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Abstract

An experimental study was performed on a single-cylinder high-speed direct-
injection diesel research engine to determine the effects of increasing biodiesel
content on the combustion characteristics and HC emissions during high-
EGR low temperature combustion operation. Two test points, a moderately
dilute low-load condition and a high-EGR medium-load condition, were ex-
amined at a constant speed of 1500 rpm with a fixed input fuel energy content
and start of injection timing.

The results show the two operating conditions to have very different sen-
sitivities to the fuel’s biodiesel content and, as a result, to demonstrate con-
trasting behaviour with respect to the variation of HC emissions with blend
composition. For the low load, medium dilution case, ignition delay, combus-
tion phasing and combustion duration are essentially independent of biofuel
content while HC emissions are reduced with respect to the base diesel. For
the high-EGR, medium load condition, ignition delay is reduced and combus-
tion phasing advances with increasing levels of biofuel content. HC emissions

increase with increasing biofuel content. Crank-angle aligned HC measure-

Preprint submitted to Fuel April 21, 2021



10

11

12

13

14

15

16

17

18

19

20

21

ments indicate the significance of the piston/wall crevice volume as an HC
source in high-EGR LTC.
Keywords: LTC, PPCI, Biodiesel, FAME, HC emissions

1. Introduction

The use of biodiesel as a renewable energy source to supplement petroleum
diesel has come about via legislative constraints that are aimed at managing
fossil fuel energy consumption. In Europe for example, current EU Directive
2009/28/EC mandates that a minimum of 10 % of transportation fuel should
be from renewable sources [1], while Directive 2018/2001/EC sets a future
target of a minimum of 14 % renewable sourced fuel by 2030 in every Mem-
ber State [2]. This has stimulated research effort aimed at understanding the
effects of increasing biodiesel content on compression ignition (CI) engine
combustion behaviour.

For conventional diesel combustion regimes, a fairly disparate range of re-
sults have been observed for biodiesels (typically blends of petroleum diesel
and biodiesel produced by the transesterification of vegetable oils or ani-
mal fats)—partly due to non-uniformity of feedstocks, relative volume con-
tents, engine parameters and operating conditions. Nevertheless, there is
now widespread consensus regarding the impact of biodiesel on: fuel conver-
sion efficiency, where no significant difference is expected; smoke emissions
and emissions of unburned hydrocarbons (HC) and carbon monoxide (CO),
which are generally found to be reduced for biodiesel; and the emissions of
oxides of nitrogen (NOy) which are expected to be increased at high load

conditions compared to standard diesel fuels [3, 4]. Literature suggests that
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these trends are due to the advances in injection timing, the shortening of ig-
nition delay, advanced combustion phasing and increased flame temperatures
associated with biodiesel usage [5, 6, 7, 8|.

In relation to engine hardware compatibility, biodiesel is known to be
miscible with fossil derived diesel and to have excellent lubricity and a high
flash point [9]. However, there are concerns related to the decreased oxida-
tive stability, degraded cold flow performance of the fuel [10], and of the
deterioration of rubber fuel lines and seals due to the solvent properties of
the biodiesel.

With the increased availability and use of biodiesels, it seems sensible to
assess their compatibility with advanced diesel combustion modes—such as
high-EGR low temperature combustion (LTC)—which are very likely to be
integrated into diesel engine operating maps at selected load points in the
short to medium term. It is hypothesised that the differentiating combustion
characteristics of biodiesel fuels, which are strongly related to the presence of
fuel bound oxygen, might help address some of the known challenges of high-
EGR LTC—which include substantial oxygen-dilution and correspondingly
increased ignition delays and emissions of HC and CO.

Previous studies [11, 12] support this hypothesis. The literature sug-
gests that HC emissions in diesel LTC are due, predominantly, to over-lean,
slow burning mixtures at low load [13, 14, 15], and under-mixed /richer mix-
tures at intermediate to high loads [16]. Petersen et al. [17] suggest that
the reduction of HC emissions that is typically observed in low load LTC
when operating with biodiesel is due to improvements in ignition quality

(based on increased cetane number). Biodiesel fuels were reported to ex-
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hibit shorter ignition delays, presumed to reduce mixture overleaning, and
to exhibit faster premixed combustion durations (defined by Petersen as du-
ration of 10-50 % mass fraction burned) leading to higher apparent (net)
heat release rates (AHRR). The resulting advance in combustion phasing
was thought to increase combustion temperatures and global reaction rates,
thus enhancing HC and carbon monoxide (CO) oxidation (effects on thermal
efficiency and NOy emissions were not discussed, nor was the oxygen content
of the biodiesels specified). The link between increasing biodiesel content
and premixed burn rate at low-load has also been demonstrated in a study
on late injection partially-premixed compression ignition (PPCI) LTC [18],
although in this case the subsequent relationship between burn rate and HC
was not observed—Iikely due to the constant combustion phasing strategy
employed [19].

