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@izuuni ma XiMIiyHI 61ACMUGOCMI NATUGHUX Cymiwel Oiemunosoeo egipy ma ananoi onii (DEE/LO) 6ynu
enepuie eMnipuuHo nepegipeni 6 yiti cmammi. 30Kpema, 00CioNCy8anu KiHeMamuyHy 8'a3Kicmos, WilbHICMb, HUNC-
HIO THenIOMBOPHY 30AMHICTG, MOUYKY 3aKYNOPIOSAHHA XO0N00H020 inbmpa ma nogepxuesuti namse. Taxooc 6yau
3anpPONOHOBAHI MOOE NPOSHO3YEAHHS 051 32A0AHUX eMNIPUYHUX OanuX. [[ist yb02o 00CHiONCeH s diemunosuil eQip
(DEE) smiwysanu 3 anarnoro onieto (LO) 6 06 emuux cnigsionowennsx 10, 20 i 30%. Ompumani pesynvmamu nopie-
HIOBANU 3 IMEPAMYPHUMU OAHUMU NPO NAAUBO 3 dlemunogozo egipy pancosoi onii (DEEIRO). LJi mecmu 6ynu 30-
cepeodiceni Ha OCHOGHUX napamempax pooomu 08USYHA, MAKUX K 3a201bHA eeKmueHicmy i 3ampumka 3ananio-
sanns. Taxum wunom, npoyec 320psanHs € OLbUL eeKMUBHUM — 3 MEHUIO0 KLIbKICMIO 6UKUOHUX 2a3i8. Bionosiono
00 PI3HUX 3ACMOCY8AHb POCIUHHI O MOXNCYMb OYMU YCHRIWHO BUKOPUCAHI 8 08USYHAX Y CKAAOI KIACUYHUX NATUB
ma Mooughiko8anux osueyrax. Ax anemepHamusHuM NAIU8am, ece OLIbULY y8a2y NpuoilAOmMy HeiCMIGHUM POCTUH-
HUM ONLIAIM, WO NO6 A3AHO 3 BUCHAIICEHHAM NPUPOOHUX PeCypcie i nompeboIo 6 Xapio8ux ONiAxX AK npoOyKmax xap-
uyeanHs. Hacinusa 1601y npakmuiHo 6UKOPUCMOBYEMbCA 6 NPOMUCTIOGUX YIIAX 3aMICMb HAUNONYIAPHIMOT pinako-
60i" onii, ane, 6UXO0AYU 3 1020 MEXHIYHUX XAPAKMEPUCTUK, 3G NEEHUX YMOG 1020 MOJICHA BUKOPUCHOBYEAMU | AK
nanueo. Pezynomamu yvoeo oocnioxcenns nokazamu, wjo 6 ssxicmo LO 3nauno nuscua nopiensno 3 RO, wo 0osso-
sse smenuumu kinvkicms DEE, dodanozo oo pocaunnoi onii. Hanpuxiao LO, wo micmume 30% DEE, mae maky
camy & ’sizkicms, sk i RO, wo micmums 40% DEE. Crio 3asnauumu, wo obuosi yi cymiwi 003601510mv 30inbumumu
3HayeHHs @'sizkocmi 6 nopisHanni 3 DF. Pezynbmamu niomeepounu, wo KiHeMamuyHa 8'a3Kicmb 00CAIONHCYB8AHUX
cymiuieli UpaAdiCacmovcsi eKCHOHEHYIANbHOIO peepeciero Ha 0chogi pienanis Ppenkens-Anopade.

KirouoBi cnoBa: nmietwiioBuit eip, pocinHHI 0ii, MaaMBHI CyMilli, BIACTUBOCTI MajHBa, albTEePHATHBHE I1a-
JMBO, piBHSAHHS Dpenkens-Anapaje.

The physical and chemical properties of diethyl ether and linseed oil (DEE/LO) fuel mixtures were empirically
tested in this article for the first time. In particular, kinematic viscosity, density, lower heating value, cold filter
plugging point, and surface tension were examined. Prediction models for the mentioned empirical data were also
proposed. For this research diethyl ether (DEE) was blended with linseed oil (LO) in volumetric ratios of 10, 20 and
30%. The results obtained were compared with the literature on diethyl ether rapeseed oil (DEE/RO) fuel. These
tests were focused on the fundamental engine work parameters such as overall efficiency, and ignition delay. There-
fore, the combustion process is more efficient with adequate lower exhaust gases. According to different applica-
tions, vegetable oils can be successfully used in engines based on classic fuels and modified engines. More and more
attention is turned on inedible vegetable oils affected by the depletion of resources and the necessity for edible oils
as food. Linseed is practically used for industrial purposes instead of the most popular rapeseed oil, but based on its
technical characteristics it can be used also as a fuel under certain conditions. Results of this study showed that the
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viscosity of LO is significantly lower in comparison with RO allowing to reduced amount of DEE added to plant oil.
For example, LO containing 30% DEE has the same viscosity as RO containing 40% DEE. It should be pointed out
that both these mixtures allow to increase a viscosity value in comparison to DF. The results confirmed that the
kinematic viscosity of tested mixtures is expressed by exponential regression based on the Frenkel-Andrade

equation.

