i+l

NRC Publications Archive
Archives des publications du CNRC

Influence of diesel fuel cetane number and aromatic content on engine
exhaust emissions
Gulder, Omer L.; Li, Xiaobin

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

Publisher’s version / Version de I'éditeur:
Journal of Canadian Petroleum Technology, 37, 11, pp. 56-60, 1998
NRC Publications Record / Notice d'Archives des publications de CNRC:

https://nrc-publications.canada.ca/eng/view/object/?id=cad4d031-8528-4b44-93ff-7d340a5f30e0
https://publications-cnrc.canada.ca/fra/voir/objet/?id=cad4d031-8528-4b44-93ff-7d340a5f30e0

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



Influence of Diesel Fuel Cetane Number and
Aromatic Content on Engine Exhaust
Emissions

X. L, O.L GULDER

National Research Councii Canada

Abstract

Exhaust emissions from a single cylinder heavy-duty diesel
engine were measured to assess the effects of fuel properties on
engine emissions. The AVL 8-mode steady-state simulation of
the EPA transient test procedure was used in the engine tests.
The resulrs show that an increase in cctane number of the fuel
reduced nitrogen oxide emissions (NOx), and possibly carbon
monoxide emissions (CO). However, increasing the cetane num-
ber of the fuel caused an increase in particulate matter emissions
(PM). The results also suggest that the fuel with lower total aro-
matic content produced slightly lower NOx and noticeably lower
PV emissions. For fuels having comparable total aromatic con-
tents, the one with a higher tri+-aromatic content produced
slightly higher NOx emissions and noticeably higher PM emis-
sions. However, the number of fuels in the fuel matrix and the
fuel matrix design were not satisfactory to claim universality for
the observed relationship between aromatics and engine exhaust
emissions,

Introduction

It is generally agreed that exhaust emissions are affected by
changes in fuel properties. However, the bulk of the emissions are
dependeni on the characleristics of the engine and its ability to uti-
lize the fuel over the test cycle. Qverali, the changes in emissions
duc to the independent changes in fuci properties appear small rel-
ative (o the mean emission levels, although these changes are con-
sidered significant to achieve future cmission standards. Most
studies assuine a priori causative relationships between primary
fuel variables and certain emissions. These assumptions have not
been clearly confirmed yet, The vast literature on the relationship
between diesel fuel variables and exhaust emissions is full of con.
tradicting resulis and claims.

Ine this study, the main objective is to understand the influence
of fuel properties on engine emissions. The fuel propertics that are
under consideration at this stage of the reseurch program are the
aromatic content and the cetane number. Ultimate questions that
we aim to answer arc: (1) Is the oil sand derived diesel tuel differ-
ent from the conventional crude oil derived diescl fucl as far as
the exhaust emissions are concerned? (2) Do polynuclear aromat-
ics carry the same or more weight relative 1o mono- and di-aro-
matics in terms of their contribution to emissions?

Experimental
Test Engine

The test enginc used in this program was a single-cylinder
Ricardo Proteus research engine. The engine was a direct injection
type and had a displacement valume of 2 litres. tajor engine con-
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figuration data are shown in Table 1. The performance and
exhaust emission levels measured over the load and speed range
were representative of current premium heavy-dury diese!
engines.

The speed and the load of the test engine were conirolled inde-
pendently by a dynamometer and a fuel cencrol system, The fuel
injection pump governing system was disabled to allow fixed
fuclling levels. Static fuel injection tming can be adjusted 30
crank angle degrees either side of the top dead centre (TDC). To
simulate a wrbecharger, externally compressed air. controljable
for temperature und pressure, was supplied to the engine. An
expansion chamber at the inlet of the engine prevented pressure
pulsations. The exhaust sysiem was fitted with an orifice down-
stream of the exhaust port to provide a cylinder pressure punping
loop similar 1o thit of the multi-cylinder pient engine. A mixing
chamber reduced the pressure/flow pulsations and provided com-
plete mixing of the exhiust gases hefore sumpling. The exhaust
back pressure was further controlled by a pressure transducer and
a back pressure valve. The engine oil and coolin lemperatures
were kept constant during the tests.

The test engine was instrumented with a pressure ransducer for
routine sampling of the cylinder pressure (races. Engine crunk-
shaft position was determined by an AVL 360C/720S crank angle
encoder. The fuel injector was instrumened with & hall-effect nee-
dle lift sensor which provided indication of siart and end of fuel
injection.

