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ABSTRACT

The effects of cetane number, total arematic content and
density of diesel . fuels on diesel. NOx _emissions  wgre
investigated. Over 20. fuf;ls were studied in a DI diesel, engine
running steady-state simulation of the U.S. EPA fransient test.
The camposite NQx emissions showed, a. degrease of-abput 5%
when the cetanc number was ingreased from-44 to 64..The
cetane number -affected NQx emjssions. mainly at light load
copditions, by. redqg:mg the amount of fuel burned in the
premixed. . burning. Asthe. same, getane .pumber rating, ,the
composite NOx emissions increased when total aromatic
content, ang fuel.dgnsity jwere jncreasgd.. The,effects. of total
aromatic: content and. density wete. more gpparent at heavy
-load- gonditions.. Higher. flamc. \emporaturgs, associated  with
higher arpmalic &pntent. and, advanced. jpjection -caused by
bigher fuel dengifgs,are two possubie reasons for the higher
NOemISSNssm sy 00ty D

tmi‘c‘u:J\_); LAS T S ’ T ’

'INTRODUCTION

e

3 To meet thc progresswely more smngent emission
reE nm;;; mcreasmg “atténtion has been devoted to'the effect
of; fliel properties on exhaust emissnons in Yiesel engines. It is
generally accepled
emissions are defined by engine design and 0perat10n biit
influenced by fuel properties. A knowledge of the interaction
between engine operation and diesel fuel properties will
benefit both engine designers and fuel producers in their effort
to produce engines and fuels that can work together 1o meet
new emission standards.

The general approach in fuel property study is to blend
fuels so that a single fue] property can be varied in a large
rapge while ihaintaining the other fuel properties within a
narrow span. This task is always challenging and sometimes
impossible. Consequenty, most of the studies to investigate
the influence of fuel properties on diesel emissions are biased
by the specific fuel matrix design and by the inter-correlation
between the fuel properties. The key to avoid this problem is a
careful fuel matrix design and the ability to blend and test a
large number of fuels. In this study, over 20 fuels in three fuel
matrices were investigated. The effects of cetane number, total

that engme efficiency and exhaust -

aromanc Qontent and densny on NOx ermssmns were assessed
mdmdual!y

. MQRQ gf the disadvantages of Tunning ‘rapsient emission
fests 1s, tﬁa, AL s ‘not posmble to (fﬁ’ferc;nuate the contributions
of ghff?rgng operaung condltlons to exhaust emissions. Some
qf th;: e}}glr;g: Qperaung condn;ons are mort; sensitive to fuel
propertles than some others. In Lfns study, a steady stale
simulauon of the U.S. EPA transienf test Procedurg: was used.
Thc_QH}I}SSIOD test resulg,s wc;e therefoxe linked to the results
obiained from the U.S. EPA tranmlent test. ‘Af the same time,
the ¢ pg‘in_ Lest results from dxfferent engme operatmg
bgpdttions p;"fered det,':ulcd mformguon 80 that the influence of
eqch fuql  property on NOx forrnanon at dlfferem engine
operating cqndltlons can be mvestlgatcd

‘‘‘‘‘

EXPERIMENTAL

E;gme and Oneratmg Condmons
_ The engine usq:d in this study is a single- cylmder
research versmn (Ricardo Proteus) of a Volvo TD123 heavy-

‘Table 1 Research engine configuration

Engine Type ‘Ricardo Proteus (replicates one
. “cylinder of Volve D123)

Bore - - 130.2 mm

Stroke 150.0 mm

Number of Cylinders {1 - -

Displacement 1.997. kitres

Combustion Toroidal Bowl

Chamber Type

Campression Ratio 171

Number of 2

Valves/Cylinder

Injection Type Direct Injection

Fuel Injection Pump | Bosch PEGP 120A 320RSB011

Injection Pressure 120 MPa

{Typical)

Fuel Injection Nozzle | Bosch DLL.A 152 P 285

Maximum Power 44,67 kW (60 bhp) @ 1900

Qutput rev/min
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Table 2 AVL 8-mode steady-state simulation of U.S. EPA
transient test procedure

Mode | Speed {rpm) | Load (%) | Weighting Factor
1 600 0 35.01
2 743 25 6.34
3 873 63 2.91
4 1016 84 3.34
5 1900 18 B.40
6 1835 40 10.45
7 1835 69 10.21
8 1757 95 7.34

duty truck engine. The engine is a direct injection type and has
a displacement volume of 2 litres. Major engine configuration
data are shown in Table 1. The research engine incorporates
many features of contemporary medium- to heavy-duty diesel
engines. It is tuned to meet the UG.S. EPA 1994 emission
standards. Detailéd information on the test engine can be
found in [2] and {3].

