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ABSTRACT 
The relevance of residual fuel oil aromaticity for 

its ignition performance in diesel engines has been 
demonstrated previously and led to the Shell concept 
of calculating aromaticity from known specification 
properties. Thus the Calculated Carbon Aromaticity 
Index (CCAI) can be calculated from density and 
viscosity, and provides a useful tool to rank the 
ignition quality of different residual fuel oils: the lower 
the number, the better the ignition characteristics. 

Potential improvements to the CCAI concept have 
been investigated. The CCAI represents the aromaticity 
of the entire fuel. However, at low load engine 
operations ignition occurs at relatively low 
temperatures, when only part of the injected fuel may 
have evaporated. Under these conditions the high 
molecular weight, highly aromatic (asphaltene) 
components in all probability are not all vaporised. 
Thus the aromaticity of the (lighter) part of the fuel 
might be different from the bulk and possibly more 
relevant to ignition quality. A programme to 
investigate the relationship between ignition delay and 
the aromaticity of the fuel vapour under certain engine 
conditions has been carried out. 

The relationship between ignition delay and CCAI 
was demonstrated to be valid at all engine conditions 
employed and comparable to the one found previously. 
No improvement could be realised by taking into 
account the micro carbon residue (MCR) content as a 
measure for the heavy fraction of the fuel, nor any 
other of the available fuel parameters. The results of 
Pyrolysis Combustion Mass Spectrometric Element 
(PCME) analysis of the fuels, providing detailed 
compositional information of the vapour at different 
temperatures, indeed confirm that the aromaticity of 
the lighter fuel fractions does not dominate the 

aromaticity of the fuel vapour and therewith does not 
dominate the ignition performance of the fuel. 
However, in view of the still rather limited predictive 
power of the CCAI, other, not yet identified fuel 
parameters must play a role. 

INTRODUCTION 
In the absence of an indicator for ignition quality 

of residual fuels, like the Cetane Index for distillate 
fuels, extensive research by Zeelenberg et al.1,2 resulted 
in the concept of the Calculated Carbon Aromaticity 
Index (CCAI). Since its introduction in the early 
eighties an increase in the use of CCAI has been 
observed in the industry. Experience with the concept 
learns that it is a useful tool for ranking fuels roughly 
on ignition quality, but also that the CCAI is not a very 
accurate measure. Apparently fuel parameters other 
than carbon aromaticity play a role. Possible 
improvements of the CCAI have been sought in the 
quality of the light end components of fuels, assumed 
to ignite first. 

THE SHELL CCAI CONCEPT 

Ignition difficulties when using distillate fuels are 
almost unheard of. For many years the ignition quality 
of these fuels, such as gas oil, has been characterised 
primarily by a parameter known as Cetane Number, 
although to a lesser extent other methods such as 
Cetane Index or Diesel Index have been used also. 
Current international specifications for marine distillate 
fuels, such as the ISO 8217: 1996 and BS MA100: 
1996, include a minimum limit for Cetane Number. 

Regrettably there is no similar widely recognised 
procedure for characterising the ignition quality of 
residual fuel oil. For a number of reasons the methods 
used for determining ignition quality of distillate fuels 
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cannot be applied to residual fuel oils. Therefore in the 
early eighties Shell Research embarked upon a 
programme with the objective of gaining an 
understanding of the factors controlling the ignition 
performance of residual fuel oils, and to identify means 
of quantifying ignition quality. 

Both the physical and chemical properties of 
residual fuel oil were found to have an influence on 
ignition performance. Physical properties are viscosity 
and temperature. Atomisation quality is greatly 
affected by fuel viscosity. Too high a viscosity at 
injection increases fuel droplet size, which hinders 
fuel/air mixing in the cylinder and extends ignition 
delay and combustion. Many engine designs now 
incorporate fuel management systems capable of 
operating at temperatures which allow a wide range of 
residual fuels to be burned without difficulty.  

The relevance of the chemical composition of 
residual fuel oil on ignition was also demonstrated. 
This led to the recognition that ignition performance 
relates to fuel aromaticity. Since aromaticity is a 
difficult parameter to measure in the absence of 
specialist laboratory equipment, Shell developed the 
concept of calculating residual fuel aromaticity. The 
resulting Calculated Carbon Aromaticity Index (CCAI) 
can be calculated on the basis of specification 
properties viscosity and density. It is this parameter 
which has gained favour as the most practical and 
meaningful method for characterising ignition quality 
of residual fuel oils. 

