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Performance and Gaseous Emissions
Characteristics of a Natural
Gas/Diesel Dual Fuel Turbocharged
and Aftercooled Engine

The aim of this paper is to investigate the perfamoe and emissions characteristics of a
turbocharged and aftercooled diesel engine operatigd natural gas as primary fuel, and
diesel fuel as ignition source. In such dual fupkmtion, much of the energy released
comes from the combustion of the gaseous fuelewhily a small amount of diesel fuel
provides ignition through timed cylinder injectiohe effects of diesel-natural gas
substitution ratios, engine speed, and load on #wivalent brake specific fuel
consumption and gaseous emissions of hydrocarbzarbon monoxide and nitrogen
oxides are examined for natural gas-diesel fuelraffen and, afterward, compared with
the original diesel operation. The results showtthaver a wide range of operating
conditions (engine speed, load), the dual fuel magiearly shows the benefits of reduced
NOX emissions. However, under low loads, the resadticate high CO and HC emissions

and a higher BSFC when compared to those of theesponding diesel engine.
Keywords: diesel, dual fuel engine, emissions, natural gas

Introduction

Environmental awareness, stimulated fuel diversifom and
the high price of conventional fuels have led te tireation of
incentives to promote and further evaluate altévaduel sources
for conventional internal combustion engines. On@angple in
compression ignition engines is the use of a gaséael as partial
supplement to liquid fuel. Such operation, known“dal fuel”,
represents an attractive and flexible means fdizimgy a range of
gaseous fuels, including natural gas. The dual eginimvolves the
utilization of gaseous fuel by first mixing it witthe air intake;
ignition of this premixed lean charge is then acplished by
injecting a small quantity of diesel fuel, the ‘tgil, near top dead
centre of the compression stroke. This pilot fuah ceadily auto-
ignite to provide an ignition source for subsequedtame
propagation within the surrounding gaseous fuelraxture (Badr
et al., 1999; Kusaka, 2000).

Many investigations regarding combustion phenomemal
exhaust emissions in gas-fuelled diesel enginese hbeen
conducted. Elliott and Davis (1951), in an earlydst on a direct
injection, naturally aspirated CFR (Cooperative IFResearch)
engine, indicating that the proportion of gas redaepends on the
gas-air mixture strength and on the quantity ofselieemployed.
They suggested, on this basis, an apparent lowsit |of
flammability of the mixture. Tesarek (1975) who fgated natural
gas in a single cylinder, direct injection diesefjime and replaced
up to 80% (on an energy basis) of the liquid fughwnatural gas
(mainly to reduce particulate emissions) observeaty vliarge
associated increases in hydrocarbons (HC) and ecanmnoxide
(CO) emissions. Karim (1980), in a review of thembwistion
process in dual fuel engines, showed that the pijoition delay
(the time between the start of injection and igmiji increases
considerably with the addition of the gaseous fumlt then
subsequently decreases with the addition of furtip@s. Varde
(1983) investigated the use of propane and nagaslas fuels for
diesel engines. Experiments were conducted by tingdifferent
quantities of pilot diesel fuel at a fixed injeatidiming. The pilot
guantity and the overall equivalence ratio werenfbto influence
engine performance, emissions and noise. Karim land(1997)
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developed a multi-zone thermodynamic model that whke to

describe the combustion processes of dual fuenesgand predict
aspects of their performance. The results of tidehdemonstrated
that any measures that tend to increase the sifeeofombustion
regions of the cylinder charge such as increadiegcbncentration
of gaseous fuel or employing a large quantity dbtpfuel can

markedly reduce the concentration of unconvertestgas fuel and
carbon monoxide in the exhaust gases. Papagianmadislountalas
(2004) investigated the characteristics of dual peration when
liquid diesel is partially replaced with naturalsgander ambient
intake temperature in a single cylinder directétin diesel engine.
They showed the effects of liquid fuel percentagplacement by
natural gas on engine performance and emissionsfdiv2000)

investigated the possibility of substituting a bielffor diesel fuel in
the pilot injection for combustion of natural gasai single cylinder
diesel engine. The pilot fuels used were rape nhetster and neat
rapeseed oil. The test results indicate that engaréormance for
these alternative pilot fuels was satisfactory emehpared favorably
with the baseline test result using diesel fuel.