Figure 1 shows the engine exhaust measurement system. A
heared probe was mounted after the mixing tank to sample the
gascous emissions in the exbaust. The wei concentration of NOx
in the heated sample was measured continuously using a Beckman
955 chemiluminescent analyser and the wet concentration of the
unburned hydrocarbans (HC) in the heated sample was measured
using a Beckman 402 [lame ionisation anzlyser. The gaseous sam-
ple was then passed throegh a drying system, and the dry concen-
tratians of carbon monoxide {CO), carbon dioxide (CO,) and axy-

TABLE 1: Test engine configuration.

Engine Type Ricardo Proteus
(replicates one cylindar of
Volvo TD123)

Bore 130.2 mm

Stroke 150.0 mm

Number of Cylinders 1

Displacement 1.957 litres

Combustion Chamber Type Toroidal Bowl

Compression Ratio 17:1

Injection Type

Fuel Injection Pump
Fiuel injection Nozzie
Maximum Power Quiput

Direct Injection

Bosch PESP 1204 320RS8011

Bosch DLLA 152 P 285

44.67 kW (60 bhp) @ 1900
rev/min
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FIGURE 1: Engine and emission measurement system.
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gen (O,) in the exhaust were measured using Beckman 865 and
864 non-dispersive infrared analysers and a Beckman OM-11EA
polarographic analyser, respectively.

A separate probe was used for particulate sampling (Figure 1).
The temperature of the probe was maintaired above 190°C to pre-
vent condensation. The exhaust sample was then diluted in a mini-
dilution tunnel using filtered and dried air. The tlowrate of the
dilution air was regulated, so that the temperature in the dilution
tunnel was maintained at 52°C. Two PM sample lines were
installed in the dilution tunnel. One was connected to a 47-mm
particulate filter and a dry test meter. The other line was connect-
ed to a Tapered-Element Oscillating Microbalance (TEOM)
which measured the real-time particulate mass concentration. To
determine the actual PM concentration in the engine exhaust, the
concentration of CO, in the dilution tunnel was measured and
compared to exhaust CO, concentration.

Test Procedure

The engine tesis were conducted following the AVL eight-
mode steady-state simulation(? of the EPA transient test proce-

dure, The engine operating conditions and the weighting factors of

this test procedure are listed in Table 2,
The speed percentages shown in Tabte 2 are defined as:

Speed — Low Idle Speed

Speed (%) =
Ruied Speed — Low Idle Speed

® 100

(D)

where the low idle speed of the test engine is 600 rpm and the
rated speed of the test engine is 1,900 rpm. The load percentage
shown in Table 2 are defined as

Torgque

Load (%) = x 100

Maximum Torgue
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TABLE 2: AVL 8-mode simuiation of US EPA transient
test.

Speed Load Weighing

Mode (%) (%} Factor

1 0 o 35.01

2 1 25 6.34

3 21 63 2.91

4 3z 84 3.34

5 100 i8 8.4

6 95 40 10.45

7 a5 69 10.21

8 89 85 7.34

In calculating the composite emissions, the weighting factors at
each mode are used in the following equation, where BSE is the
brake specific emission and WF is the weighting factor:

3
2 (Emission Rate), x WF,

BSE =5
Y (Brake Power), x W,

=

3

Some early test data were obtained by running the engine at
two speeds: 1,300 rpm, the speed at which maximum torque was
generated and 1,900 rpm, the rated speed. Three load levels 10%,
30% and 100% were tested at each speed. The composite emis-
sions were caleulated by using equal weighting factors for all the
modes.

The engine was run in a fixed sequence of modes for all the
fuels. At each mode, concentrations ot exhanst emissions were
measured three times. Three repeated composite emissions were
calculated using Equation (3), and the averaged emission value
was used. To ensure measurement accuracy, all emission analy-
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TABLE 3: Properties of test fuels.

FUELS Refi A c E F
Source Conv Both Both Both Both
Density, kg/m3 15°C 836.2 §29.7 841.0 8368 8573
Viscosity 40°C ¢St 2135 1.782 1.723 1439 2.484
Dist DB6 IBP °*C 178.5 166 170 170 170
T10,°C 205.6 183 185 183 189
T50,°C 2455 220 224 209 245
T90,°C 3061 284 284 251 344
EP,°C 3433 317 313 282 378
Celane In, D76-80 46.6 40.7 38.0 34.2 395
Cetane No, D613 439 458 43.5 40,3 431
Sulphur, ppm wi 2870 466 460 374 299
SFC Aromatics %m

Totat 273 10.8 245 25.2 235
Mono- 21.8 6.5 17.8 204 11,4
Di- 49 38 6.2 4.7 B8
Tri+- 0.5 0.7 0.5 01 36

sers were calibrated before and after each test run. Repeated tests
were conducted to establish the error nurgins.