CCAI can be calculated from the following 
formula: 

CCAI D Log Log Vk Log
T

= − − + −
+





81 141 0 85 483
273

323[ ( . )]  

Where:  D = density at 15°C, kg/m³ 
 Vk = kinematic viscosity (mm²/s) at 
 temperature T°C 

It must be stressed that CCAI is a unit-less 
number allowing ranking the ignition qualities of 
different residual fuel oils: the lower the number, the 
better the ignition characteristics. CCAI does not give 
an absolute measure of ignition performance since this 
is much more dependent upon engine design and 
operating conditions. For this reason no attempt has 
been made to include limiting values in 
international standards, since a value which may be 
problematical to one engine operated under adverse 
conditions may perform quite satisfactory in many 
other instances. Modern medium speed engines will 
tolerate CCAI values up to 870 to 875, and even 
values up to 890 and beyond are acceptable to some 
engine types. Medium speed diesel engines are 

sensitive to fuels having poor ignition characteristics, 
while low speed cross head engines may be more 
tolerant of higher CCAI values. 

The limits for viscosity and density in 
international marine fuel specifications in themselves 
provide a control of ignition quality for the main 
residual fuel oil grades. For example, a 380 mm²/s 
(@ 50°C) fuel oil at maximum specification density of 
991 kg/m³ has a CCAI of 852, whilst a 180 mm²/s (@ 
50°C) fuel oil with the same density has a CCAI of 
861. Ignition characteristics improve with increasing 
viscosity and decreasing density.  

Ignition difficulties can become more acute at 
lower fuel viscosity (e.g. < 100 mm²/s @ 50°C) if there 
is not a significant corresponding reduction in density. 
This is one of the reasons for the lower density limits 
applying to the low viscosity grades in the international 
specifications.  
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Figure 1: Correlation Ignition delay - CCAI 

 
The correlation between ignition delay and CCAI 

is not ideal (see Figure 1 for typical results obtained in 
a research engine). The scatter of data points around 
the regression line is rather large. At lower engine 
outputs this scatter is even larger. This is not 
necessarily due to experimental errors since cases have 
been reported where from two fuels with similar 
analyses one gave ignition problems at low engine 
output, but the second ran as normal. It is recognised 
that fuels may appear on the market whose poor 
ignition performance is not predicted by their CCAI 
value, but also that fuels which perform satisfactorily 
should not be rejected on basis of their too high CCAI 
value. 
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Thus the CCAI is based on bulk fuel properties 
only and does not require detailed chemical 
information of the fuel. The use of CCAI has been 
evaluated3,4 and it has been concluded that this 
parameter gives a rough estimate of the ignition 
performance of heavy fuels at best. In contrast, CCAI 
has been found to correlate very well with the ignition 
performance of distillate fuels. The latter could suggest 
that the ignition quality of residual fuels is more 
closely related to the quality  of the distillate part of the 
fuel rather than to the bulk properties. This has lead to 
further  research attempting to improve the CCAI 
correlation by including vapour composition. 

INFLUENCE OF VAPOUR 
AROMATICITY 

A critical element of the CCAI concept is the 
assumption that at the moment of ignition of the 
vapour, almost all of the injected fuel has vaporised, 
i.e. that the aromaticity of the vapour is identical to that 
of the bulk . Particularly at low temperatures, at engine 
start-up conditions and low load operation, this is not 
necessarily the case. The high molecular weight 
fraction of the fuel will not vaporise at all or only with 
great difficulty. Therefore the aromaticity of the bulk 
as indicated by the CCAI is not representative for the 
aromaticity of the igniting vapour4,5. Theoretically the 
following situations could exist: 

• At low ignition temperatures, the vapour 
composition may be primarily that of the distillate 
diluents and contains hardly any heavy residue of the 
fuel.  If the diluent has a parafinnic character the 
ignition performance will be better than predicted by 
the CCAI and worse for an highly aromatic diluent. 