Most of the above mentioned experimental investgat were
performed on single cylinder, direct injection, matly aspirated
research engines that certainly provide betterilflity of control
and economy of testing. On the other hand, thexdeav studies on
larger engines (such as those of Ding and Hill,619%henghua et
al., 2003; Casado, 2005; and Pereira, 2006) tleateailable in the
open literature. Therefore, the extent to which fihdings of the
above studies apply to other builds of commeramgjires requires
more study.

The objective of the present work is to investigatee
performance and emissions characteristics of aotirdrged and
aftercooled diesel engine operated with naturalagek diesel pilot
ignition. With this in mind, experimental tests tife dual fuel
operation (over a wide range of engine speeds, sloadd
substitution ratios of natural gas by diesel fuedre conducted at
the Vehicles Laboratory of Pontifical Catholic Uersity of Rio de
Janeiro.

Nomenclature

bmep = break mean effective pressure

BSFC = brake specific fuel consumption, g/(kW.h)
CFR = cooperative fuel research

CO = carbon monoxide
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CO, = carbon dioxide

HC = hydrocarbons

H/C = hydrogen/carbon ratio
H,O = water vapor

LHV = lower heating value

m = mass flow rate, kg/h
NOyx = nitrogen oxides

P = power output, kW
ppm = parts per million

SR = substitution ratio
Greek Symbols

@ = equivalence ratio, dimensionless
Subscripts

AIR air

D diesel fuel

DF diesel fuel in dual fuel operation
D/NG ratio of diesel fuel to natural gas

NG natural gas

OD diesel fuel in original diesel operation
T total

Properties of Natural Gasand Diesel Fuels

The average composition of natural gas, used inptiesent
experimental investigation, is given in Table 1 (&Rio, 2006). A
well-known fact about natural gas (which is morearnth90%
methane in composition) is that it exhibits the hagt
hydrogen/carbon (H/C) ratio of all the fossil fuelsimplies both
lower carbon dioxide (CO2) emissions and a lowerten
intensity (lower mass per unit of energy). If comstion is
performed under the best of conditions (correchtjtiaof oxygen),
hydrogen leads to water vapor (H20), while carboregy CO2.
Since water emissions have a lower environmentgagn than
CO2, a high H/C ratio is preferred.

Table 1. Averaged Composition of Natural Gas.

Component viv (%)
Methane (CH) 90.166
Ethane (GHe) 7.462
Propane (€Hs) 1.277
Butane (GH10) 0.028
Pentane (€H:,) 0.005
Nitrogen (N) 0.649
Carbon dioxide (C¢) 0.410
Higher molecular weight hydrocarbons;(C; & Cg) | 0.003

Table 2 presents basic information regarding thet feel
properties (CEG—Rio, 2006; Pereira, 2006).

Table 2. Basic Information of Test Fuel Properties (at 1 atm and 20 oC).

Properties Value
Natural gas

Lower heating value (MJ/kg 48.74
Density (kg/m3) 0.7357
H/C ratio (-) 3.82
Diesel fuel

Lower heating value (MJ/kg 42 .45
Cetane number (-) 45.2
Density (kg/m3) 830

Experimental Apparatusand Test Conditions

Experimental Facilities

The engine used in the present study is an MWM méd®
TCA, four cylinder, direct injection, turbochargeaftercooled diesel.
This commercial engine used in a variety of vehagplications has
been properly modified to operate under dual fumiditions. The
technical specifications of the engine are givehahle 3.

Table 3. General Specification of the MWM 4.10 TCA  Diesel Engine Test Cases Examined.

Item Specification
Number of cylinders and arrangement 4 in-line
Bore 103 mm
Stroke 129 mm
Displacement 43 L
Compression ratio 17:1
Valves / Cylinders 2

Speed range

840 — 2600 rpm

Rated power and Speed

107 kW at 2600 rpm

Peak torque and Speed

500 Nm at 1600 rpm

Maximum bmep (break mean effective pressyré)277 kPa (12.77 bar) at 1600 rpm

The engine was tested on an AVL model Alpha 24@tete
dynamometer, rated for testing engines up to 600aNd8000 rpm.
The strength of the electromagnetic field couplihg rotating and
stationary parts of the dynamometer was adjustecbrioter to
increase or decrease the resistance offered terigme rotation.
Likewise, the diesel engine injection pump was ety a LENZE
linear actuator.