Test Fuels

Throughout the whole study. 1 low suiphur diesel fue] Refl
was used to define the baseline performance of the test angine.
This reference luel was also used as the base fucl 1o blend a num-
ber of fuels having different cetane numbers. The properties of
this reference diesel fuel are listed in Table 3.

Five fuels having different celane numbers were blended by
adding cetanc improver 2-ethyl hexyl nitrate inlo the base luel
Refl. The resuliing cetane numbers ranged from 4L to 64, The
concentrations of cetane improver added into the fuels and their
resulting cetane number values are shown in Table 1.

Four fuels designed and blended in another project'2 were test-
ed in this study o investigate the effect of aromatics on eMmissions,
These fuels were desiencd o have difTerent total aromatic con-
tents and different concentrations of mono-, di- and tri+ aromat-
ics. The actual properties of the four fuels are shown in Table 3
together with fuel Ref].

Among the four fuels, fuel A had 2 low total arematic content
around 11% by mass. There was aboul 6 — 7% of Meno-aromatics,

TABLE 4: Test fuels for the effect of cetane number
investigation,

Fuels % Cetane Improver Cetane Number
Refini 0.20 517
Ref1n2 0.42 541
Ref1n3 0.42 54.7
Refind 0.16 49.9
Refins 1.0C 64.1

3 — 4% of di-aromatics and about 15 of trit-aromatics. all by
mass. This fuel represented a typical low arematic fuel now
required in California.

Fuels C. E and F had total aromatic contents arcund 5% by
mass, which was typical of on-road diesel fuel. Fuels C and E ha
comparable aromatic breakdowns, even though fuel E had a
slightly higher di-aromatic content and a very low tri+-aromatic
content. Fuel F had a noticeably higher tri+-aromatic content. The
di-aromaric content of fuel F was also higher compared ro those of
fuels A and C,

All four test fuels had a low sulphur content which was below
0.05% by weight. Both oil sands derived fuel components and
conventional crude oil derived fucl componenls were used in
blending these fuels. Cetane improver was used 1o increuse the
cetane number of the test fuels to abeve 40. The cetane numbers
of the four test fuels were comparable. in the range of 4 10 46,

Test Results and Analysis

Effect of Cetane Number

The AVL 8-made Lest procedure™ was used in the coetane num-
ber effect investigation. For all the fuels, the loud and speed at
each mode were kept constant, thus compensiling lor the differ-
cnce in fuel density. The static injection Lming wus sel al the
TDC. AL this selting, the injection event starts . 7 o 5° betore
TDC at modes | o 4. and at 2.5 before TDC at modes 5 10 8,

The averaged composite emissions are shown in Figure 2. The
NOx emissions showed o decrease of about 3% when the cetance
number was increased from 44 10 64, The decrease in NOx emis-
sions occurred mainly in the cetane number range of 4+ 10 33,
When the cetane number was Turther increased from 53 w O, ils
effect on NOx emissions became insignificant.

6 T T T T T
= s N
E‘S, '+ | BRI
8 4+ - e
L2 3 ; ! -
w h
] ' , ! i
£ 2 —— Timi -
i | : iming Setting TDC
5 1 V¢ Jlower Compression RAatiol |
= L ! |Fuel REF1 .
0 ] L 1 T 1

40 a5 50 55 60 65
Cetane Number

1.5 ' T ; ‘ 1
< :
a L
8 I & ;
910 — e —'““_.——': ey ARERE Fame
g ' | ;
S ; 5
£ 0.5 ~ [Timing Setting TOC F
o Lower Comprassion Ratio|!
o | |Fuel REF! i

L L 1 ]
0.0 40 45 80 55 60 65

Cetane Number

FIGURE 2: Effects of cetane number on composite emissions, AVL 8-mode test procedure, timing setting TDC.