• At somewhat higher temperatures, the residue 
will also begin to vaporise and take part in the ignition 
process. Because the aromaticity is mainly contained in 
the high molecular weight part of the residue, the 
contribution to the nature of vapour is mainly 
parafinnic. The ignition performance will therefore be 
more or less the same for a fuel with a parafinnic 
diluent or might even improve in case of an aromatic 
diluent. 

• At high temperatures almost all of the residue 
evaporates and contributes to the nature of the vapour 
phase. In this case the aromaticity of the vapour will be 
similar to that of the bulk and the ignition performance 
may be as predicted by the CCAI. 

The Calculated Vapour Aromaticity Index 
(CVAI) 

Work to better predict ignition quality by taking 
the aromaticity of the vapour phase into account was 
initiated by J.C. van der Werff, J.S.E.A.M. Naber and 
F.M. Wortel (unpublished work). A crucial element in 

the estimate of the vapour aromaticity, is the selection 
of a parameter for the amount of non-vaporisable 
aromatic carbon of the fuel. For pragmatic reasons the 
micro carbon residue (MCR) content has been chosen 
for this purpose. MCR is determined at 500°C close to 
the experimental conditions in the engine. Also MCR 
(or Conradson carbon residue, CCR) is an existing fuel 
specification. To obtain a measure for vapour 
aromaticity, the CCAI was corrected for MCR for 
which the following equation was derived 
(Appendix I): 

( )
CVAI

CCAI c MCR

c
MCR

=
−

−






105

1
100

.
 

Correlation with ignition delay in test rig 
The validity of this CVAI has been evaluated on a 

series of test fuels blended from short residues or 
thermally cracked residues with either kerosene or 
light catalytically cracked cycle oil (LCCCO). The 
choice of these components was to create so-called 
gap-fuels with a distinct difference between the 
aromaticity of the distillate and residual fraction.  

The ignition tests were performed in a fuel 
ignition test rig, consisting of an electrically heated, 
cylindrical combustion chamber of approximately 4 
litre in which compressed air at a pressure of maximum 
50 bar is heated to a temperature of maximum 600°C. 
At the test conditions one single amount of fuel is 
injected with a volume of maximum 0.15 ml. The 
moments of injection and ignition are derived from the 
fuel pressure or needle lift and cylinder pressure or 
light emission signal, respectively. A typical curve of 
the pressure development in the combustion chamber is 
shown in Figure 2.  
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Figure 2: Pressure increase in the combustion 

chamber after injection of fuel 
The ignition delay of the test fuels was measured 

at three different temperature and air pressure 
conditions: 450°C and 45 bar, 490°C and 50 bar, and 
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  525°C 490°C 450°C 

CCAI c = 0 0.92 0.81 0.85 

CVAI c = 0.5 0.93 0.79 0.90 

CVAI c = 1.0  0.88 0.70 0.93 

CVAI c = 1.2 0.84 0.64 0.92 

525°C and 50 bar. Each fuel was measured 10 times at 
each condition.  

The results show that the high CCAI (>850) fuels 
with LCCCO as cutter, give considerable variation in 
results. On the other hand, the low CCAI fuels with 
kerosene as cutter give much less variation. This was 
particularly valid at 450 °C. This may be interpreted to 
be the result of incomplete residue vaporisation at this 
relatively low temperature, although it is not at all clear 
why this is not observed similarly with the high CCAI 
fuels. 

 

Correlation with ignition delay in test 
engine 

 To investigate the correlation of CVAI under 
realistic conditions an extended series of fuels was 
tested in an AVL-Caterpillar 1Y540 single cylinder 4-
stroke high speed diesel engine. 
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Figure 3: Relation between test-rig ignition 

delay and CCAI and CVAIc = 1  

 

Table 2: Technical details and operating 
conditions of the AVL-Caterpillar 1Y540 

engine used for ignition delay measurements 

Bore, mm 137 

Stroke, mm 168 

Volume at TDC, ltr 0.19 

Compression ratio 13.8 

Speed, min-1 1000 

Load, Nm 100 - 300 

Power output, kW 10.5 - 31.5 

Charge air pressure, bar 0.9 - 2.2 

Charge air temperature, °C 30 - 60 

Static injection timing, °CA BTDC 31 

 

Table 3: Typical adiabatic compressed air 
temperatures and pressures calculated for the 