For measurement of the air flow rate, two calibtat®zzles
were used. The nozzles were installed in a compiensaank,
which was installed upstream of the turbochargkst ito damp out
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the air pulsation generated by the engine. Thespresdrop across
the nozzles was transmitted to the acquisition esysusing a
differential pressure transducer.

The natural gas (obtained from the local distrimthetwork)
was introduced through a simple gas-mixer instglistiafter the air
compensation tank. The pressure of the naturalgas15 psig at
the engine intake. Two calibrated nozzles, indfailea tank, and a
differential pressure transducer were used to mmeakie gaseous
fuel flow rate.

April-June 2009, Vol. XXXI, No. 2 /143



A high precision AVL model 733S electronic flowmeteas
used to measure diesel fuel mass flow rate.

J.C. Egusquiza et al.

The output signals of all the above mentioned imsténts, as
well as diesel pump throttle, torque, engine spesdperatures (air,

HC, CO and NQ were measured by sampling the exhaust gaseesel fuel, natural gas, lubricating oil, coolard exhaust gas),

and analyzing them with a TESTO 350 XL emissiongalyaer.
Before the tests, all the gas sensors of the asralyere calibrated
with standard gases.

relative humidity (to correct for air consumpticem)d pressures (air
and natural gas) were fed to a Start-AVL data asitjoh system.
The experimental setup is shown in Fig. 1.
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Figure 1. The experimental setup.

Test Conditions Examined

To determine their effects on the performance amisson
characteristics during the dual fuel operation, $peed, load and
diesel-fuel/natural-gas substitution ratio wereiegr Measurements
were taken in the following ranges: load (bmep)rfrd to 12.7 bar,
speed from 840 to 2600 rpm, substitution ratio fl@me 94 percent
(depending on operating conditions). First of @#lg engine was run
at a given load and speed under original diesetatip@. Then,
under the same engine operation conditions (engjreed, load),
natural gas was injected with a simultaneous réciiodf diesel
fuel. Dynamometer control decreased automaticaith the diesel
fuel mass flow rate in order to maintain constamerating

144 / Vol. XXXI, No. 2, April-June 2009

conditions. Thus, the gaseous fuel was increasétl reaching an
unacceptable operation condition (combustion failunder low
loads or presence of audible knock under higheddpaThis
procedure was employed to assess dual fuel operatiih
maximum substitution. Additionally, for each exartncondition,
performance and emissions of the dual fuel combnstiere also
evaluated using intermediate values for the sultitit ratio. In
order to calculate the percentage of diesel fueln&ural gas
substitution, the Eq. (1) was used:

—

@
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where mpe and mpp represent the diesel fuel mass flow rate in

dual fuel and original diesel operation, respetyiv@riginal diesel
operation is represented [8R,,yg =0 and dual fuel operation by

SRy/nG >0.

The gas—air equivalence rat(apNG) is defined as the ratio of

the stoichiometric mass of air required for gas lsostion alone to
the difference between the total air mass and thssmequired for
complete combustion of the pilot diesel fuel, i.e.
_|__16.91¢ 2

¢NG [mAIR_14'9rTbJ ( )

Results and Discussion

For both engine operations, i.e. using originakdieand using
dual fuel, three measurements were taken to avetegeata for
each operating condition (load, engine speed). dlmeation for
each measurement was of one minute at a sampliagfd 00 Hz
per channel. The repeatability of all results ane éxperimental
error were evaluated according to Holman (1989 Maximum
uncertainty in any quantity was in the 3.2 to 5.&#bge.

Since the trends are observed for a broad randeaodfs and
engine speeds, results are provided for just tedd@nd two engine
speeds (1600 and 2600 rpm).

where myg , Mar and mp are the mass flow rates of natural gas,

air and diesel, respectively. The numbers 16.91ah€l represent the
air mass flow required for the stoichiometric andmplete
combustion of 1kg of natural gas and diesel usespactively.

