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Executive Summary

The joint project “Robust and Efficient Processes and Technologies for Drop-In Renewable Fuels for Road Transport”
(REDIFUEL) aims to produce an ultimate renewable drop-in biofuel, which is compliant with EN590 norms in a
sustainable manner. In this project, a holistic fuel characterization is planned to assess the fuel characteristics and
engine performance of this new paraffinic biofuel, consisting of about 30 vol% bio-alcohols. This report presents the
characterization and engine testing of a surrogate REDIFUEL mixture representative of the expected real end-product.
Density, viscosity and CN of different blending proportion of this renewable fuel with diesel are screened, to assess its
drop-in capability and the inherent impact on engine performance. With 40 vol% share of REDIFUEL in diesel, both the
minimum EN590 requirements for CN and density are met. When this blend is compared against diesel, reduction
potential in indicated specific particulate matter, indicated specific carbon monoxide, indicated specific hydrocarbon
and CO2 emissions are respectively observed. Numerical simulations show that blending REDIFUEL with diesel
enhances the mixture formation, enabling a higher level of oxygen entrainment in the spray plume.
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1 Introduction

This deliverable report is part task 3.4 “Single cylinder combustion and emission optimization” of the work package 3
“Biofuel-fuel system compatibility aspects and engine related evaluation” within the REDIFUEL project. The objective
of this task is to gain a deeper understanding of different alcohol/paraffin mixtures with up to 30 % of Cs-C11 bio-
alcohols in a pure Gas-to-Liquid (non-additives) and their impact on emission and performance after combustion for
existing engines. Therefore, different blends of REDIFUEL in diesel are analysed on a heavy-duty single cylinder
research engine and by 3D-CFD simulations. The single cylinder investigations are important to measure all relevant
parameter at constant boundary conditions. That enables to analyse the specific fuel impact on combustion by
evaluation of their heat release rate. Furthermore, this data is used to calibrate numerical simulation models that are
used to investigate the fuel/air mixture formation and air utilization during combustion.

The results of this deliverable are used to give a clear recommendation of most promising fuel blend of REDIFUEL in
diesel that are required for any further investigation program in the work package 3.
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2 Methods

To be drop-in capable by mixing with diesel a fuel must satisfy the EN590 standard. In the norm, several properties are
regulated, such as oxidation stability, viscosity, boiling range, etc.. The research results of this deliverable, mainly two
properties were considered: density and Cetane Number (CN). While the density is an indicator of the volumetric
energy content of the fuel, ensuring a similar CN as diesel guarantees not major modifications to engine calibration
and hardware. The diesel used in this research is a standard B0 diesel without biofuel content. Different blends of a
surrogate alcohol mixture (SAM) with GtL and of the RFasor7o (i.€., the surrogate mixture featuring a similar
composition of the real end-product) with diesel are screened with regards to their self-ignition tendency and density.
This preliminary screening served to identify a drop-in blend compliant with the EN590 regulation. Successively,
blends of RFasop70 with diesel were tested in a heavy-duty single cylinder engine (HD SCE), to assess the potential of
efficiency gain and emissions reduction. To gain an in-depth combustion analysis of the most promising mixtures,
three-dimensional computational fluid dynamic (3D-CFD) simulations were conducted too.

2.1 HEAVY DUTY SINGLE CYLINDER ENGINE

The HD SCE was derived from a six-cylinder heavy duty commercial vehicle engine of N3 class compliant to Euro VI
stage C. The engine specifications are listed in Table 1. The engine featured a common rail fuel injector with a built-in
pressure intensifier and an in-house developed prototype electronic control unit with a model-based fuel path control.
Such a prototype control system provides a wide range of flexibility especially in adjusting relative separation and
energizing duration of main injection, pilot injection and pressure intensifier. The exhaust gas recirculation (EGR) rate
is derived from the CO2 concentration in the intake runner. The exhaust back pressure (pexn) is regulated with two flow
control butterfly valves: one valve for a faster control and the other for a finer control of pexh. The regulated emissions
are measured at the engine exhaust. The measurement line for the unburned hydrocarbon (HC), carbon monoxide
(CO) and nitrogen oxides (NOx) is pre-heated to a temperature of 200 °C to avoid condensation. The measurement
devices used are listed in Table 2.