AVL-Caterpillar 1Y540 engine Temperature 490°C / Pressure 50 Bar 
 At moment of 

injection 
At Top Dead 

Centre 

Test Mode °C Bar °C Bar 

I 411 21.0 487 31.2 

II      423 27.8 499 41.6 

III 456 39.3 537 58.9 

IV      479 50.9 562 76.2 

 
The CVAI does not give a better correlation with 

ignition delay than CCAI. The regression coefficients 
decrease with increasing c-value (Table 1), i.e. 
increasing effect of correction for MCR, for the tests at 
525°C and 490°C. Only for the tests at 450°C the 
regression coefficient tends to improve a little. 

 

  

Table 1: R2-values for linear regression of test-
rig ignition delays versus CCAI and CVAI 

The engine is fully instrumented for ignition 
parameter measurements, i.e. with pressure transducers 
in both combustion chamber and high-pressure fuel line 
approximately 10cm in front of the injector housing, 
injector needle lift sensor and shaft encoder for main 

(Fuels 1 - 21) 
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axis angular position (degrees crank angle, °CA). The 
engine was run at well controlled conditions with respect 
to speed, load, air inlet temperature and pressure, cooling 
water and lubricating oil temperatures and pressures.  
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Figure 4: AVL-Cat engine test conditions. 

The fuel was supplied from a heated 60 litre 
container placed on a balance, allowing continuous 
monitoring of fuel consumption at the desired fuel 
temperature for a 12-15 mm2/s injection viscosity. For 
each ignition measurement, combustion pressure, fuel 
line pressure and needle lift data were recorded by an 
AVL Indiskop 647 instrument, transferred to an IBM 
compatible PC and analysed with dedicated software for 
ignition delay and combustion hardness.  

Test modes 

The test sequence was designed to have in a single 
engine test both low and high ignition temperatures, thus 
allowing demonstration of both the CVAI and CCAI 
ignition prediction concepts. This was attempted with a 
sequence of 4 modes (I,II,III and IV) by stepwise raising 
engine load (100 to 300 Nm) and inlet air temperature 
(30 to 60°C) and pressure (0.9 to 2.2 bar), while 
maintaining engine speed (1000 rpm) and cooling water 
and lubricating oil temperatures (80°C) and pressures 
constant. 

Variation of load and air temperature/pressure 
 

Ignition parameters 

Start of injection was set to occur at 31°CA BTDC 
(static). Injector opening was derived from both the 
needle lift signal and the fuel line pressure reaching 260 
bar, as for every test the spring tension of the cleaned 
injector was adjusted to open at this pressure. This 
injector opening generally occurred at approximately 
19°CA BTDC (dynamic). Start of ignition/combustion 
was derived from the combustion pressure trace, 
obtained from the cylinder pressure by mathematical 
correction for the compression pressure. The °CA scale 
was converted into a time scale assuming the speed of 
rotation to be constant. This was independently verified 
to be the case within the accuracy of the measurement. 
Ignition delay is defined as the time period in 
milliseconds (ms) between start of injection and onset of 
ignition and combustion.  

The cold engine was started on gasoil and then 
operated in approximately 5 minutes towards 20% 
power output with 1000 rpm speed (1400 rpm nominal) 
and 100 Nm load (360 Nm nominal) using naturally 
aspirated (0.9 bar) inlet air at a temperature of 30°C. 
Then the gasoil was quickly switched for the test fuel to 
start Mode I. For Mode II the air compressor and in line 
heater were activated giving inlet air with temperature of 
35°C and pressure of 1.2 bar. For Mode III these 
parameters were raised to 50°C and 1.7 bar, respectively, 
allowing the power output to be raised to 40% with a 
load of 200Nm. For Mode IV the inlet air temperature 
and pressure were raised further to 60°C and 2.2 bar, 
respectively, at engine load of 300Nm representing 60% 
power output. After Mode IV the engine was turned off 
and allowed to cool. Mode IV closely resembles the 
conditions on the MaK engine used previously by 
Zeelenberg1. 