The total fuel-air equivalence ratio is definedttas ratio of the
mass of the stoichiometric amount of air requiredthb for
combustion of gas and the pilot Diesel to the mafsthe actual
amount of air consumed by the engine, i.e.

o = (16.%NG + 14.%] 3)

Mar

Likewise, under dual fuel operation, the effectbrake specific
fuel consumption (BSFC) was estimated from the fuaks flow
rates per unit power output. Also, a correction wele in order to
take into account the difference between the Idveating values of
both fuels.

(4)

BSEC=| Mo * (LHVnG/LHVp Jringg
1000CP

Effect of Dual Fuel Operation on the Equivalent Brake

Specific Fuel Consumption

Figure 2 provides the variation of the equivaletit boake
specific fuel consumption as a function of percgataubstitution
ratio for various loads at 1600 and 2600 rpm engjeeds.

As shown for low loads, BSFC for dual fuel operatis
noticeably higher compared to original diesel opera even
though dual fuel performance is poorer at lowedoand when a
higher proportion of natural gas is used. Thus,efcample, for the
1.3 bar load, corresponding to 10% of full load @@ rpm, BSFC
increased from 413 g/kW.h (verified under origidedsel operation)
to 926 g/kW.h (under dual fuel operation with a 69@bstitution
ratio). This difference represents a BSFC increasel24%.
However, as engine load increased, this tendentynished due
to more complete combustion of the natural gasfulltloads,
BSFC under dual fuel operation is comparable tgioal diesel
operation. For example, at 2600 rpm and 10.7 b&F® was
around of 253 g/kWh at full load, a value approxiefa constant
over the entire substitution range (i.e., from ®83% percent). On
the other hand, increasing the engine speed, wheth&600 or

where LHV\g and LHVp are the lower heating values of both2600 rpm, tends to raise brake specific fuel constion. This

fuels and the power output.

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyri
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light deterioration in performance is mainly duethe increase of
friction power losses, which increase with engipeed.
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Figure 2. Variation of BSFC for different substitut

Effect of Dual Fuel Operation on Hydrocarbon Emissions

The emissions of hydrocarbons (HC) as a function

ion ratios and engine loads. Engine speeds: 1600 an
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of flammability (about 0.4~0.45) in agreement witte findings of
Ding and Hill (1986).

Furthermore, for low load involving very lean gassduel-air
ahixtures, the employment of a large pilot fuel qitgncontributes

substitution ratio are given in Fig. 3 for varicersgine loads at 1600 to combustion of the gaseous fuel without huntiFige reduction of

and 2600 rpm engine speeds.

Hydrocarbons or, more appropriately, organic emissiare the
consequence of incomplete combustion of hydrocarboel
(Heywood, 1988). Gaseous hydrocarbon levels inetiteaust of a
diesel engine under normal conditions typically ganfrom
approximately 20 to 300 ppm (Majewsky and KhaiQ&)p0

As indicated in Fig. 3, HC emissions under dual fygeration
are considerably higher compared to diesel operafibese results
are consistent and explain the BSFC observed in EigAt low
loads, HC emissions rise rapidly as the substitutatio of diesel
fuel to natural gas is increased. Under these tiondj the natural
gas-air mixture is very lean, which complicatesrigapropagation
throughout the whole combustion chamber from thet pgnition.
For the BMEP of 1.3 bar (10% of full load at 1600n)pthe HC
concentration at the exhaust gases was incremémed160 ppm
(original diesel operation) to 20360 ppm (dual fopkration with
69% substitution ratio). At this dual fuel operatigoint, the
calculated gas-air ratio was of 0.42, corresponthinigpe lower limit

146 / Vol. XXXI, No. 2, April-June 2009

diesel injection mass flow rate, due to the natgeal addition, may
change drastically the liquid fuel atomization. Ttemdency is a
poorer atomization when the mass flow rate redwres this has
strong effects on hydrocarbons and carbon monogitéssions.
However, the atomization is most affected whenatmunt of fuel
injected per cycle is reduced below 5 to 10% of th&ximum
design level (Abd Alla et al., 2000).

On the other hand, for a constant substitutionoratith an
increase in engine load, there is a correspondemeadse in HC
concentrations, indicating an increase in parggctions or better
flame propagation. Under dual fuel operation, lowalues of HC
concentrations were obtained for loads above 9r%bd when the
substitution ratio is above approximately 70 petdenrresponding
to gas-air ratios above 0.6).