Table 1 HD SCE specifications
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) lit 2.13
Displacement fters
156
Stroke mm
Bore mm 132
18.3
Compression ratio -
. b 250
Max. cylinder pressure ar
S b 2700
Max. injection pressure ar
1200
Max. rail pressure bar
EGR . Cooled high pressure EGR
CRIN 4.2 Bosch
Injection system -
850
Injection nozzle c¢m?/30s @ 100 bar
8
Number of holes N
o 142
Injection nozzle cone angle

Table 2 Measuring devices for the HD SCE

FEVER NDIR, CLD, FID CO ~0-5000 ppm
€02 ~0 - 20 %-vol

NO / NOx ~ 0 — 3000 ppm
THC ~ 0 - 3000 ppm C3

CO, CO2, NOx, HC

Filter Smoke Number (FSN) AVLA15S 0-10FSN
Fuel flow Emerson CMF010 Coriolis 0-120kg/h
Kistler 6044 A 0-300 bar

Combustion pressure sensor

The combustion and emission behaviour of the fuels under consideration are assessed by testing these fuels at a given
load for different EGR rates. Among that four load points have been selected ranging from low part loads up to rated
power operation, see Figure 1. Furthermore, the selected load points are preferred because those are relevant for
both the world harmonized stationary cycle (WHSC) and world harmonized transient cycle (WHTC) for emission
regulation, see Figure 1. At engine part load, the in-cylinder thermodynamic conditions like temperature, pressure and
turbulence are expected to be high enough to permit the assessment of the ignition behaviour of the fuels based on
engine operation.

The given fuels are analysed at a Euro VI stage C base indicated specific nitrogen oxides (ISNOx) level of around

6 g/kWh. While performing the EGR sweeps, a constant centre of combustion (aaso) is kept in order to avoid impact
on emission of retarded combustion. The fuels are compared at the same engine indicated mean effective pressure
(IMEP) as shown in Figure 1 and the relevant engine calibration parameters like, injection pressure (pinj), boost
pressure (pooost) and temperature (Twoost) defined in Table 3.
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Figure 1 Explicative engine load map in break mean effective pressure (BMEP) vs engine speed

Table 3 HD SCE calibration settings

il ———

1600 2612 54 3500 3623

1200 19.6 21.0 10.2 1680 39 2800 2904

1200 9.8 10.3 6.2 1280 41 1790 1825

900 5.9 6.4 6.5 1037 41 1280 1325
2.2 3D-CFD NUMERICAL MODELLING

Reynolds-averaged Navier—Stokes numerical simulations are performed using the CFD code provided by CONVERGE.
CONVERGE is a general-purpose CFD tool that automates the mesh generation process and the adaptive mesh
refinement (AMR) algorithm [1]. In particular, the AMR delivers small grid size where high temperature and velocity
gradients are calculated without significantly increasing the total number of computational cells. A full mesh is
adopted during the 3D-CFD gas exchange simulations, while a sector mesh is used for the mixture formation
simulations, as shown in Figure 2 (left). The mixture formation cases simulated here featured a base grid of 1.4 mm
and an additional mesh refinement yielding a local grid of minimum 0.35 mm.

The Renormalization Group k-€ equations are chosen to model the turbulence. The Kelvin-Helmholtz and Rayleigh-
Taylor model is used to capture the fuel spray break-up [2]. The mass, momentum, and energy are calculated at each
node of the grid using the unsteady Navier-Stokes equations, which are implicitly discretized based on a finite volume
method over the Cartesian grid [3]. For the analysis of the droplet evaporation, the FROSSLING model is selected [4].
The droplet collision is analysed by using the no time counter collision model [4] and the blob injection model is used
to inject liquid parcels inside the computational domain [4]. For solving the pressure-velocity coupling the pressure

Page 8/20
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implicit for the splitting of operator algorithm is used [3]. The O’Rourke and Amsden model is set for the wall heat
transfer calculations [4]. For the analysis of the spray wall interactions, the rebound/slide model is adopted [4].

To assess the quality of the mixture formation process the characteristic numbers air utilisation (AU) and oxidation
potential number (OPN) are used. The AU indicates the volumetric fraction of air inside the combustion chamber,
sorted per air/fuel equivalence ratios (A) ranges [5]. The AU is evaluated at a given engine operating condition, from
starting of injection (SOI) to exhaust valve opening (EVO). The OPN is a number based on the AU. It represents the
share of lean mixture (i.e. air utilization between 1 < A < 2) divided by the rich one (4 < 1) and by the unused air (1 > 2)
[6] as shown in Figure 2 (right). The higher the OPN, the better the expected soot oxidation potential.