This study will consider the effects of an oxygenated FAME (Fatty Acid
Methyl Ester) biodiesel on ignition, combustion and the emissions of HC and
CO in both low-load and medium-load high-EGR LTC operating conditions—
LTC in this work being defined by the authors as occurring when NO, and
smoke values are simultaneously near zero (here set at <20 ppm NO, and
<1 FSN smoke) regardless of dilution or combustion behaviour. Standard
emissions and performance analyses as well as ‘fast’ hydrocarbon measure-
ments for cycle resolved hydrocarbon sources will be used to understand the
effect of increasing biodiesel concentrations on low temperature heat release
and the subsequent high-temperature combustion processes and engine-out

emissions.
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2. Experimental methodology

2.1. Test cell and engine

Experiments were performed in a single-cylinder diesel engine research
facility that is described in detail in a number of previous studies from the
authors’ research group [20, 21, 22, 23, 24|. The facility features an AVL 5402
single-cylinder research engine—a single cylinder version of typical 2.0 litre
four-cylinder automotive high-speed direct injection (HSDI) diesel engine—
mounted on a compact 38 kW dynamometer test bed. Table 1 details the
engine and fuel system specifications. Fuelling parameters (injection pres-
sure, timing, injected fuel mass) were fully and independently controllable
using an ETAS INCA™ engine controller. Oil and water conditioning to
the engine was provided by an AVL 577 unit. An AVL 733 gravimetric fuel
balance was used to measure fuel flow rate. Intake air charging was provided
by a purpose-built stand-alone boost system consisting of a centrifugal su-
percharger, driven by an asynchronous AC motor with a variable frequency
drive. For this application, the maximum mass flow rate of the compressor
was limited to 0.05 kg/s with a maximum pressure ratio of 2.2:1. A boost
pressure regulator maintained the desired flow rate into the engine, bypassing
excess air to the atmosphere, thereby acting as a surge control mechanism for
the supercharger. The system included closed loop PID controlled heating
(1kW Farnam FT-200 charge air heater) and cooling (12kW air-water heat
exchanger) systems enabling outlet air temperature control in the range 30
to 80°C independent of EGR rate. Further details of the boosting system
design may be found in [25].

Figure 1 provides a schematic diagram of the facility’s EGR system. The
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Figure 1: EGR loop and boost rig schematic

system provides control of the exhaust back pressure with an accuracy of +
1% through an electronically actuated PID controlled butterfly valve in the
exhaust line. The EGR rate to the engine was controlled with an accuracy
of £ 0.5% by simultaneous adjustment of a PID controlled EGR throttle
and the exhaust back pressure valve, where back pressure was maintained at
10-20 kPa above the inlet pressure in order to drive the EGR flow [25]. EGR
temperature was controlled via PID control of coolant rate through the EGR
cooler.

Engine out emissions of CO, CO,, HC, and O, were measured by a
HORIBA MEXA 7100HEGR. Intake manifold and in-cylinder pressures (re-
spectively measured with a Kistler 4045A5 piezo-resistive transducer and

a flush-mounted water cooled AVL QC34C transducer) were logged at a
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Table 1: Engine and fuel injection system specifications

Property Description

Engine AVL 5402 Single Cylinder Diesel
Displaced volume 0.51 litre

Bore x Stroke 85 mm x 90 mm
Compression ratio 17.1:1

Rated Speed 4200 r/min

Maximum Power 16 kW

Nominal Swirl Ratio 1.78

Combustion Chamber Re-entrant Bowl

Intake Ports Tangential and Swirl
Injection System Bosch Common Rail

Nozzle Type Valve Covered Orifice (VCO)

Injector holes / Diameter 5 / 0.18 mm

Fuel injection pressure 90 MPa

resolution of 0.5 degree crank angle (°CA). This data was averaged over a
minimum of 200 consecutive engine cycles and used to derive standard com-
bustion parameters such as gross indicated mean effective pressure (GIMEP)
and apparent heat release rate (AHRR). Emissions and flow rate measure-
ments were logged at a frequency of 1 Hz over a duration of at least 2 minutes

per test point.

2.2. Crank-angle aligned HC measurements

In order to obtain intra-cycle hydrocarbon emissions, a fast flame ion-

isation detector (Cambustion HFR 400 fast-FID), with a response time of
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Figure 2: Cross-section though exhaust manifold and cylinder head detailing the posi-
tioning of the fast FID probe within the exhaust port with respect to the exhaust valve
[26]

~1-2 ms, was positioned in the exhaust port 20 mm downstream of one of
the two exhaust valves as shown in Figure 2 [26]. The raw fast-FID data was
time-shifted in post-processing to account for the sample transit time and

the instrument’s response time to yield crank-angle aligned HC data [27].