The combustion hardness, or the rate of pressure rise at 
incipient combustion (dP/dt in kbar/s), is much less often 
quoted as ignition parameter. This is because it is not as 
well defined and easily determined as the ignition delay, 
and, maybe more importantly, previously a satisfactory 
correlation was established with CCAI. Thus, high 
combustion hardness was associated with high ignition 
delays and CCAI (R2 = 0.4 - 0.6). In this investigation 
the combustion hardness was computed from the 
smoothed combustion pressure/time trace in two ways (a 
and b), viz. from the slope of the straight lines created by 
the 0 and 5 Bar (dP/dt-a) and the 5 and 10 Bar (dP/dt-b) 
combustion pressure points, respectively. 
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Figure 6: Relation between ignition delay and 

CCAI 

Ignition parameters were recorded after 5 min (test-
1) and after 25 min (test-2) into every test mode, and 
each measurement was repeated 10 times. 

 One of the commercial fuels (RFO-Tank 11) was 
tested throughout the investigation as a reference fuel to 
assess test variability. The resulting 13 separate tests 
showed satisfactory overall repeatability of ignition 
delay (SD ≈ 8%), although single results (max., min) can 
deviate quite substantially. Much greater variation exists 
in the combustion hardness data, however, particularly 
when defined over 5-10 kbar/s combustion pressure rise 
(SD ≈ 19%).  

 The results from the first (test-1) and second series 
(test-2) of measurements in every test mode were always 
closely identical. This clearly suggests that following a 
change in engine operating conditions (thermal) 
equilibrium is quickly re-established. 

 
Table 4: Summary of linear regression analysis 

attempts between ignition delay and several 
fuel parameters. Test fuels 

Test mode Parameter  R2 

I CCAI 

CCAI, MCR 

CCAI, S  

CCAI, MCR, S 

CCAI, MCR, FP 

CCAI, MCR, S, FP 

0.76 

0.76 

0.78 

0.79 

0.76 

0.80 

II CCAI 

CCAI,  MCR 

CCAI, MCR, S 

CCAI, MCR, FP 

CCAI, MCR, S, FP  

0.67 

0.70 

0.71 

0.75 

0.75 

III CCAI 

CCAI,  MCR 

CCAI, MCR, S 

CCAI, MCR, FP 

CCAI, MCR, S, FP  

0.74 

0.74 

0.74 

0.75 

0.75 

IV CCAI 

CCAI,  MCR 

CCAI, S  

CCAI, MCR, S 

CCAI, MCR, FP 

CCAI, MCR, S, FP  

0.68 

0.72 

0.76 

0.76 

0.72 

0.76 

In the test program a total of 39 different fuels were 
used. They are 22 heavy fuels specially blended from a 
selection of residue and diluent components, four 
commercial RFO's and 2 special high density fuels, and 
8 light and 3 heavy fuel blending components. In Figure 
5 the total variation in CCAI and viscosity (Vk50) 
values is illustrated, highlighting the wide CCAI range 
of 757 - 959 at viscosities between 1.1 and 26000 mm2/s. 
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Figure 5: Viscosity/CCAI of ignition test fuels. 

 

Ignition delay results 

From the plots between ignition delay and CCAI 
for all test modes in Figure 6 it is clear that the 
relationships and also their slopes are very similar. Only 
the ignition delays become smaller upon going from 
Mode I to IV.  
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Correlation coefficients (R2-value) for linear 
regression are between 0.68 (Mode IV) and 0.76 (Mode 
I) as is shown in Table 4. These values are closely 
identical to the 0.77 (at inlet air temperature 60°C) and 
0.71 (at inlet air temperature 45°C) found previously by 
Zeelenberg in the MaK engine1.  
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Figure 7: Relation between combustion 

hardness and CCAI as observed in Mode IV 

With the present results no improvement of the 
correlation between ignition delay and CCAI could be 
realised by taking into account the MCR content nor 
other bulk fuel parameters sulphur (S) and flash point 
(FP) as is summarised in Table 4. 

Clearly the ignition delays correlate best with CCAI 
alone and because this correlation is also hardly affected 
by the engine output, it must be concluded that the CCAI 
best represents the ignition performance of the fuel 
vapour. This may be either because all of the injected 
fuel is vaporised and contributes to the vapour 
aromaticity (i.e. CCAI ≡ CVAI), or, alternatively, if not 
all of the fuel is vaporised the vapour aromaticity is 
proportional to the aromaticity of the bulk (i.e. CCAI ≈ 
CVAI). This appears irrespective of the engine 
conditions employed.  