Mesh embedding during valve ===/ CFD calculation w/o combustion
opening (cell size 0.5 mm)  Sector Mesh i

[ ]Unused air (» >2.0)

Lean mixture (1.0 <A < 2.0)
777 Rich mixture (1 < 1.0)

< Liner SOl EVO
—

Z10f
208
< L
So6f
So4f
=02 F
<0.0

160 180 200 220 240 260 280 300
a /°CA ABDC

Soot oxidation

7/

\ Gy
Permanent fixed embedding at
boundary wall (cell size 0.5 mm)

Figure 2 Computational mesh for gas exchange and mixture formation simulations illustrating the fixed embedding
(left) and air utilisation (right)

2.3 FUEL COMPOSITION AND PROPOERTIES

To evaluate the mixture formation and emission reduction potential of diesel (B0O) and different blend of REDIFUEL
with diesel (BO) numerical 3D-CFD simulations are performed. At the beginning of the project the real end-product is
available only on lab-scale quantities, so a surrogate REDIFUEL mixture consisting of 30 vol% alcohols mixed with
paraffinic diesel (RFasor70) is adopted for this study. The oxygenated fraction of RFasop70, termed from now on surrogate
alcohol mixture (SAM), consists of Cs — 21 wt%, C7 — 20 wt%, Cs — 18.5 wt%, Co — 16 wt%, Ci0 — 13.5 wt% and C11 —

11 wt% linear alcohols. The paraffinic part is represented with a pure Gas-to-Liquid (GtL, non-additives) mixture,
consisting of carbon 84.6 wt% and hydrogen 15.4 wt%. The mixture composition and properties of the different fuel
blends simulated here are shown in Table 4. The mixture formation during the high-pressure cycle under the cold
evaporative condition (without combustion) is analyzed due to unavailability of chemical mechanism for the blend of
REDIFUEL with diesel (BO).

The density of the blends decreased gradually with an increasing volume fraction of the paraffinic part since the
paraffinic part is a mixture of normal and iso-paraffins which have the lowest density of all hydrocarbons. The lowered
density makes the fuel lighter and enhances the air-fuel mixing resulting in better mixture formation [3]. The lower
distillation temperature of the paraffinic part makes it easier for the blends to evaporate and form into a more
combustible air-fuel mixture [4]. The higher Cetane Number of the paraffinic part indicates a shorter ignition delay
and premixed combustion period, which leads to a lower maximum temperature, hindering the formation of the NOx
emission [4]. The lower heating values (LHV) of the blends are lowered with the increase in RFasopr70 composition as BO
is replaced with the oxygenated fraction of RFasop70. Further, the increase of RFasor70 composition in the blend
increases the fuel bone oxygen content, the higher oxygen content in the blend will improve the mixture formation
and result in the higher OPN.
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Table 4 Fuels used in simulation and their composition

100 % BO Diesel 100.00 % 0.00 % 0.00 % 0.00 % 839.0 42.90 0 52.10
60 % BO + 40 %
60.00 % 12.00 % 28.00 % 0.00 % 820.30 42.45 1.47 53.60
RFazop70
93%RFazopr70 +
i 0.00 % 27.90 % 65.10 % 7.00 % 800.22 41.38 4.17 57.90
with 7% UCOME

The surrogate fuel approach is adopted for simulating different blend of REDIFUEL with diesel. For diesel fuel, DF-2
(surrogate for diesel) is taken as a liquid phase surrogate, which is widely used [5]. As the measured and modeled
properties of 1-Octanol are found to be in very good agreement with that of SAM, it is chosen as its liquid surrogate [6].
The paraffinic part is modeled as 45 vol% cyclo-octane, 51 vol% iso-cetane and 4 vol% n-decane, a mixture of cyclo-
octane, iso-cetane, and n-decane are used as a surrogate for the paraffinic part of the fuel [7]. Two different blends of
RFasop70 with diesel (B0) are studied here. The first blend of 60 vol% B0 and 40 vol% RFazoe70 is selected, owing to its CN
and delivers a density of around 820 kg/m? satisfies within the EN590 regulation and the second blend 93 vol% RFasop70
and 7 vol% UCOME is selected, owing to its CN and delivers a density of around 800 kg/m? for artic grade. Furthermore,
a second blend, having fully renewable fuel 93 vol% RFasor70, is simulated to derive trends for fully renewable
substitution share in the fuel mixture.