The test proceduré us;ad in this* study was an eight-mode
steady-state simulation of “the US. FPA transient test
procedure. This test procedure was developed by AVL [1].
The engine operating condmons and-the weighting factors are
listed in Table 2. _

For all test fuels, the speed and the load at each mode
were kept the same. Therefore, -drscrepancies'm the amdunt of
Tuel per cycle supplied to the engme should té eliminated for
fuels having different densities. I was noticed in the
experiments “that’ fuéls Hé‘Ving"dﬁféreﬁt ‘dénsities stitl had
slightly different injection timing and duration due to the
differences in density and bulk modulus of elasticity. -

To check the repeatability of the emission measurements,
the fuel Ref2 (Table A-2) was run in the enginé periodically.
The results showed that the standard deviation of NOx
emission measurements was ‘0.92% of the mean. The
dlfference between the max1mum and the mlmmum NOx

emission measurements was 2.84% of the mean. The error
was of a random nature. Therefore, the experimental data
obtained with all other test fuels were not adjusted for engine
shift or experimental system error.

Test Fuels

Among the three fuel matrices tested, two of them were
blended using refinery styeams and fuel additives. One fuel
matrix was blended by adding cetane improvers into the base
fuel Refl (Table A-2). The maximum amount of cetane
1mprover uded ‘was 1% by volume, achieving the maximum
cetane nuriber of §4.t. In this fuel matrix, cetane number
rating was the onlyifuel property that was varied. The other
fuel properties such as total aromatic content and density
rematned virtually the same.

The second fuel matrix were blended using refinery
streams (Table A-1). A total of 22 components obtained from
seven refineries were used in this fuel matrix. The parameters
controlled in this fuel matrix were:

+ total aromatics (10, 20 and 30% by mass)

+ sulphur content (<500 ppm by welght)

4 Cetanc-number (42 to46)

+ viséodity, cloid point and distillation properties (within
the typical range of current commercial diesel fuels in
‘Candda).

In this second fuel matrix, total aromatic conienl was
varied intentionally in a wide range. Subsequently, the density
of ithe- blended fuels also varied, Cetane number was
controlled in & narrow range. The properties of these fuels are
listed in the appendix togcther ‘with the reference fuels Refl
arid Refz, v +

* To ‘investigate the effect ‘of aromatics on exhaust

emissions, ‘it is cracial o measure aromatics aecurately. In this
study “four-different methods wefe 11sed 1o ¢haracterise the test
fuels.” These imethods ‘include” Supercritical Fluid
Chrématography  (SFC), High Performance  Liquid
Chromatography (HPLC), Hot Fluorescent Indicator Analysis
(FIA) and Gas Chromatography/Mass Spectroscopy (GC/MS).
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Figure  The NOx emissions versus cetane number, averaged composite emissions and emission rates at four individual modes
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'Figure 2 Fraction of heat release during the “'f)rernixed
" burning” period at light and heavy load conditions

The four methods vyielded total aromatic contenis that
correlated well with each other. The correlation coefficients
ranged frém 0.996 to 0.999. Using totd]l aromatic conteints
measured by any of the methods should yield the same
conclusion when assgssing the impact of totdl aromatics on
engine emissions. In this paper, SFC data were used for all the
analyses. = == B

The third fuel matrix contained fuels obtained from
different sources (Table A-2). These fuels were used to test
the regression models generated using the fuel blends listed in
Table A-1. :

;

RESULTS AND DISCUSSIONS

Effect of Cetang Nimber -

In the first fuel matrix, the only fuel property that
changed widely is the ceétane number. Figure 1 shows the
averaged composite NOx ‘emissions and the NOx emission
rales -at four different modés as functions of cetane number.
These four modes tepresent typical operating conditions at the
extremes of the speed and the load.