Additionally, it is worth noting that when dual fuengine runs
at high speed there is a small increment in HC spns. This is
believed to be caused by the reduced time availfavl@xidation
reactions. It is important to keep in mind thatsgieinjection point
is fixed and independent of the engine speed.
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Figure 3. Variation of HC emissions for different s

Effect of Dual Fuel Operation on Carbon M onoxide Emissions

Figure 4 shows the variation of carbon monoxidessions as a
function of substitution ratio for various loadsl&00 and 2600 rpm.

The rate of CO formation is a function of the aabie amount
of unburned gaseous fuel and of the mixture tentpera both
which control the rate of fuel decomposition andidakon
(Kouremenos et al., 1999). Carbon monoxide conagatrs in
diesel exhaust range from approximately 10 to 50@ pMajewsky
and Khair, 2006).

Observing Fig. 4, it is confirmed that CO emissioase
consistent with the results for hydrocarbons. Undewl fuel
operation, HC and CO emissions are considerablyehnigvhen

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyri
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0 20 40 60 80 100

SUBSTITUTION RATIO (%)

1600 and 2600 rpm.

compared to diesel operation. For the evaluatedslomcreases in
substitution ratio correlate with increased CO @einiss. However,
each curve peaks (between substitution ratios airiD70 percent)
suggest an improvement in oxidation reactions duth¢ decrease
in CO emissions. Such concentrations were lowereurtdgher
loads (above 9.9 bar). Increase in engine speed doeseem to
have a significant effect: similar carbon monoxitncentrations
are observed for both cases.

Likewise, the HC and CO emissions as function & tatal
fuel-air equivalence ratio (see Fig. 3, Fig. 4 arable 4) suggest
that for ¢ equal to 0.64 or more, the flame propagation can b

considered successful, because above this valued@end CO
emissions begin to decline.
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Figure 4. Variation of CO emissions for differents  ubstitution ratios and engine loads. Engine speed: 1600 and 2600 rpm.
;ggfr;.r];artial Results of Diesel and Dual Fuel Op  erations (at 1600 and Effect of Dual Fuel Operation on Nitrogen Oxide Emissions
1600 rpm 2600 rpm The results presented in Fig. 5 show the variatibmitrogen
oxide emissions for different substitution ratioglaengine loads, at
Load | SR | g | & | Load | Shie | fyg | speeds of 1600 and 2600 rpm ’
(bar) (%) ) ) (bar) (%) ) ) . . . .. ..
Nitrogen oxides, as defined by emissions regulationclude
0.0 0.00 | 0.20 0.0 0'09 0'%2 nitric oxide (NO) and nitrogen dioxide (NP In newer technologies
13 gg 8;(1) 8%? 12 42182 8'; 8'22 of turbocharged diesel engines, the proportion ©f M total NG,
' 53'9 0'32 0'38 ' 57'0 0'3,‘: 0':‘2 can be as high as 15 percent or morey @ncentrations in diesel
690 | 0411 045 725 04'6‘ 0.9 exhaust are typically between 50 and 1000 ppm (Wekg and
0.0 | 0.00] 0.34 00 | _o00d o028  Khair, 2006). -
164 | 012 040 2261 014 033 As Fig. 5 shows, N@emissions are strongly dependent on the
34 | 441 030 | 045 2.9 38.0 023 049 engine load and the presence of natural gas irclihege mixture.
64.4 0.43 | 0.51] 54.1 034 044 Over a wide range of operating conditions (engipeesd, load), in
80.1 0.51| 0.55 69.7 0.45| 0.50 comparison with neat diesel fuel, NGemissions were reduced
0.0 0.00 | 0.47 0.0 0.00 0.38 when natural gas and diesel fuels were used in t@tibn. One of
21.7 0.19 | 0.50 28.3 0.1§ 042 the marked features of dual fuel operation is thatignition delay
6.6 | 465 | 037| 053 56 48.8 0.29 0.46 of the pilot fuel is considerably longer than ftwetoriginal diesel
674 | 049| 0.57 705| 044 032 (Karim, 1980). The increase in the ignition delaguid reduce the
906 | 0.58 | 0.60 89.0 | 057 0.57 maximum combustion temperature and, consequentipyige
00 | 0.00] 056 00| 003 048  |ower NO; emissions. Another possible explanation is the low
9.9 21 0.26 | 0.60 8.4 245 0.19 O'El concentration of oxygen in the cylinder charge tlu¢he presence
' gg; 8;‘71 822 ’ ‘71(7)5 8% 8;3 of gaseous fuel, which replaces an equal amouair of
93'8 0'66 0'67 92 1' 06'2 065 In contrast to the experimental investigations grened on
0.0 0,001 062 0.0 000 o061 single cylinder, direct injection, normally aspedt research
546 | 0361 067 5161 018 o042  engines, at higher loads and with the increasaib$titution ratio,
309 | 047| 068 4521 034 043 the NQ; concentrations showed a tendency to increase. s
12.7 - - - 10.7 - - - iti i saphiin Fi
614 | 059] 0.70 69.9 0449 0d4 conditions, as more gaseous fuel is burned (adieetin Fig. 3) as
79.6 0.67| 0.73 92.9 0.66 0.85 more energy is released and the combustion temperatses,
89.5 0.70 | 0.72 - - - thereby producing more NOThe turbocharging increases the mass