In Table 5, the relevant fuel properties of the blends that are tested on the HD SCE are mentioned, as the CN and
oxygen content increase, the carbon content and the calorific value decrease with an increase in the RFazop70 share.
Besides that, the fully renewable fuel blend of 93 vol% RFasop70 and 7 vol% UCOME is investigated.

Table 5 Fuel blend properties

100 % BO diesel 839.0 86.5 138 0.0 42.9 52.1
80 % B0 + 20 % REssonne 829.8 85.46 14.03 0.74 42.7 52.5
60 % BO + 40 % RFasopro 8203 84.42 14.26 1.47 425 53.6
50 % BO + 50 % RFasop70 815.2 83.90 14.37 1.82 42.3 54.1
20 % BO + 80 % RFasorro 798.9 82.34 1471 1.83 42,0 56.7
93 % RFasorro + 7% UCOME | 002 8101 14.74 4.17 41.4 57.9
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3 Results

In this section, the experimental and numerical results are discussed. First, the results of ignition delay and density
measurements are discussed. Based on these results the most promising blends are tested at the HD SCE.

3.1 HD SCE TEST BENCH RESULTS

In the following section, the results from the screening of the fuel blends on the HD SCE are discussed. The presented
results are obtained at an engine speed of 1200 min* and two different load level.

Cruise point

In Figure 3, the results for the cruise point operation at the base ISNOx of 5.8 g/kWh are presented. The different fuel
blends are displayed in bar charts and distinguished by colour style. The indicated specific particulate matter
emissions (ISPM) are presented in the top-left plot in Figure 3. Generally, adding the RFasop70 to diesel reduces the
ISPM emission.

This can be attributed to the presence of oxygen and paraffinic molecules in the RFasop70. Less soot precursors are
generally formed when diluting diesel with a straight-chained oxygenated mixture, as shown in the literature [8, 9].
Moreover, this renewable drop-in fuel might positively affect also soot oxidation, due to its fast ignition chemistry and
enhanced mixture formation properties [9]. As the 40 vol% RFazop70 in diesel is compliant with EN590 in accordance
with previous discussions, in this result section the relative changes with reference to diesel in performance and
emissions are presented for this blend only. A relative reduction of ISPM by up to 12 % is achieved with a blending
proportion of 40 vol% RFasop70 in diesel.

The indicated specific carbon monoxide (ISCO) emissions are shown in the middle-left corner of Figure 3. With an
increase in RFasop70 substitution in diesel, lower ISCO emissions are observed. This could be attributed to the faster
ignition, which would prevent over-leaning in air/fuel mixture and to the inherent oxygen moieties included in the
renewable fuel. Moreover, an enhanced mixture formation (due to better atomization owing to the paraffinic content)
is also beneficial to ensure a proper oxygen entrainment [10]. The indicated specific hydrocarbon (ISHC) emissions,
shown in the lower-left bar plot in Figure 3, reduce with increasing RFasop70 share. Similarly to ISCO emissions, an
improved mixture formation might be the reason for the observed trend [10]. Due to reduced ISCO and ISHC
emissions, a marginal rise in the indicated thermal efficiency (ITE) by 0.6 %-points was noticed for the blend with

40 vol% RFazop70 in diesel, as shown in top-right diagram of Figure 3. A relative reduction in ISCO and ISHC by up to 6 %
and 18 % is respectively noticed for the blend under consideration.

Generally, an increase in RFasop70 share leads to a direct reduction in indicated specific carbon dioxide (ISCO3)
emissions. A relative reduction in ISCO2 by up to 2.6 % is seen for the blend with 40 vol% RFasor70 in diesel, refer
middle-right diagram of Figure 3. To explain this ISCO2 reduction, a parameter named as theoretical fuel carbon flow
rate (TFCFR) is introduced. The TFCFR is defined as the fuel carbon mass fraction times the fuel mass flow rate. It
represents the theoretical carbon mass flow rate that is available for a complete combustion of the fuel at a given
engine load, accounting for variations in injected fuel mass due to changes in calorific fuel content and ITE. The lower-
right corner of Figure 3 shows a TFCFR reduction by 2.3 % for the blend with 40 vol% RFasop70 in diesel, which nearly
agrees with the aforementioned relative ISCO; reduction.