005 - —

v jTiming Setting TDC
i lLower Compressisn Ratio
| |Fuel REF1
13 1

PM Emissions TEOM (g/hp.hr)

0.00
40 45 50 55 80 65
Cetane Number
05 T 1 I' T
el — |
e T
« 03 8 . . i : .: 7
S ;
8 o2 : - :
£ :1Timing Setting TDC .
¢ 0.1 | ~|Lower Gompression Ratio [——
T | |Fuef REF1 .
0.0 | T T T I
T ag 45 50 55 60 65

Cetane Number

58

The Journal of Canadian Petroleum Technology



Timing Setting 3.5° betore TDC|__|

NOx Emissions (g/hp.hr}
-9

2 : .
Lower Compression Ratio
Fuel REF1
o 42 45 48 51 54 57

Cetane Number

PM Emissions TEOM (g/hp.hr)

FIGURE 3: Effects of cetane number on composite emissions, AVL 8-mode test procedure, timing setting 3.5° before TDC.

o
Y
o

0.08  J

0.08

®

Timing Setting 3.5° before TDC|
Lower Compression Ratio
b Fuel REF1

I I

=
=
N

e
o
[=]

42 45 48 51 54 57
Cetane Number

BT T T 005 —T—T——T1 1

2 046 |-
7

NOx Emissions (g/hp.hr)
F-9
T
l
PM Emissions, TEOM {g/hp.hr)

0 1 1 ! 1 1 0.0 1 1

1 |
» O ¢ (’?\E‘\\ O % ‘v’c%‘b\\

Fuels Fuels

FIGURE 4: Effects of aromatics on composite emissions, 6-mode test procedure, injection timing 3.5° before TDC.

Wr——T—T T L e O N B
* r =
L e é‘ -
E = H s i‘%l =02 - ‘% -
£ g :
= &
§o5r 1 &
@ =
i @
£ =
we wi -
o o (AN
I =
i
pol—t 11 ggl—t 1 11
PO o » o
Fuels Fuals

The total particulaie emissions were shown Lo increase about
15% when the cetane number was increased from 44 to 64. The
mcrease in particulates aiso appeared to be more profound in the
cetane number range of 44 to 55.

The total CO emission showed a slight decreasing trend with
the increase of cetane number, while the total hydrocarbons hardly
showed any change throughout the whele range of the cetane
number.

To further show ihe effect of cetane number on emissions, the
composite NOx and PM emissions obtained with the static timing
set at 3.5° before TDC are shown in Figure 3, In the cetane num-
ber range of 44 to 55, the NOx emissions showed the same
decreasing trend of approximately 3%. The increase in particu-
lates appeared to be Tess profound.

From the pressure trace and the fuel injector needle lift data, it
is clear that when the cetane number was increased, the ignition
delay at all 8 modes were reduced. The net heat release curves
show that the premixed buming period was shortened resulting in
a decrease in the formation of NOx in the early stage of combus-
tion. The reduction in ignition delay also resulted in a longer mix-
ing controlled burning, thus increasing the PM emissions.

Effects of Total Aromatics and Aromatic
Types

The steady-state tests at two speeds and three load levels were
conducted on the five fuels having different aromatic contents
(see Table 3). At each mode, in addifion to the speed and load, the
airffuel ratic was also kept constant for all the fuels. The total
emissions were calculated using Equation (3), where equal
weighting factors were used for all the six modes. The injection
timing was set at 3.5° before TDC for this experiment.

Figure 4 shows the composite emissions of NOx, PM, CO and
HC for all five fuels. The statistical representation of repeated test

November 1998, Voiume 37, No. 11

points is shown in the figure, where the box indicates 50% of the
data points, the line inside the box indicates the data median, and
the short harizontal bars indicate the data minimum and maxi-
mum. In some cases, the exireme data are shown by individual
symbols.

To compare the results from this study (o those obtained in
multi-cylinder production engines, the relative changes in all
emissions were calculated using averaged values and using fuel E
as a baseline. The resulis are shown together with the results
obtained from Reference (2) in Tables 5 to 8. Since different test
procedures were used, the comparison has only a relative mean-
ing, Nevertheless, the comparison between fuels should be
relevant.

Table 5 shows the comparison of NOx emissions. Clearly, the
test results from the Ricardo research engine agreed with those
obtained from multi-cylinder engines®. A change of 7% can be
observed in total NOx emissions among different fuels. Among
the four test fuels, fuel A, having a low total aromatic content,
caused the lowest NOx emissions, The NOx emissions of fuels C
and E were comparable, Fuel F, which was high in tri+-aromatics,
caused the highest NOx emissions.