of air inducted into the engine and allows a prt¢ipoel increase in
the injected fuel quantity, which leads to highemiee output.
Furthermore, air velocity through the intake post higher in

148/ Vol. XXXI, No. 2, April-June 2009 ABCM



Performance and Gaseous Emissions Characteristics of a Natural Gas/Diesel Dual Fuel Turbocharged and Aftercooled Engine

turbocharged engines relative to naturally aspiragmgines. It
follows that air motion through the intake port @ther a swirl-
supported or quiescent combustion system is mkedylto enhance
mixing and mixture preparation. In general, bettéxing leads to
higher reaction and oxidation rates and also resint higher
combustion temperatures, which in turn causes actamh in the

concentration of HC and CO emissions and, consekyiean
increment of NQ emissions (Majewsky and Khair, 2006).

Finally, for both operating modes (original dieaad dual fuel),
increases in engine speed result in a slight decim NG,
emissions. Thus, the residence time of gases inkeEleombustion
chamber (longer at lower speeds) would be one @f kby
parameters that determine nitric oxide emissions.

1000 ——p4+—v—+—+—r—+—r—"rr—r—r7+rr— 1000 —m™—m—p—v———v7—+——+—+7+r—r—r7+—r
1600 rpm 2600 rpm
—0—1.3 bar —00—1.2 bar
—&—3.4 bar —&—2.9 bar
—O—6.6 bar —0— 5.6 bar
800 I | o 9.9 bar 7 800 I | 8.4 bar ]
—>—12.7 bar —»—10.7 bar
- 600 e 600 | E
E _—
a £
e 2
5 ";
2 g
400 - -
200 - .
0...!...!...!...!... 0---!...I...I...I..
0 20 40 60 80 100 0 20 40 60 80 100
SUBSTITUTION RATIO (%) SUBSTITUTION RATIO (%)
Figure 5. Variation of NO x emissions for different substitution ratios and eng ine loads. Engine speed: 1600 and 2600 rpm.
The results of this study pave the way for futuesearch on
Conclusions optimizing the combustion process of dual fuel cartial engines.

The experimental investigation conducted in thisknidentified
the performance and emissions characteristicsnatuaral gas/diesel
dual fuel turbocharged aftercooled engine; varioew phenomena
were observed when compared the correspondingnatigdiesel
engine.

At low loads, for the evaluated engine speeds,etipgivalent
brake specific fuel consumption under dual fuel ditons is
significantly higher compared to original dieselecgtion. Above
these loads, dual fuel engine performance is powateEn more
natural gas is added. Only at high loads is thetemtion of the
gaseous fuel more complete and less affected bysubstitution
ratio, since similar BSFC results are observedhfoth operating
modes. HC and CO emissions from the natural gastiengine
were significantly higher than those of the origibaesel engine.
Theses concentrations increase with substitutiotio rand a
reduction is observed only under high load condgiand high
substitution ratios. Alternatively, over a wide ganof the operating
conditions (engine speed, load), the dual fuel maglearly showed

the benefits of reduced NOemissions; such reductions must be‘Na

considered if proposed global reductions are tcatiieved with
conventional Diesel engines. However, at high lpads the
percentage of substitution increased, highery Ns@ncentrations
were recorded.
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