2.8. Fuels and fuel properties

The properties of the base diesel and diesel/biodiesel fuel blends used
in this investigation are shown in Table 2. The fuels are designated BXX,
where XX represents the biodiesel content of the blend by percentage volume,
i.e. B50 is 50 %v/v biodiesel. This investigation considers blends across the
full range of available fuels, B0 is ‘straight’petroleum-derived diesel, while
B15 is a low-medium blend such as might be found commercially in the US

and whose properties are goverened by ASTM D7467 [28]. B100 is a pure

8
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biodiesel blendstock as specified by ASTM D6751 [29] while the B50 fuel

that was used in this present work was blended specifically to investigate the

space between the ASTM D7467 and D6751 regulations.

Vk40 is the kinematic viscosity of the fuel measured at 40°C. T90 is the

90 % distillation temperature of the fuel blend. The base diesel fuel was

an automotive grade low sulphur diesel fuel (sulphur content < 10 mg/kg)

compliant with current British Standard BS EN 590. The base fuel was a

Fatty Acid Methyl Ester (FAME) biodiesel.

Table 2: Fuel properties

Property Method BO B15 B50 B100
Density at 15°C (kg.m~3) DIN EN ISO 12185 833.6 840.3 858.0 883.6
Viscosity Vk40 (mm?.s~1) DIN EN ISO 3104 2.81 297 350 453
Surface Tension (mN.m~1) ASTM D971 32.17 3255 N/A 37.56
Lower heating value (MJ.kg=!) DIN 51900-3 42.89 41.62 40.34 37.34
C content (Wt%) 84.94 84.13 8210 77.76
H content (Wt%) 15.05 14.45 1290 12.56
O content (Wt%) <0.03 1.42 484 9.68
Cetane number DIN 51773 53.8 55.0 52.8* 61.2
T90 (°C) DIN EN ISO 3405  330.4 336.5 341.1 N/A

* Note that the cetane number for the B50 fuel was supplied separately by a chemical analysis contractor

which gave a variability of 52.8 + 4.3. Despite the low value reported, the experimental results suggest a

cetane number in-line with the increasing biodiesel content of the fuel.
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2.4. Predicted effects of fuel properties

It is common practice to consider the ignition delay of an injected liquid
fuel to be a function of two nominally independent components, the phys-
ical delay, Tpnys relating to the time necessary for the fuel and oxidant to
form a locally combustible mixture, thus incorporating the effects of atomi-
sation quality and volatility, and 7.uem relating to the kinetics of the chemical

reaction [30, 31, 32|, such that:

Tid = Tphys + Tchem (]‘)

For a given engine and fuel injection system operating at the same stable
operating point, both the physical and chemical delays will be dominated
by the effects of fuel properties [32]. In this work a standard drop size
correlation, eq. (2), previously developed by Elkotb [33] for a single hole
plain orifice diesel injector was used to predict the effects of fuel composition

on the atomisation quality as indicated by the Sauter Mean Diameter (SMD).

SMD = 6156 1235 (gp, )7 py AP [um] (2)

where: SMD is the Sauter Mean Diameter, v, is the kinematic viscosity of
the liquid fuel [m?.s7!], o is its surface tension [N.m™!], py, is the fuel density
[kg.m ™3], p, is the density of the ambient gas [kg.m ™3] and APy, is the pressure
differential between the fuel rail and the ambient [bar]. A fuel temperature of
353 K was assumed for the calculations with 90 MPa fuel injection pressure
and ambient conditions (air) at 800 K and 1.6 MPa. The values of fuel
density and viscosity at 353 K were estimated from the values presented in

Table 2 using, respectively, the relationship p(T') = p(293) 4+ 0.67 x (293 —1T')

10
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as suggested by fitting to the data of [34], and Vogel equations fitted to
known data points. Surface tension values at 353 K were estimated using
the relationship o(T") = ¢(293) 4+ 0.052 x (293 —T') in general agreement with
the trends observed by [35].

The Elkotb correlation predicts that the SMD of the injected fuel sprays
will increase with increasing biodiesel content such that the predicted SMD
of the B100 fuel is approximately 40 % greater than the B0 fuel (Figure 3).
Although this level of percentage increase is within the range predicted by
Ejim et al. [36], we note that it is substantially lower than the ~100 %
increase measured experimentally by Lee et al. [37] for a range of soybean
and unpolished rice oil biodiesel blends and thus that it is possible that
effects on SMD are underpredicted by the model. Nevertheless, the predicted
trends are consistent with the literature: the greater the biodiesel content of
the fuel the lower the atomisation quality. This reduced atomisation quality
combined with the reduced mid-range fuel volatility typically associated with
increasing levels of FAME biodiesel as shown in [38] is expected to increase
the physical ignition delay, 7,nys With increasing levels of biodiesel.