Combustion hardness 

The rate of pressure rise or combustion hardness 
data for the first (dP/dt-a) and second parts (dP/dt-b) of 
the combustion pressure show poor correlations with 
CCAI (Table 5). 

 

Vapour composition analysis 
Table 5: Linear Regression analysis between 
combustion hardness and CCAI.  (R2-value)  To obtain further insight in the volatility of heavy 

fuels and their vapour composition, the fuels were 
analysed with Pyrolysis Combustion Mass Spectrometric 
Elemental analysis (PCME), which gives the volatility of 
the fuel by means of a True Boiling Point (TBP-PCME) 
temperature and also the elemental composition of the 
emitted vapour (Appendix II). From these data both the 
vapour carbon aromaticity index (VCAI, not to be 
confused with the CVAI which is calculated from CCAI 
and MCR) and the aliphatic and aromatic carbon yields 
of the vapour were calculated for various arbitrary TBP-
PCME temperature limits. 

Test mode dP/dt-a dP/dt-b 

I 0.65 0.02 

II 0.66 0.29 

III 0.21 0.01 

IV 0.04 0.38 
 

 In fact, only for dP/dt-a in Modes I and II and for 
dP/dt-b in Mode IV linear correlation coefficients are 
observed that may be comparable to the 0.61 (at inlet air 
temperature 60°C) and 0.45 (at inlet air temperature 
45°C) found by Zeelenberg. Strangely enough, in these 
modes dP/dt-a decreases with CCAI, while dP/dt-b 
increases with CCAI. The latter result may well be in 
agreement with the positive correlation found by 
Zeelenberg.  

From the results it is concluded that strong 
correlations exist between CCAI values and the 
calculated vapour parameters VCAI, aliphatic carbon 
yield and aromatic carbon yield for TBP-PCME 
temperatures above 500°C. Not surprisingly, therefore, 
that also in plots of ignition delay against these 
parameters for the different TBP-PCME temperature 
limits the best linear correlations exist with data from 
temperatures above this arbitrary limit of 500°C. 
However, correlation coefficients are found less good 
(Figure 8) than for ignition delay/CCAI relationships. 
This may have been caused by errors in the 
determination of VCAI. 
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Figure 8: Relation between ignition delay and 

VCAI for Mode III (TBP-PCME up to 650°C) 
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CONCLUSIONS 
Previous work on the ignition performance of 

heavy fuels in diesel engines has shown that at medium 
load (MaK) engine operation the CCAI best describes 
ignition performance. The CCAI is based upon fuel 
density and viscosity, and accurately represents the 
aromaticity of the bulk of the fuel. It can be used to rank 
fuels on ignition performance but does not offer a direct 
measure of ignition quality.  

In the assumption that the aromaticity of the 
vapour from a fuel is not the same as that of the bulk of 
the fuel, the CVAI was derived by correction of the 
CCAI with the MCR content, assumed to represent the 
aromatic carbon of the bulk which cannot be evaporated.  

Results presented in this paper show that ignition 
delay still correlates best with CCAI at all engine 
conditions employed, and these correlations were 
comparable to that found previously by Zeelenberg (R2-
value ≈ 0.7). No improvement could be realised by 
either CVAI, taking into account the MCR content or the 
other available fuel parameters: sulphur content and 
flash point.  

This conclusion is also supported by PCME studies. 
Thus, both ignition delay and CCAI correlate best with 
the aromaticity and also with the aliphatic carbon yield 
of the cumulated vapour formed up to (and above) a 
temperature of 500°C in this analysis.  

Although bulk aromaticity may be the paramount 
fuel parameter determining its ignition performance, also 
other fuel parameters must play a role to explain the 
non-ideal correlation between CCAI and ignition delay. 
At this point it is worth mentioning that results from 
further tests indicate that one of these additional 
parameters may be contained in the processing nature of 
the blend components in the fuel.  

The introduction of CCAI in the early 1980’s made 
available a tool by which engine manufacturers could 
specify an acceptable range of ignition values for fuels to 
be used in their engines. The current work confirms 

CCAI as still the best available parameter to indicate 
ignition quality. But it cannot be used as an absolute 
measure of quality because of its limited accuracy. 