In addition to that, the blend with 93 vol% RFasor70 and 7 vol% UCOME provides some further potential due to its high
content of paraffinic hydrocarbons and increased share of molecular oxygen. Both lead to an improved mixture
formation and fasten combustion. The results show a relative reduction in ISCO and ISHC by more than 20 % and 32 %
while ISPM emission are lowered by around 15 %.

The improved mixture formation and fasten combustion result in a better combustion efficiency and show a ITE rise
by around 0.9 %-points. The TFCTR is reduced by more than 5 %.

& REDIFUEL - 817612 Page 11/20



REDIFUEL D3.7 — Report on emission and efficiency impact on existing engines Public

B 100% BO Diesel

IMEP = 10 bar, n = 1200 min', 80°% B0 Disssl + 209 R¥ s 30

pinj = 1280 bar, Uoso = 6.2 °CA a. TDC,
Thousl =41 OC’ ph(\nsl = 1789 mbar,
Pexy = 1875 mbar, ISNOy = 5.8 g/kWh

0.04
0.03

0.02
)
0.00

0.4
0.3
0.2
0.1
0.0

ISPM / (g/kWh)

ISCO / (2/kWh)

~ 0.25
0.20
0.15
0.10
0.05

ISHC / (/kWh

60% BO Diesel + 40% RF y4p70

50% BO Diesel + 50% RF 070
I 20% BO Diesel + 80% RF 307
I 93% RF ;70 + 7% UCome

N W
[ N

ITE/ %
N
©

B b
~N o0
/=

D
(=]

g/kWh)
3

wn W W, W, W
5
o

o
(=}

ISCO, / (
w
S

S S S
(SO B 4

TFCFR / (kg/h)

W

Figure 3 HD SCE results at cruise point for base NOx level, IMEP = 10 bar, n = 1200 min™, pinj = 1280 bar,
oaso = 6.2 °CA a. TDC, Thoost = 41 °C, Proost = 1789 mbar, pexn = 1875 mbar, ISNOx = 5.8 g/kWh

160
®
2 120
o
?
§ 80
o
& 40
£
3
2
-40 -20
1.0

0 20 40

Crank angle / ° CA

< 2000
g "
5
= 1500 \
Q
&
1000
2]
©
]
© 500
§
Q
T 0
60 1510 -5 0 5 10 15 20 25 30

Crank angle / ° CA

0.8

0.6

Cummulative
Heat Release / -
o
N

— 100% BO Diesel
— 60% BO Diesel + 40% RF 530p79
=== 93% RF p30p70 + 7% UCOME

15 -10

-5 0 5

10 15 20 25 30 35 40 45
Crank angle / ° CA

Figure 4 Heat release analysis at cruise point IMEP = 10 bar, n = 1200 min%, pinj = 1280 bar,
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The heat release analysis for the cruise point at the base ISNOx level is shown in Figure 4. For the sake of clarity, the

Figure 4 presents the heat release analysis for diesel and blends of RFasop70 with 40 vol% / 60 vol% in diesel and the

fully renewable blend of 93 vol% RFasoe70 / 7 vol% UCOME. Due to a slightly lower ignition delay time (i.e. slightly

higher CN) of the RFasor70 blends with diesel, the injection timing is slightly retarded to maintain a constant aqso. This

can be seen in the cumulative heat release plot at a value of around 0.5, refer lower diagram of Figure 4. The heat
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release rate (HRR) of the RFasop70 blends, depicted on the upper-right side in Figure 4, is similar to that of diesel. The
crank angle position corresponding to the maximum heat released during combustion is slightly retarded for the
RFasop70 blends. This can be attributed to an increased injector energizing time - necessary to achieve the load
matching (i.e. increased injected mass to compensate the reduced fuel calorific value) - and to the retarded injection
timing. Increased injected fuel mass causes a relatively later end of combustion and a subsequent shift in heat release.

Best efficiency point

The results at the higher engine load point of best efficiency show in principle the same tendency, see Figure 5. It can
be seen that blends of RFasor70 in diesel behave very similar to pure diesel with respect to their pollutant and CO2
emission impact. The low emission potential of RFasop70 in diesel can be explained with the predominating high
combustion temperature. Thus, excellent boundary conditions for an improved mixture formation and fast
combustion are existed already for pure diesel.

