PN indices. 
The results show that the trends of the PN 
index are followed, but not as closely as 
predicted. Detailed analysis shows that 
this discrepancy is due to other effects, for 
example the effect of cold start, 
dominating the PN emissions in certain 
phases. 
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Figure 5: PN emissions over NEDC (APC 

results), the error bars correspond to ± σ for 

the particulate results and a potential 

maximum and minimum for the PN index 

 
Conclusions 
 
A PN index has been developed to predict PN 
emissions from fuels. A range of fuels has been 
tested on three different GDI engines to test this 
PN index.  High speed imaging has been used 
along with other techniques to design model fuels 
to validate this PN index based on its constituent 
parameters. 
 
The PN results from a single cylinder research 
engine validate previously observed results 
suggesting that the PN index is a useful tool in 
predicting PN emissions.  Results using 
commercially available fuels on both a single 
cylinder engine and a V8 engine show that the PN 
index is a good predictor of PN emissions, and an 
important parameter. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Drive cycle results were more mixed, with 
other factors masking the effect of the PN 
index.  In addition it has been seen that 
different parameters in the PN index have 
differing impacts on the PN emission from 
different parts of the NEDC. PN emissions 
were evaluated from two fuels 
representing the EU5 reference fuel 
specification, developed using the PN 
index to give a difference  in PM 
emissions. Testing these fuels on 
 two different engines has shown 
up to a  factor of three variation in 
observed PN  emissions. This has 
important implications  for European 
emissions legislation. The  results of 
these tests were fed through  ACEA 
(European Automobile  Manufacturers' 
Association) into the  recommendations 
for the now current EU6  reference 
fuel specification. 

 
More detailed results from this work are 
the subject of current [3] and future 
publications. For more information, please 
contact the author at 
felix.leach@eng.ox.ac.uk 
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This publication contains general information and, 
although SMMT endeavours to ensure that the 
content is accurate and up-to-date at the date of 
publication, no representation or warranty, express 
or implied, is made as to its accuracy or 
completeness and therefore the information in this 

publication should not be relied upon. Readers 
should always seek appropriate advice from a 
suitably qualified expert before taking, or refraining 
from taking, any action. The contents of this 
publication should not be construed as advice or 
guidance and SMMT disclaims liability for any loss, 
howsoever caused, arising directly or indirectly from 
reliance on the information in this publication. 

 