When the cetane number of the reference fuel Refl was
increased from 44 to -64 by adding cetane improvers, the
composite NOx emissions were reduced by about 5%. The
NOx reduction occurred at light load engine operations, such
as mode 1, 2 and 5 (modes 1 and 5 are shown in Figure 1), At
medium and heavy load conditions, modes 3, 4, 6, 7, and 8,
cetane number had no effect on NOx emissions regardless of
the speed (modes 4 and: 8 are. shown in Figare 1). _

The ignition delays at all modes were reduced when
cetane number was increased from 44 to 64. However, the
effect of cetane number on the heat release curve differed for
the light-load and the heavy-load conditions. Figure 2 shows
the fraction of heai release during the “premixed burning”
period for individual modes. It should be noted that the heat
release analysis did not consider heat loss to the cylinder walls
[4]. At light load conditions, the major heat release occurred in
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the premixed burning period, contributing more than 50% to
the total heat release. At heavy load conditions, the premixed
burning comprised onlyAbout 3% of the total heat release.

Nitrogen- oxides form in high temperature regions.
During the premixed burning period, the rapid heat release
inevitably generates regions with high temperatures. The NOx
emission from the test engine at light load conditions came
mainly from the premixed bum}ng When fuel cetane number
was increased, the dveraged preSSure during the premixed
burning changed less ‘than 1% (Figure 2- shows the mean
pressure for mode 1}. This indicates that the combustion event
did not change substantiglly even though its timing relative to
crank angle position wds shiftéd about two degrees. What
changed substanually was the amount of fuel that was
consumed in the premixed burning pericd. When the cetane
number was increased from 44 to 64, the NOx emissions can
beé réduced By a8 thich &g 20% at light load conditions (Figure
n.

s When' cetape, number was increased, the premixed
fracuen of helt belease wds reduced siBstantially at heavy
load l(zondlgons. Since the NOx formed during this period
constitutes only a small portion of-the total NOx. emissions at
these conditions, the effect of cetane number becomes
insignificant.

1 ¢
Effects of Total Aromatic Content and Fuel Density

In the second fuel matrix, cetane number of the 12 fuels
were conirolled in a narrow range, whereas the total aromatic
content of the fuels -varied substantially. The densities of the
test fuels in this matrix were not controlled. The correlation

“coetficient betwéen density and the total aromatic content is

0.67. .
The averaged composite NOx emissions and the NOx
emission rates are shown in Figure 3 versus total aromatic
content and fuel density. “The results at modes 1 and 5 are
typical of those obtained with light load conditions, and résults
at modes 4 and 8 are typical of those obtained with medium to
heavy - load conditions. The composite NOx emissions
incredsed with the incfease in total aromatic ¢ontent and fuel
density. This increase occurted mostly at medium to heavy
load conditions. The effect of total aromatics or fuel density
on NOx erniésions at light load cenditions was riot signifteant.

The fuel density gencrally affects the fuelling rate when
conducting transient tests. If all the tést fuels are run using the
same power curve that is generated from a reference fuel, the
fuel with a higher density will run at a higher fuelling rate on
mass basis. This fuelling discrepancy can bias emission
comparison between fuels. In this study, steady-state tests
were conducted, and the power outputs of all the fuels were
kept the same. This minimised the fuelling discrepancy
hetween the test fuels. The specific fuel consumption changed
less than 1% and was not a fanction of density.

. The fuel density, howewver, alfects the fuel injection
liming and rate. At the same timing setting, the start of
injection of the fuel with a higher density is slightly advanced.
In this study, an advance of about 0.5 crank angle degree was
observed among the 12 fuels. An injection advance of 0.5
crank angle degree corresponds to a change of 3% in
composite NOx emissions between the heaviest and the
tightest fucls [5].
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The fuel injection rate on a.Mmass basm for a heav1er fuel
is higher, but the durapion:is shorter. This becemes more
significant .at heavy load conditipn .due to the longer injection
duration.. At heavy load gonditions, a2 major.part of the fuel
was injecled -and consumed during the mixing centrolled
burning period. Between, the heaviest and the lightest fuels, a
4% difference was observed in the mean cylinder pressure that
was averaged from the ‘start of mixing controlled burning to
the end of fuel injection. This indicates that a higher injection
rate causes more fuel to be injected into the high temperature
region, leading to higher NOx emissions, However, the extend
of this effect could not be assessed from the available data.