Table & shows the comparison of PM emissions. The single-
cylinder engine seemed to show a higher sensitivity on fuel prop-
erties. Since the PM measurement accuracy in the early stage of
the study was not satisfactory, the change in PM emissions was
not conclusive. In general, fuel F appeared to generate higher PM
emissions, whereas fuel A generated lower PM emissions.

The total CO emissions are compared in Table 7. The response
of the single cylinder engine apreed with those of multi-cylinder
engines, The CO emissions for all fuels seemed to be in the same
level, except fuel E which generated 10% higher CO emission.

As shown in Tabie 8, the HC emissions measured from the sin-
gle cylinder engine agreed in general trend with results from
multi-cylinder engines. Fuel F is shown to generate substantially
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TABLE 5: Comparison of NOx emissions, relative %
change based on fuel E, results for Ricardo obtained
from 6-mode steady state tests, all others from EPA
transient tests@,

TABLE 7: Comparison of CO emissions, relative %
change based on fuel E, results for Ricardo obtained
from 6-mode steady state tests, all others from EPA
transient tesis(2).

DDC Series MNavistar  Navistar + Ricardo

Fuel 60 DTA 466 Catalyst Proteus
E 0 0 0 0
A -4 -6 -7 -3
C 1
F 6 1 -1 4

TABLE 6: Comparison of PM emissions, relative %
change based on fuel E, results for Ricarde cbtained
from 6-mode steady state tests, all others from EPA
transient testst2),

DDC Navistar  Navistar + Ricardo
Fuel Series 60 DTA 4866 Catalyst Proteus
E 0 0 0 0
A i1 -3 -8 -20
C -7
F 9 10 -1 2

lower HC emissions. However, the substantially higher HC emis-
sions for fuel E observed in other engines were not seen with the
single cylinder engine.

Summarizing the above results, we can see that a reduction
from 30% w 0% total aromatic content by mass could bring
about 4% reduction in NOx emissions (Table 3) and around 10%
in particulate emissions (Table 6). Reducing the tri+-aromalic
concentration would likely o reduce both NOx and PM emis-
sions. It should be noted that the results were obtained from a six
mode steady-state test procedure, and the absolute value may not
agree with the transient performance. There is also an uncertainty
associated with the particulate measurements.

Future Fuel Matrix

The preliminary data showed that fuel properties had measur-
able effects on engine emissions. The single cylinder Proteus
research engine had a response to fuel changes similar to that of
multi-cylinder production diesel engines. Since the amount of fuel
required by a single cylinder engine is much smaller than multi-
cylinder production engines. a fuel matrix with a high number of
fuels can be vused in the research program.

A pumber ot fuel matrices are being designed which will
address our ultimate goals mentioned in the intreduction—to
investigate the difference (or the lack of it) between the oil sand
derived diescl fuel and the conventional crude o1l diesel fuel in
terms of engine emissions, and to study the relative importance of
polyneclear aromatics in terms of their contribution to engine
emissions.

Conclusions

The results of this preliminary study can be surnmarised as
[ollows:

+ When the cetane number of the fuel was increased from 44
to 64 by adding a cetane improver, the NOx emissions
decreased about 5%. This decreasc occurred mainly in the
cetane number range of 44 1o 35.

+ The particulate emissions fended to increase when the cetane
number of the fuel was increased.

* The cffects of cetane number on CO and HC were not sig-
nificani.

* Both total aromatic content and the tri+-aromatic content
appeared to have adverse effects on NOx and particulate
ermissions.

+ The single cylinder engine behaved similarly to multi-cylin-
der engines as far as exhaust emissions were concemed. The
engine can be vsed as an effective tool to investigate exten-
sive fuel matrices.
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[a]n]] Navistar DTA Navistar + Ricardo

Fuel Series 60 466 Catalyst Proteus
E 0 0 0 ¢
A B -22 -12 -1
C -9
F 7 -23 -15 -8

TABLE B: Comparison of HC Emissions, relative %
change based on fuel E, results for Ricardo obtained
from 6-mode steady state tests, ail others from EPA
transient tests(@.

DDC MNavistar DTA Navistar + Ricardo
Fuel Series 60 466 Catalyst Proteus
E 0 0 0 0
A -28 -21 -22 -2
C -5
F -36 -35 -27 -20
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