The fully renewable blend of 93 vol% RFasor70 with 7 vol% UCOME provides overall improvements also at high load.
The ISCO emissions are reduced by more than 20 % while the particulate emissions are lowered by more than 50 %.
The ISHC emissions slightly increased of 30 %, but they remain on a significant low level. Again, the high content of
paraffinic hydrocarbons and increased share of molecular oxygen are led to a fast combustion that improves the
engine efficiency by around 1 %-point. The TFCTR is also been reduced in the manner of 4 %.

Pinj = 1658 bar, a5, = 10.20 °CA a. TDC, 60% B0 Dicscl : 40% RE oo
Tbn(wl =39 DC, Proost ~ 2800 lleﬂr, B 93% RF 7% Uco“r:::ﬂl 70
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Figure 5 HD SCE results at best efficiency point for base NOx level, IMEP = 20.98 bar, n = 1200 min™,
pinj = 1658 bar, aqso = 10.2 °CA a. TDC, Thoost = 39 °C, Phoost = 2800 mbar, pexn = 2904 mbar, ISNOx = 6.1 g/kWh

Figure 6 shows the results of the heat release rate analysis. As anticipated from the above shown results, the
cumulated heat release of 40 vol% RFasopr70 in diesel shows a similar combustion behaviour then pure diesel. Only
93 vol% RFasop70 with 7 vol% UCOME delivers an improved burn-out of the diffusive phase due its molecular oxygen
content with the mentioned benefit in efficiency and emissions.
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Figure 6 Heat release analysis at best efficiency point for base NOx level, IMEP = 20.98 bar, n = 1200 min™,
pinj = 1658 bar, aqso = 10.2 °CA a. TDC, Thoost = 39 °C, Phoost = 2800 mbar, pexn = 2904 mbar, ISNOx = 6.1 g/kWh

3.2 3D-CFD SIMULATION RESULTS

In this section, the numerical results are discussed. Firstly, an overview of the surrogate fuel properties estimations for
the numerical simulation is provided. Secondly, the 3D-CFD simulations results for the most promising blends of
RFasop70 with diesel are presented.

Screening of drop-in biofuels using 3D-CFD

To evaluate the mixture formation and emission reduction potential of the fuels under consideration, numerical 3D-
CFD simulations are performed. Herein, the mixture formation during the high-pressure cycle under inert mixing
condition is analysed. To model the mixture formation of RFasor70 blends with BO with a good confidence level, firstly
the CFD model is calibrated using diesel experimental data from the HD SCE at cruise point operation. Here, the same
ISNOx level as shown in the test bench results section (i.e. 5.8 g/kWh) is chosen. Successively, the physicochemical
properties of diesel are exchanged with those of the blends of RFazor70 and BO diesel. Two different blends of RFazop70
with BO are studied. A first blend of 60 vol% B0 and 40 vol% RFazor70 is selected, owing to its CN and density meeting
the EN590 norm. Furthermore, a second blend, having a higher share of RFasop70 (i.e. 80 vol%) with BO, is simulated to
derive trends at increasing renewable substitution share in the fuel mixture.

Figure 7 presents the comparison of the air utilization for different blends of RFasor70 and diesel at cruise point
operation. It can be seen that with an increasing blending proportion of RFasor70 in diesel, the share of lean mixture
(i.e. AU between 1 < A< 2) is larger. Hence, a higher degree of air/fuel mixing and a high potential to soot oxidization
during combustion is expected. The bottom of Figure 7 shows the cut-sections of the piston bowl modelled in
CONVERGE that corroborate the trends of the air utilization curves. At the selected crank angle of 22 °CA a larger
share of lean equivalence ratios can be seen and a smaller share of rich zones (A < 1). This indicates that the soot is
expected to be better oxidized in case of the blends with RFasop70. Further, it can be seen from Table 6 that at the
cruise point operation, the RFasor70 blends resulted in higher OPN as compared to diesel.