The composite NOx emissions increased when the total
aromatic content in the fuel was increased. The correlation
between fuel aromatic content and the NOx emissions is more
evident at medium to heavy load conditions (see Figure 3). At
these conditions, major portion of the fuel was burned at fuel-

Table 3 Regression analysis-of corrected composite NOx

emissions
Variable |Standard| Standard F-  |Probability] R? |
Error |Coefficient| Value
Total 00016 | 0.5964 | 2448 | 0.0008
Aromatics| ) ’ ’ 0.93
Density 0.0012 0.4539 14.31 0.0043

CERT T ELe : N LT

rich locations where the chemical composition of the fuel is
likely to have an impact on the local gas temperatare, The fuel
with a higher total aromatic content can be expected to
generate a higher temperature in these fuel-rich regions
because the adiabatic temperatures of the hydrocarbons with
ring structures tend to be- higher. A higher local peak
temperature could be the cause for higher NOx emissions for
fuels having higher total aromatic contents.

" To estimate the effects of fuel density and total aromatic
content, regression analysis was performed on the comrected
composite NOx cmissions, -Small “differences on NOx
emissions were corrected for the cetane number (reference 44)
and the injection timing {reference fuel C20B) [5]. The fuel
properties considered in the regression analyses were: density,
viscosity, T90, T50, T10, total aromatic content, and poly-
aromatic content (di+-aromatics). The highest correlation of
these fuel properties, 0.776, is between T50 and viscosity.
Some degree of correlation between total aromatic content and
poly-aromatic content is alse observed with a coefficient of
0.714.

The total aromatic content and the fuel density are found
to be the two significant variables in the regression analysis,
Between the two variables, total aromatic content cantributes
more than the fuel densily to the changes observed in NOx
emissions among the 12 fuels (see Table 3). The combined
effects of these two variables account for 93% of the changes
in NOx emissions.
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50 ; , — 1 . loads, NOx emissions were not affected by cetane
@ Fuels Used in the Model number. At light loads, NOx emissions could be
g. 48 ; ;‘;’i’: Predicted by the Model reduced by as mich as 20% when cetane number was
£48 o Re2/Sid Dev. 1 increased from 44 (o o4.
@ . i LA g *» Fuel'density changes’the injection timing and the mass
% ’u injection rate. Even under steady-state e_ng'fne tests,
E 46 e, density was found to correlate with NOx emmssions.
& 45 n B4l 1 * The effect of-total arpmatig. epptem on NOx emissions is
=P - Paldl : , likely 4o be -a chemical ‘one. The higher flame
8 ~temperature -associpted with -aromatics -in the fuel-rich
343 P — — regions conld’ bf, x| cause for ‘higher NOx emissions.
3.5 a2 - 1 [Model: NAO:;‘EA;QixdensllexmlaI_aromallcs || Re ducmg t.Ot al Qmatlc content from 30% to 10%
;3 a1 : B = 0.004539 - without changmg other fuel prcperuea cou]d reduce
i ! C=0007348 . . NOx etissions by about 5%.
00 41 42 43 44 45 46 47 48 49 50 L el
' Actuél‘CorrEctad NOx Emissions {(g/hp:nr). : .”%C;KNQYXFEDGEN[ENT . T
Figure 4 Regression model for NOx emissions . We thagk W. 1. Chippior for his assistance in obtamlng