With regards to the chemical delay, 7ehem, Yates and Viljoen [39] suggest
a semi-empirical two-stage model, based upon Livengood and Wu’s conser-

vation of delay principle [40], such that

t
to =t + Ther (1 _— ) (3)

Th,i

where: t5 is the overall ignition delay time, ¢; is defined by the appearance
of the cool flame, and 7,,; and 75, ¢ represent the characteristic ignition de-

lays predicted by appropriate Arrhenius equations at the initial and post

11
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Figure 3: Variation of fuel spray SMD with fuel composition predicted by Elkotb correla-
tion, eq. (2), assuming APy, = 884 bar, py = 6.97 kg.m 3

cool flame conditions respectively. Yates and co-workers [39, 41] had ear-
lier associated the low temperature pathway, the ‘cool flame’ delay and the
‘NTC’ delay, with the addition of molecular oxygen to an alkyl radical, R® +
0Oy == RO,*, followed by a second addition of O, after an internal H atom
abstraction. High-temperature ignition (at temperatures ~ 950 K) was said
to be primarily driven by the decomposition of hydrogen peroxide, H5Os.
Given the above, it seems reasonable to suppose that with all other factors
held constant, the extra oxygen content associated with increasing levels of
biodiesel should reduce the low temperature ignition delay and thus, through

Equation (3), the overall chemical delay.

2.5. Engine test conditions

As detailed in Table 3, two engine speed/load points were considered:

a medium-EGR dilution low-load point (3 bar GIMEP) and a high-EGR,

12
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medium-load point (6 bar GIMEP)—both at a constant engine speed of
1500 rpm. Both of these test points were known from previous works to
operate within the LTC regime. These points were chosen for further study
due to their substantially different intake oxygen levels, 15.0% Yoo vs 9.0%
Y o2 respectively, which was thought to be significant in the context of oxy-
genated biodiesel combustion. It is important to note here that the symbol
Yoz is used within this study to denote the intake oxygen mole fraction.
Engine fuelling for each load point was defined by operating the engine with
standard B0 diesel at 0 % EGR. The resultant fuel energy input was then
held constant across all fuels as indicated in the table of operating conditions
and the intake oxygen mole fraction reduced to its target value through EGR
dilution. Start of injection (SOI) timings were held constant for all fuels at
each load point to ensure, as far as practically possible, similar fuel spray
and thermal energy conditions during injection. The SOI timings chosen
represent the MBT (minimum advance for best indicated torque) injection
timings for the baseline B0 fuel. As noted from Table 2, the calorific value
of the fuel decreases with increasing bio-diesel content. With respect to the
variation of injection duration to maintain a constant energy input, the de-
crease in calorifc value is offset by the increased density of the biodiesel fuels
such that the increase in injection duration going from B0 to B100 is < 0.5
°CA for the 3 bar GIEMP condition and < 0.6 °CA for the 6 bar GIMEP
condition.

A stand-alone 101 gravity-feed fuel tank was employed to facilitate the
changing of fuels between tests. The tank was connected to the single-

cylinder engine fuel system via a flexible hose and in-line filter. At each

13



Table 3: Engine operating conditions

Parameter Low load Medium load
Engine speed (rpm) 1500 1500
GIMEP (bar) 3 6
Energy input (kJ/cycle) 0.35 0.72

Fuel injection pressure (MPa) 90 90

Fuel injection strategy Single injection  Single injection
Start of injection (SOI) -7.5 °CA ATDC -30 °CA ATDC
Intake manifold pressure (kPa) 120 120
Intake manifold temperature (K) 329 345
Intake oxygen mole fraction 0.15 0.09
Coolant temperature (K) 353 353

Oil temperature (K) 363 363

14
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fuel change the tank was emptied and cleaned, the in-line filter was replaced,
and the low pressure side of the fuel system was flushed with 41 of the new
fuel. Subsequently, the engine was warmed up and run on the new fuel for
a minimum of one hour (at a fuel fuel mass flow rate ~0.7 kg/hr in conven-
tional diesel operating mode) in order to flush the high pressure system prior
to switching to LTC for testing. The engine was then run for 15 minutes
at LTC test point prior to data collection in order to stabilise fuel injection,
boost system, EGR and back pressure parameters and achieve thermal equi-
librium. In order to further resolve the intake oxygen concentration, which
would typically vary + 0.5% either side of the target value under the influ-
ence of the PID control, multiple data recordings were logged over the next
15 minute period. The data sets having the closest values to target value

were then selected for analysis.