                                                      

REFERENCES 
1 A.P. Zeelenberg, H.J. Fijn van Draat and H.L. 
Barker, “The ignition performance of fuel oils in 
marine diesel engines”, 15th CIMAC conference, Paris, 
1983, Paper D13.2. 
2 H.C.A. Brandt and A.P. Zeelenberg, “Quality of 
residual fuels in relation to fuel constitution”, 10th 
Anniversary of the Dutch National CIMAC 
Committee, Amsterdam, November 1988. 
3 K. Groth and A. Hesse, “Contribution to the 
determination of ignition quality of heavy fuel”, 16th 
CIMAC conference, Oslo, 1983, paper D120. 
4 R.S.G. Beart, Thesis, State University of Gent 
(Belgium), 1988. 
5 R.S.G. Baert, “The ignition quality of heavy residual 
fuel oils for marine bunkers”, MER, Feb. 1986. 

 

Author details: 

C. Schenk 
Shell Research & Technology Centre Amtserdam 
Badhuisweg 3, 1031 CM  Amsterdam 
The Netherlands 
+31 (0)20 630 phone 2254, fax 3354 
E-mail: Internet Cees.C.Schenk@opc.shell.com 

 

 

 

 

 

 

 

 

 

APPENDIX I 



 9 

                                                                                  

Calculation of the aromatic carbon 
content of fuel vapour (CVAI) 

In order to correct the CCAI for the aromatic 
carbon in the residue which cannot be vaporised the 
following procedure was defined: 

• Calculation of the aromatic carbon content from 
the CCAI of the bulk of the fuel from the empirically 
established equation: 

% .C CCAIar = − +255 0 339  

• Calculation of the vaporisable aromatic carbon 
content by correction for the amount of non-
vaporisable aromatic carbon with MCR: 

A gram of residue contains on average 0.85 g carbon. 
Consequently, the mass of aromatic carbon per gram 
residue is given by: 

mC
x C

ar
ar=

085
100

. %

mC vap mC MCRar ar( ) = −

mC vap MCRt ( ) . '= −085

 

Per gram of residue, the mass of vaporisable aromatic 
carbon is given by: 

'  

where MCR’ is the MCR content in g/g residue 
(%MCR/100), where it is assumed that Micro Carbon 
Residue consists of pure aromatic carbon. 

Per gram of residue, the total mass of carbon in the 
vapour can be expressed as: 

 

The mass percentage of aromatic carbon in the vapour 
is then given by: 

% ( )
( )
( )

C vap
mC vap
mC vapar

ar

t

= 100 , or 

% ( )

. %
'

. '
C vap

x C
MCR

MCRar

ar

=
−

−

085
100
085

100 , or 

% ( )
% .

.
C vap

C MCR
MCRar

ar=
−

−
118

100 118
100

                                                                                 

 

However, depending on the test temperature, the full 
MCR correction may be over or under estimating the 
crackability of the larger aromatic structures into 
smaller components which will end up in the vapour 
phase.  
Therefore a correction factor c instead of 1.18 is used 
which can be optimised to obtain the best correlation, 
which results the equation: 

 

( )
( )% ( )

%
C vap

C c MCR
c MCRar

ar=
−

−1
100

CVAI x C vapar

 

For c=0 all the MCR is evaporated and CVAI and 
CCAI are identical.  

• Calculation of CVAI from the inverse equation 
in the first step: 

= +752 2 95. % ( )

( )

 

This sequence of calculations can be reformulated 
into the following overall formula: 

CVAI
CCAI c MCR

c
MCR

=
−

−






105

1
100

.
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Pyrolysis Combustion Mass Spectrometry 
Elemental (PCME) analysis  

This analysis technique consists of programmed 
heating of a sample in helium (100 - 900°C with 
1°C/sec) followed by combustion of the gases formed 
and quantitative detection of the oxidation products 
(CO2, H2O, NO2 and SO2) with a quadrupole mass 
spectrometer. Following this pyrolysis the remainder of 
the sample is combusted at 1000°C by substituting 
helium by oxygen and oxidation products are analysed 
similarly. Finally any unreacted residue is weighed. The 
technique enables determination of the element 
distribution of the emitted vapour and of the total sample 
(C, H, N and S, and O by difference). 