) e_:n_gme expenmenta! data. Fundmg of the gud)[ “has ‘been
To further evaliale the regression results, the model was pmv1ded PI Natmna‘l Research Councﬂ Canaday: Program for
used to predict the NOX gmissions of sevén test fuels that was ~ Energy. R.BsﬁarCh and Developmem Shell “Canada ' Lid.,
not included in generiting the regression, model (Table A-2). - Byricrude | Oanada Ltd. and Imperial Oil Ltd; The majority of
The resuits are shown in Figure 4. The: model ‘predicts the theitest fuels were blended by Shell. The fugl _properties were
NOx emission rcsults well for six of thé-seven fuels that have .!f_lt‘\ﬁ!ysﬁ.dfb}f NRC, “Syncrude, Shell and National Centre for
similar propert:es with the 12 tést fuels. The model prediction - -Upgrading Technology! We acknowledge ‘Ken Mitchell:-Jean
is 3.8% higher for-fuel Ref3.. This fuel-had- substantially _‘Cpéley, Keith Richardson, Maya Veljkovic and Craig
different -properties including higher depsity, hjgher cetane Fairbridge for their valuable comments. We - thank Shell,
number and lgwer total aromatic content. The fact that the - Imperial. Qil,. Syncrude, Suncor, Chevron, Arco and Etliyl
regression model is able to predict thevNOx emtss:on& fer Canada for prowdmg fucl additives and components.
other fuels indicates that total -aromgfic conjent and fuel - o '
density are indeed two lmportam fuel *propertres affcctmg REFERENCES
NOx emissiops. - T S s :
o e iy oo Ayl P and L
in “tes Certath de . A . :
(correlatlon coefﬁment Q. 67) Thalr mdwu:]ual effects on I%Ox Quicscent Combustion for 1990's Heavy-Duty DI Diesel

o ines - lysis”, SAE No. 880342, 1988.
emissions are not cértain: Fufther studies wheie filel density is Engines - Au Analysis”, SAE Paper No. 880342, 198

de-coupled from the total aromatic content are in progress. {21 Li, X., Chippior, W. L. and Giilder, O. L., “Effects of Fuel
Properties on Exhaust Emissions of a Single Cylinder DI
CONCLUSIONS Diesel Engine”, 1996 SAE Transactions, Paper No.

0h2116,+1996.
[3] Li, X., Chippior, W. L. and Giilder, 0. L., “Effects of

In this work; “we investigated the effects of cetane
number, total aromitic content and density of diesel fuels on Cetane Enhancing Additives and Ignition Quality on
NOx emissions. Our results _lead'to the following C_OnlCll.lISIODS: Diesel Engine Emissions”, 1997 SAE Transactions,

. le_ferem fue]__ properties mﬂucr.u?e NOx emissions at Baper No. 972968, 1997,
different engine operating conditions. Increasing cetane
number reduced NOx emission at light load conditions, (4] Heywood, I. B, Internal Combustion Engine

whereas increasing fuel density and total aromatic Fundamentals, McGraw-Hill, New York, pp. 508-514,
content increased NOx emissions at medium to heavy 1088.
load conditions. o , [5] Li, X., Chippior, W. L. and Giilder, {0, L., *Canadian

* The effect of cetanc number is mainly physical. Diesel Fuel Composition and Emissions — 1", NRC
Increasing cetane number reduced the amount of fuel Report No. 37645, 1997,