2.0. Data analysis and presentation

2.6.1. Combustion and heat release

AHRR was calculated from 200 cycle (minimum) mean data under all test
conditions according to Equation (4) using a three point central differencing
scheme for the numerical differentiation. Table 4, which follows the work
of Cong et al. [42], defines the indicators that are used to characterise the
low- and high-temperature ignition and heat release. Additionally, we take
the 50% mass fraction burned crank angle (CA50) as an indicator of overall
combustion phasing. Crank angle ranges for the pre-mixed and non-premixed
phases of combustion vary with load point as indicated within the relevant

discussions.
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v dV 1 dp
AHRR= L S 4+ = vy 4
RR=_—7rag * 51" a9 (4)

where: p is the cylinder pressure, V is the cylinder volume, 6 is the crank
angle, and v is the specific heat ratio — assumed to be constant at 1.39 as
determined from the average gradient (across all four fuels) of the linear por-
tions in both the compression and expansion strokes of the logarithmic plot
of cylinder pressure vs cylinder volume for the lower load case. No signifi-
cant deviation from this value, or trend in 7, was observed with changing fuel
composition. A slightly lower value of 7, 1.37, was found for the higher load
condition by the same procedure with again no significant variation or trend
with fuel composition. However, accepting that both values are estimates,
and that the error induced by inaccuracies in v predominantly affect the
magnitude of the AHHR as opposed to the timing of the derived combustion
characteristics [43], y=1.39 was applied to both load cases.

3. Results

3.1. Low load (1500 rpm, 3 bar GIMEP, 15.0% Y02, SOI = -7.5°CA ATDC)

Figure 4 shows the variation of AHRR with crank angle and increasing
biodiesel content for the 3 bar GIMEP nominal, 15.0 % Y operating point.
Very similar AHRR behaviour is seen for all fuels. In all cases the AHRR
data shows a clear low temperature heat release (LTHR) region followed by
a rapid high temperature heat release (HTHR) phase corresponding to the

combustion of the pre-mixed fraction of the charge. Note that, in contrast to

16



Table 4: Combustion and heat release parameter definitions

Parameter

Definition

SOL

IDL

DurL

SOH

IDH
DurH

Start of LTHR defined as the crank angle where the heat release rate
is first positive (corresponding to the minimum value of the integrated
heat release curve)

Ignition delay of the low temperature heat release defined as the dura-
tion from start of fuel injection (SOI) to SOL

Duration of the low temperature phase of combustion defined as the
duration between SOL and the 5% mass fraction burned crank angle
(CA5)

Start of the high temperature combustion defined as equal to CA5
Ignition delay to the start of HTHR defined by the interval SOH - SOI
High temperature combustion duration defined by the interval CA90 -
CA5

17
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Figure 4: Variation of apparent (net) heat release rate with crank angle for the 3 bar
GIMEP nominal, 15.0% Y2, SOI = -7.5 ATDC condition for B0, B15, B50 and B100
fuel blends, 200-cycle mean data (Upper image: HTHR and LTHR regions, lower image:
detail of LTHR region).
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convention, the pre-mixed phase is defined at this particular operating condi-
tion as the crank angle interval between 5 % and 70 % mass fraction burned,
i.e., as shown in previous works [26], this is a substantially pre-mixed com-
bustion condition. The pre-mixed phase is then followed by a significantly
slower mixing-limited heat release phase as the in-cylinder charge begins to
cool with expansion. The oscillatory heat release behaviour shown in the
mixing-limited phase of combustion, which is characteristic of low to inter-
mediate EGR rate diesel combustion [26], is attributed to the very high rate
of pressure rise associated with pre-mixed combustion. These oscillations are
not seen at high-EGR LTC conditions where the pressure rise rate is limited
by oxygen availability [44]. The magnitudes and timings of the peak heat
release rates are effectively constant within the precision of the experiment.

The lower graph of Figure 4, which details the LTHR phase of combus-
tion, shows that the differing properties of the four biodiesel blends do not
substantially change the LTHR phasing at this operating point. As shown
in Figure 5, the ignition delay of low temperature heat release (IDL), and
the duration of the LTHR (DurL) are also constant within the limits of the
experimental error. Nonetheless, some differences are noted within the de-
tail of the heat release traces with increasing levels of biodiesel addition.
The LTHR can be split (in most cases) into a cool flame heat release and a
negative temperature coefficient (NTC) region, in which the increasing tem-
perature favours a decrease in the overall rate of reaction. Whereas the B0,
B15, and B100 fuels exhibit distinct NTC regions, the B50 fuel does not.
Peak LTHR values (assessed from the point of inflexion in the case of B50)

are increased with increasing biodiesel content. Interestingly, this result is
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consistent with the observations of Bunting et al. [45] who noted an increase
in peak LTHR with increasing cetane number in HCCI combustion.