The PCME temperatures can also be converted to 
Total Boiling Point (TBP) temperatures following 
analysis of reference materials, and a good agreement 
with TBP-GLC results is known to exist up to 
temperatures of 650°C. It should be noted that at these 
high temperatures cracking may play a role which will 
change the composition.  

Carbon Aromaticity Index of Vapour from PCME 
(VCAI) 

From the cumulated carbon yield, the TBP and the 
fractional H/C ratio data, the carbon aromaticity index of 
the vapour (VCAI) and the corresponding aromatic and 
aliphatic carbon yields can be calculated for arbitrary 
TBP-PCME temperature limits with the following 
sequence of steps: 

• Calculation of cumulated carbon yields and 
fractional H/C ratios for precise TBP temperature 
limits of 300, 400, 450, 500.........800°C by linear 
interpolation of the available PCME output data. 

• Calculation of cumulated H/C ratios for these TBP 
temperature limits from fractional carbon yields and 
fractional H/C ratios. 

• Calculation of the aliphatic (%Cal) and aromatic 
(%Car) carbon contents of the emitted vapour from  
the cumulated H/C ratios for these TBP temperature 
limits. For these calculations it is assumed that 
aromatics and aliphatics have a H/C ratio of 2 and 1, 
respectively. However, this is not always entirely 
correct because of the presence of asphaltenic 
polycyclic aromatics having H/C ratios below 1, 
while also small aliphatic compounds may be present 
having a C/H ratio above 2. Note that by definition 
%Cal + %Car  = 100%. 

   %Cal = (H/C - 1) * 100 

   %Car = (2 - H/C) * 100 

                                                                                  

• Calculation of the carbon aromaticity index of the 
emitted vapour (VCAI) for these TBP    temperature 
limits from its aromatic carbon content (%Car) by 
means of the relationship established by Zeelenberg. 

   VCAI = 752 + 2.95*%Car  

• Calculation of the amount of aromatic and aliphatic 
carbon in the emitted vapour at these TBP  
temperature limits from the carbon yield at these 
temperatures and the aromatic and aliphatic carbon 
contents of the vapour. Note that these so-called 
cumulated aromatic and aliphatic carbon yields add 
up to the cumulated carbon yield (%C). 

Aliphatic carbon yield  = %C * %Cal * 100-1 

Aromatic carbon yield  = %C * %Car * 100-1 

The CCAI value derived from fuel density and 
viscosity represents the carbon aromaticity of the entire 
fuel, while the VCAI value represent the carbon 
aromaticity of the cumulated vapour at the different 
TBP-PCME temperature limits. It is found that with 
increasing temperature (from 300°C) agreement between 
the CCAI values of different fuels and these VCAI 
values improves. Thus, good correlation is already 
observed at temperatures of approximately 500°C (R2-
value ≈ 0.9), and at higher temperatures the quality of 
this correlation remains largely unchanged. In other 
words, the aromaticity of the cumulated vapour at these 
temperatures closely corresponds to the aromaticity of 
the bulk of the fuels. It should be noted, however, that 
the CCAI and VCAI values do not become entirely 
identical. There is a small systematic deviation with 
slightly higher values for the VCAI (Figure II-1).  

R2 = 0.92
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Figure II-1: Correlation VCAI - CCAI 
 (TBP-PCME up to 650°C) 

 

 

This relationship between CCAI and VCAI is 
apparently not affected by the largely varying carbon 
yields and hence the largely varying quantities of higher 
molecular weight (residue) components that have not yet 
vaporised at TBP-PCME temperatures at and above 
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500°C for different fuels (viz. 11 - 52% at 650°C). 
Interestingly, even cutter components that are 
completely vaporised at these TBP-PCME temperatures 
very much obey this same relationship (Figure II-1). 
Very similar conclusions can be drawn from the 
relationships between the cumulated aliphatic carbon 
yields and cumulated aromatic carbon yields at different 
TBP-PCME temperature limits and CCAI (Figure II-2). 
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Figure II-2: Relation between CCAI and 

aromatic / aliphatic carbon yield. 
(TBP-PCME up to 650°C) 
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