burned in the premixed burning. At medium to ‘higher



116

APPENDIX
»
Table A-1 Properties of blended diesel fuels
FUEL ID 510A |S10B |820A |S20Bnl | S30An5 |$30Bnl JCI0A [C10B [C204 | C20B | C30A& | C30B
Density, kg/m’ @15°C 8272 8342 [8336 {8384 840.8 838.4 804.9°[817.1 [821.4 [823.1 |8354 |828.1
Viscosity @40°C, c8t 1.65 {214 {17 |1.92 1.81 1,73 1.62 [201 197 [166 |[218 |1.70
Cloud Point, °C 44 127 [-26 [-25 -28 -33 <70 |-27 =3, -39 -10 -37
Disiillation, D86, IBP,°C [ 155.0 | 158.5 | 156.5 | 156.5 170.5 170.5 189.5 [201.5+71487.0 [173.5 [178.5 |:i75.5
T10, °C 175.5 [183.0 [181.0 | 175.0 185.0 186.5 2000|2075 {191.0 1940 [198.5 [1985
T50, °C 217.5 |244.0 | 224.0 [232.0 222.5 224.5 2125 [221.5 {223.0 |219.5 [244.0 |231.0
T90, °C 286.0 [317.0 [284.5 {3235 324.0 3015 ° 1242.0%,]285.5 [335.0 2720 |317.0 |2680
EP, °C 313.5°|344.5 1310.5 [348.5 347.5 1345 2845 13205 [379.0 {3150 [352.0 (3010
Cetane In., D976-80 41.0 [46.8 [409 [418 37.9 39.5 474 1461 [450 1432 465 }45.1
Cetane No. D613 41.0 [434 [402 [429 42.3 42.0 ~ [404 [416 [465 419 439 |44z
Sulphur, ppm (mass) 132 |24 28.8 |31.1 84.7 3.0 8.1 131 314 (1340 (2700 |2020
Hydrogen Content m% 1375 13,73 (1349 [1342  {13.08 13.16  [:14.18 |14.13 [13.72 {13.68 |13.28 |13.40
Nitrogen, ppm (mass) 279 {03 [564 [1.5 24.8 2.5 1.0 17.5 |47 197 [412 [21.8
SFC s K . . N fa ) ALY P . N | A 1= . N
Total Aroratics, %m 124 1129 [202 }23s 300 314 10.8  [11.0 [207 [202 [300 [29%
Mono-Aromatics. m% 1109 {955 179 J2.02 252 214, [96 7% 160 1168 221 |23
FDi- Aromaties m% .- B R e I e R R S & 143 364, o0 29  [43 . 132 - [71 |44
Tri+-Aromatics m% 100 {08 foa 0.5 - Jos 403 5 joa . |03 03 fp3 (o8 o3,
-HPLG .-~ -~ R I . q TR R B S | :
“Fotal Aromatics, %m {017 1120 {200 {228 321 313, J104 J102 {200 [198. [296 |30z
. Mono-Aromatics m% 4132 - 1100 ]19.0 [200 20.6 288 . -[97  .[82 168 (174 240 1269
Di-Aromatics m% 03 415 1.0 [13 119 22 . log Tz 2.8 . |23 50 30
Tri+-Aromatics m% 1<0.1 o5 <0.1 [0.6 0.6 d03 ° 1«<0.1 To3s Ttod 62 0.6 0.3
-Hot F1A - : . | . L 5 [ . -
Arormatics, %v. 103 [106 [173 [208 27.8 276 187 Y92 174 J177 (250 (254
Olefins, %v. 2.0 2.0 1.9 [23 2.9 123 19 2.4 1.8 124 1.6 2.7
Saturates, % v. 87.7 [874 {80.8 |76.9 69.3 170 1494 &84 “T808 T709 {734 [719
GC/MS ' ' 1 ’ ' )
Total Aromaties m% 1.1 [123 [197 [223 30.5 30.2 102|102 199 [194 [288 |28.8
Mong-Aromatics. m%. 9.8 .. 193 .J176 [492 {26.4 262 - 9.1 7.3 155 187 |21.6 |45
Di-Aromatics m% 412 {27 |20 J28 3.8 139 - {11 2.8 4,3 3.6 6.9 42
Tris-Aromatics m% 00 {02 [oe Joi1 0.1 Jor  Jo.0 0.1 0.1 0.1 0.3 0.1
Table A-2 Properties of other test diesel fuels
AR 1 1) 0 1y 1 Reéll “[RefR2” [Ref3 |A 7 [C E F
Densily, kgfm® @15°C 18362 [8350 [842.0 |8297 [841.0 [8368 84573
Viscosity @40°C , cS¢ 2133 - (2207 [4.03 1752 T1723 [1.430 [24e4
Cloud Point, °C -22 -19 -6 ' -
Distillation, D86, IBP, 178.5 |1729 [1755 |166 170 170 170
T10, *C - 2056 [1089 [2448 183 185 183 189
T50, °C 2455 [2559 [2978 (=220 224 209 245
TO0, °C 3061 [3114 [3338 284 284 251 344
EP, *C 3433 {3367 [3526 {317 313 282 378
Cetane In., D976-80 46.6 49,7 55.5 40.7 38.0 34.2 395
Cetane No. D613 439 46,2 55.4 45.8 43.5 403 431
Sulphur, ppm (mass) 287.0 351.0 192 466 460 374 299
Hydrogen Content m% 1338 [1337 (1395 [1378 (1328 }1329 113.19
Nitrogen, ppin (mass) 54.1 42.9 2.5
SEC
Total Aromatics, %m 273 2735 4.8 10.8 245 25,2 235
Mono-Aromatics m% 21.8 19.2 4.0 6.5 17.8 204 1.4
Di-Aromatics m% 4.9 6.7 0.7 3.6 6.2 47 8.6
Tri+-Aromatics m% 0.5 1.0 0.1 0.7 0.5 0.1 3.6