The results presented in Figure 5 show that the net effect of increasing
the biodiesel content on ignition and combustion phasing at this low load, in-
termediate EGR condition is negligible (for constant injection timing). The
increases in ignition delay that were expected as a result of the predicted
decreases in atomisation quality and fuel volatility with increasing biodiesel
content are not seen—suggesting that the fuel bound oxygen does in fact
provide some form of compensating effect through reductions in the chem-
ical delay term as previously suggested. There is an indication within the
results plotted in Figure 5 that the peak heat release rate is slightly increased
and advanced by the addition of increasing levels of biodiesel, although the
observed changes are relatively minor at this operating point. It is thought
that the increased oxygen content in the biodiesel reduces the amount of air
entrainment and mixing required to attain locally flammable mixtures during
the ignition delay period. An increase in the quantity of ignitable air-fuel
mixture at the start of the HTHR would then increase the premixed heat
release rate in a manner consistent with the presented results.

Figure 6 shows the variation of unburned hydrocarbon and CO emissions
with biodiesel content for the 3 bar GIMEP nominal, 15.0 % Y9 operating
point. The results indicate that all of the biodiesel blends offer a HC and CO
emissions advantage over conventional diesel fuel, with the maximum benefit
seen for the B15 and B50 blends. It is well known that long ignition delays at
low load LTC leads to increasing HC emissions from over-lean sources [15].

Colban et al. [46] have demonstrated the importance of reducing ignition
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Figure 5: Cumulative heat release derived combustion metrics for the 3 bar GIMEP nom-
inal, 15.0% Yog, SOI = -7.5 ATDC condition for B0, B15, B50 and B100 fuel blends (200
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interval on all mean values < 0.1 degrees crank angle
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delay at low loads in order to reduce these HC emissions. Given that the
high and low temperature ignition delays are essentially constant for all fuels
at this condition, it might be expected that the increased oxygen content of
the biodiesel blends would serve to increase the number of over-lean regions
within the cylinder—leading to higher HC emissions for the higher biodiesel
blends. However, the authors’ data does not reflect this expectation; at this
load point all of the biodiesel blends show a reduction in HC and CO emis-
sions compared to the base diesel. One possible explanation for these results
is that the over-leaning potential of the fuel bound oxygen is mitigated by
the reduced volatility of the biodiesel blends—thereby restricting the num-
ber of local mixture zones that exceed the lean flammability limit while still
allowing for an overall increase in locally lammable regions with increas-
ing biodiesel content at the start of HTHR as previously indicated by the

increased premixed heat release rates.

3.2. Medium load (1500 rpm, 6 bar GIMEP, 9.0% Yo, SOI = -30°CA
ATDC)

3.2.1. Combustion and heat release analysis

Figure 7 shows the variation of AHRR with crank angle and increasing
biodiesel content for the 6 bar GIMEP condition. At this much lower oxygen
concentration condition, increasing the biofuel content is seen to both in-
crease the magnitude and advance the timing of the peak high-temperature
heat release. The initial rate of change of the HTHR is also increased. Heat
release for the LTHR as a percentage of the peak HRR value is low (~5%)
and as a result it is not thought that the LTHR contributes significantly
to HTHR behaviour—even though the LTHR is also advanced with increas-
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Figure 7: Variation of apparent (net) heat release rate with crank angle for the 6 bar
GIMEP nominal, 9.0% Y2, SOI = -30 ATDC condition for B0, B15, B50 and B100 fuel
blends, 200-cycle mean data (Upper image: HTHR and LTHR regions, lower image: detail
of LTHR region).
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ing biodiesel content (with the B50 and B100 fuels showing notably earlier
LHTR than the BO and B15 fuels) and the LTHR duration reduced as noted
by Ickes et al. [18]. The cumulative heat release derived combustion met-
rics shown in Figure 8, clearly illustrate the advance in overall combustion
phasing and the reduction in both low and high temperature ignition delays
and combustion duration. These results are consistent with earlier works
and are attributed to the increase in cetane number with increasing biodiesel
content. Bunting et al. [45] have previously shown the advance of LTHR
phasing with increased cetane number within the range 34 < CN < 70 (a
range that encompasses the fuels used in this test). Peterson et al. [17]
attributed observed changes in HTHR behaviour to the ‘ignition quality’ of
the fuel, suggesting that the reduced ignition delays associated with higher
cetane number fuels led to increased in-cylinder temperatures. It was pos-
tulated that these temperature increases would, in turn, increase premixed
combustion rates by activating leaner mixtures into rapid combustion.

To further investigate this point, approximate bulk in-cylinder gas tem-
peratures were calculated for the combustion of each fuel using the assump-
tion of ideal gas behaviour and a constant value of volumetric efficiency.
Figure 9 shows the resulting temporal evolution of bulk gas temperature for
each fuel over the range of -30 to 60 degrees crank angle ATDC. The results
indicate that the increase in the peak bulk gas temperatures between fuels is
relatively modest, with the peak bulk gas temperatures of 1651 K for the B0
diesel fuel, 1717 K for the B15 blend, 1737 K for the B50 blend, and 1765 K
for the B100 biodiesel.