Impact of the most promising blends are also studied at the rated power point, as shown in Figure 8. Similarly to
cruise point operation, increasing RFasor70 blending proportion with diesel yields larger lean mixture shares (i.e AU
between 1 < A < 2), indicating a higher degree of air/fuel mixing and a high potential to oxidize soot during
combustion.
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Table 6 Comparison of OPN for different blends of BO and RFasorso at cruise point and rated power point operation

100 % BO diesel 22:2 93
60 % BO + 40 % RFasop70 252 12.8
20 % BO + 80 % RFasop70 28.62 17.7

Air utilization / -

Alir utilization / -

10 Cruise point, IMEP = 10.33 bar
0.8- I <2 n=1200 mint
' Pilot =13° CA bTDC
0.6 Main = 9.8° CAbTDC,
04 Injection pressure = 1500 bar
' ---100% BO
024 e -60% B0 / 40% RF p30p70
00 1 <1 ——20% B0/80% RFz0p70
.40
Crank angle / °CA
CA/aTDC 100% BO 60% B0/ 40% 20% B0/ 80%
RFA30P70 RFA30P7O

<

lambda: 0.4071.1141.72.124
Figure 7 Comparison of air utilization (top), and lambda plots for RFA30P70 and diesel (bottom), at cruise point

1.0 Rated power point,
0.8 I <2 IMEP =23.82 bar
' n = 1600 min!
0.6 BOI = 9° CADbTDC,
04 Injection pressure = 2200 bar
' ---100% B0
021 IS | e - 60% BO / 40% RF 50070
00 s |1 <1 ——20% B0/ 80% RF z0p70
.40 0 40 80
Crank angle / °CA
0, 0, 0, 0,
CA/aTDC 100% BO 60% B0 / 40% 20% B0 / 80%
RFA30P70 RFA30P7O

- T R

lambda: 0.4 0.7

1.1141.72124

Figure 8 Comparison of air utilization (top), and lambda plots for RFA30P70 and diesel (bottom), at rated power
operation
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4 Discussion and Conclusions

4.1 4.1 DISCUSSION

No decisions are made based on the described results, that have provided a deviation from the grand agreement.

4.2 4.2 CONCLUSIONS

The potential of the novel drop-in biofuels containing high-Cetane (C11-C21) bio-hydrocarbons and (Cs-Ca11) bio-alcohols
was examined with regard to mixture formation, engine performance and emission reduction.

e  The thermo-physical and physicochemical properties of fuel surrogates are estimated using models over a
wide range of temperatures, featuring very good agreement with measured data.

e The fuel blend with 40 vol% REDIFUEL (i.e. RFasop70 - alcohol of 30 vol% and a paraffinic content of 70 vol%) in
diesel satisfies both the minimum requirement for Cetane Number and density stated by the EN590 norm.

e All the blends of REDIFUEL with diesel exhibit a marginal rise in efficiency and reduced engine out CO2
emissions. Generally, the particulate matter, carbon monoxide and hydrocarbon emissions are reduced with
an increase in the renewable drop-in fuel.

o The fuel blend with 40 vol% REDIFUEL in diesel exhibits a relative reduction in indicated specific particulate
matter, indicated specific carbon monoxide, indicated specific hydrocarbon and CO2 emissions by 12 %, 6 %,
18 %, and 2.7 % respectively with reference to diesel. A marginal rise in thermal efficiency by 0.6 %-points is
noticed for this blend.

e Inthe numerical modelling, the blends of REDIFUEL with diesel show enhanced mixture formation, as
indicated also by a higher level of oxygen entrainment in the spray plume as compared to diesel. This
indicates a better soot oxidation potential of the REDIFUEL blends, as confirmed by the engine tests.

Overall, the REDIFUEL blends show similar performance as diesel with reduced particulate matter, hydrocarbon and
CO; emissions. This suggests that REDFUEL will help in a reduction in TtW CO2 emissions and, thanks to its renewable
nature to an overall reduction in WtT CO2 emissions. Further, the blend with 40 vol% REDIFUEL in diesel satisfies the
EN590 norm and can be on the immediate term used in current heavy duty fleets, without necessity for hardware
adaptation or engine calibration.
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5 Deviations from Annex 1

There are no deviations with respect to the description of work.
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8 Risk register

Risk WP What is the risk? Probability Effect Solutions to overcome the risk
No. of risk of risk?
occurrence?
1 3.4 Possible engine damage (rebuild /| 2 1 Procurement of spare parts,
repair not possible in time) spare cylinder head;

definition of engine shut-
down limitations

2 3.4 Lead time of ordered components too | 2 2 Regular (monthly) alignment
long of delivery time plan with
suppliers

! Probability risk will occur: 1 = high, 2 = medium, 3 = Low
2 Effect when risk occurs: 1 = high, 2 = medium, 3 = Low
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