It is clear that the low oxygen concentration and early injection timing
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Figure 9: Calculated bulk gas temperature for the 6 bar GIMEP nominal, 9.0% Y2, SOI
= -30.0 ATDC condition for B0, B15, B50 and B100 fuel blends (200 cycle mean data).

of this operating point leads to in-cylinder conditions which are less robust
to the differences in the fuel properties than the earlier 3 bar, Yoo = 15%
condition. Low and high temperature combustion ignition delays (IDL and
IDH) are extended from, respectively, about 5.5 °CA and 8 °CA at Yoo =
15% to about 18 °CA and 25 °CA at Yoo = 9%. In a previous study us-
ing an identical B0 fuel to that used in this work at a similar high-EGR
LTC mid-load point, the authors demonstrated that increasing ignition de-
lay and hence mixing time had the effect of reducing both the CO emissions
and the HC emissions [20]. In the present work we observe that the igni-
tion delay for both the low and high temperature heat release at this test
point decreases with increasing biodiesel content, Figure 8, and that the HC
emissions trends, Figure 10, are then in broad agreement with our previous

results. It is accepted that the differences between the HC emissions of the
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Figure 10: Variation of unburned hydrocarbon emissions for the 6 bar GIMEP nominal,

9.0% Yoo, SOI = -30.0 ATDC condition for B0, B15, B50 and B100 fuel blends.

different fuel types shown in Figure 10 are not in themselves statistically
significant; however, there is a clear trend in the results showing increasing
HC emissions with increasing biodiesel content. Note that no CO emissions
results are available from this point as, for all fuels, the CO emissions were
above the measurement limit of the available analyser.

That the HC trends from the current work are consistent with our previ-
ous single fuel study in that the shorter the ignition delay the higher the HC
emissions is interesting in light of the increased peak bulk gas temperatures
for the higher biodiesel blends shown in Figure 9. Introducing the ‘oxygen
ratio’ [19] in order to describe the proximity of each biofuel blend to its stan-
dard mixture stoichiometry, see Eqn.(5), it can be seen that effect of the
fuel bound oxygen in the biodiesel blends is to shift the effective equivalence
ratio of the fuel-oxidiser mixture towards a leaner global ratios compared to

the corresponding oxygen equivalence ratio such that the B100 is the closest
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to the stoichiometric condition followed by the B50, B15 and finally the BO
fuel (Figure 11). In contrast to the conventional ‘equivalence ratio’, which
indicates stoichiometry based upon the amount of oxygen available in the ox-
idiser alone, or the ‘oxygen equivalence ratio’, which considers the oxygen in
the oxidiser and in the recirculated exhaust gas, the oxygen ratio additionally
considers the presence of oxygen in the fuel. The results also indicate that
even accounting for the additional oxygen content of the biodiesel, the com-
bustion conditions remain significantly 'rich’ of stoichiometric, 0.8 < oxygen
ratio < 0.9, for all of the tested blends fuels.

Oxygen ratio = # (5)
where: A = no. of moles of oxygen in the fuel, B = no. of moles of oxygen
in the oxidiser, C'= no. of moles of oxygen in the recirculated exhaust gas,

and D = no. of moles of oxygen required for stoichiometric combustion.

The present results would suggest that although the additional fuel bound
oxygen associated with the higher biodiesel content fuels is able to influence
positively the local autoignition process, advancing ignition and combustion
(Figure 8), it is unable to mitigate for the resultant reduction in mixing time
observed in a previous work [20]. Despite having greater oxygen availabil-
ity, as evidenced by the oxygen ratio, and higher peak bulk temperatures,
hydrocarbon emissions are higher for the higher biodiesel blends suggesting
that under-mixed regions in the bulk gas remain a significant contributor to
the HC emissions.

With regards to other potential sources of HC emissions and how these
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Figure 11: Oxygen ratio for 6 bar, 9.0% Yoz, SOI = -30 ATDC condition for B0, B15,

B50 and B100 fuel blends mixture compared to oxygen equivalence ratio

might be affected by fuel composition, the length of the ignition delay and
the advanced injection timing of this test point suggest that there will be
spray impingement on the piston bowl lip and within the bowl as observed
by Sarangi et al. [24] and, as a result, piston wall films are expected. Note
here that the literature regarding the effects of biodiesel content on spray
penetration is relatively inconsistent with both increases and decreases in
penetration length being reported [47, 48]. In all cases however, the reported
changes are small at the injection pressures of the present work and thus,
with respect to fuel impingement, the effect of advanced injection is likely to
dominate. It may be argued that the lower volatility of the higher biodiesel
blends would increase HC emissions from liquid films. However, it could also

be argued that this negative effect would be mitigated by the increase in
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Figure 12: Mean crank-angle aligned fast-FID data for 6 bar, 9.0% Y2, SOI = -30
ATDC condition for BO (black line) and B15 (red line) fuel blends. Absolute values (ppm)

adjusted to match cycle average emissions at EVO

in-cylinder temperature associated with the advanced combustion phasing of
the lower volatility fuels as shown in Figure 9.

Further insight as to the sources of HC emissions and the effects of
fuel composition may be obtained by consideration of the mean crank-angle
aligned HC data presented in Figures 12, 13 and 14. Note here that it is
the relative timing of HC emissions peaks between cycles that is of specific
interest as opposed to the absolute HC values which have been adjusted to
match the cycle averaged HC emissions for each particular fuel at the time of
exhaust valve opening (EVO). For ease of analysis and discussion, the traces
have been separated out into pairs.

Without instantaneous mass flow rate data, it is not possible to quan-
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tify the impact on cycle averaged emissions of the HC concentrations from
different parts of the cylinder. Nevertheless, the results do show some inter-
esting features with the most obvious differences between the cycle-resolved
HC emissions of the different fuels observed between 375 and 430 degrees
crank angle ATDC. Here, the 3rd FID signal peak is notably advanced for
the B50 and B100 fuels compared to the BO and B15 cases. According to
Thompson et al. [49], HC emissions in this region represents the scrolled up
HC from the piston wall crevices and the wall quench areas typically associ-
ated with spark ignited engines. Given the very early injection timing and
the significant levels of premixing associated with the the current high EGR
LTC strategy, and that this is a high-EGR operating point so that unlike a
conventional diesel where the bulk gas is predominatly air the bulk gas will
have some HC content, it is possible that the piston wall crevices and the wall
quench areas are similarly the source of the observed HC emissions ‘spike’
in the results. It is thought that the advanced heat release of the B50 and
B100 fuels (where a significant fraction of premixed burn occurs before TDC
— Figure 8 refers) causes an earlier and greater compression of unburned fuel
air mixtures into the squish region and piston crevices than for the BO and
B15 fuels. This piston crevice HC will be laid along the cylinder wall during
the expansion stroke as described in [49]—being released earlier than for the
B0 and B15 fuels cases due to its higher initial pressure. Further testing is

required to confirm this hypothesis.
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4. Conclusions

An experimental study was performed on a single-cylinder high-speed
direct-injection diesel research engine to determine the effects of increasing
biodiesel content on the combustion characteristics and HC emissions during
high-EGR low tempertaure combustion operation. Two test points, a mod-
erately dilute (15.0% Yo2) 3 bar GIMEP /1500 rpm low-load condition and a
very high-EGR (9.0% Yo2) 6 bar GIMEP /1500 rpm medium-load condition,
were examined.

The net effect of increasing the biodiesel content on ignition and combus-
tion phasing at the low load, moderate dilution condition tested is negligible.
Increases in ignition delay, which were expected as a result of predicted de-
creases in atomisation quality and fuel volatility with increasing biodiesel
content were not seen, indicating that the increased fuel bound oxygen is
able to provide a balancing effect through corresponding reductions in chem-
ical delay.

Peak LTHR values for this condition are consistently increased with in-
creasing levels of biodiesel as is the peak HTHR, which is also advanced
— although the changes at low load are relatively minor. The changes in
HTHR are attributed to the oxygen content of the biodiesel which is thought
to reduce the amount of air entrainment and mixing required to attain lo-
cally flammable mixtures during the ignition delay period, thus increasing
the volume of ignitable air-fuel mixture at the start of premixed combustion
phase.

All of the biodiesel blends are shown to offer a HC and CO emissions ad-

vantage over conventional diesel fuel at low load, with the maximum benefit
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seen for the B15 and B50 blends. However, the mechanism by which this
benefit is obtained is not clear.

In contrast, at the much lower oxygen concentration condition medium
load condition, increasing the biofuel content of the blend is seen to advance
combustion phasing and reduce both the low and high temperature ignition
delays and combustion duration. The magnitude and initial rate of change
of the peak high-temperature heat release are also increased as are peak
bulk temperatures. These results are consistent with earlier works in the
literature and are attributed to the increased Cetane number of the higher
biofuel content fuels.

HC emissions were found to increase with increasing biofuel content at
this condition. The results suggest that the increased HC emissions are at-
tributable to the advanced ignition timing. Mixing time, essential in this low
oxygen availability environment, is decreased, while the earlier and greater
peak pressure is thought to compress more bulk gas into the piston crevice
regions. Note that, unlike in conventional diesel operation, the in-cylinder
charge will contain a non-negligible amount of HC from previous cycles at
this high-EGR LTC operating point, and that accordingly crevice volume
HC emissions are similarly non-negligible.

CO emissions for all fuels at the medium load condition were above the

measurement limit of the available analyser.
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