Keywords: diethyl ether, plant oils, fuel mixtures, fuel properties, alternative fuel, the Frenkel-Andrade equa-

tion.

Introduction

Vegetable oil as a diesel engine fuel has been
a subject of study for a long time, probably from
the first usage of it in Rudolf Diesel's invented en-
gine. Although vegetable oils did not become as
important a fuel source as fossil fuel as Diesel pre-
dicted during the exploitation of his engine with
peanut oil, there were and still exist some areas
where vegetable oils are requested and used. The
usage of vegetable oils is usually outpointed by its
main advantages over conventional diesel fuels:
domestic production allows to reduce dependency
on imported diesel fuel, renewability, better lubric-
ity, biodegradability, and increase of flash point.
As with any other alternative fuel, it could outpoint
also some disadvantages, which did not allow its
rapid usage during the last decade: lower energy
content, higher viscosity, compatibility, higher
production price, etc. Despite to different applica-
tion problems vegetable oils can be successfully
used in engines based on fuel or engine modifica-
tion. More and more attention is turned on inedible
vegetable oils affected by the depletion of re-
sources and the necessity for edible oils as food.
Linseed instead of the most popular rapeseed oil is
practically used for industrial purposes, but based
on its technical characteristics it can be used also
as a fuel under certain conditions.

Analysis of modern foreign and domestic
research and publications

Linseed is recognized as one of the oil crops
good for the production of advanced biofuels by
the European Biofuels Technology Platform
(EBTP), but it is also used as a first-generation
biofuel obtained from seeds. Linseed oil is very
valuable and one of the oldest commercial oils
produced from the oilseed flax (Linum usitatissi-
mum L.) widely grown in Eastern Europe, Kazakh-
stan, India, and China. Due to its low-level yield, it
is not as popular as soybean or rapeseed the lead-
ing oilseed crops, which provide the largest
amounts of plant protein in an extracted meal for
livestock [1] but in some countries like Kazakhstan
cultivation areas of this plant is growing very rap-
idly allowing to become the world’s undoubted
leader in linseed production with harvested 719 km
in 2018. About 70% of worldwide linseed oil pro-
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duction is intended for technical applications and
only 30% for food production [2]. Many different
parameters, like water stress, high temperature, and
disease occurrence, can affect oilseed flax growth
parameters [3], but increasing demand from the
paints and coatings industry, where linseed oil is
very popular as a varnish and as a drying lubricant,
it is expected to boost the market over the forecast
period. Increasing applications of linseed oil in
food processing, paint, wood finish, putty, nutri-
tional supplement, linoleum, and gilding are ex-
pected to boost the segment growth, which be val-
ued at USD 281.34 million by 2025 [4].

There are not many practical researches or on-
road trials concerning linseed oil due to previously
mentioned factors, while there are also some re-
searches for oils with similar composition allowing
to make general conclusions. For example, Beg et
al. [5] reported an increase in fuel consumption,
exhaust gas temperature, CO emissions, smoke
density, and a decrease in NOx using diesel fuel-
linseed blends compared to regular diesel fuel.
Delalibera et al. [6] analysed diesel engine perfor-
mance and emissions when fuelled with pure lin-
seed oil, preheated at 100 °C, at the injection pump
inlet, and at engine working temperature (60 °C) in
short-duration tests. Results confirmed a slight in-
crease in exhaust gas temperature generally for
preheated oil and a slight reduction of smoke for
non-preheated oil compared to diesel fuel, while
smoke increased for preheated oil compared to die-
sel fuel. Fuel consumption for preheated oil pre-
sented lower variation when compared to non-
preheated oil indicating that the engine operation
for them was more stable. He confirmed that an
engine without linseed oil preheating presents
greater power loss compared to diesel fuel at the
same time.

Agarwal et al. [7] tested different blends of
linseed oil (10, 20, 30, and 50%, v/v) with diesel
fuel and found that blends with higher linseed oil
addition are more efficient. Overall it is concluded
that vegetable oils are not ideal fuels for diesel en-
gines in case of operational (ignition, performance,
etc.) and durability (deposit formation, lubrication
oil dilution, etc.) problems, but also based on addi-
tional impact left by other physicochemical proper-
ties: viscosity, polyunsaturated character, and ex-
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tremely low volatility. Based on that diesel engine
operation with vegetable oil could result in poor
atomization, non-ideal fuel-air mixing and com-
bustion, and finally in decrease in power and an
increase in fuel consumption. Different solutions
exist to overcome such problems: transesterifica-
tion, emulsification, and blending. One of the most
popular is transesterification allowing to convert
vegetable oil in an ester in such way creating fuel
with properties close to diesel fuel. Another, more
simplified, and attractive alternative is blending
vegetable oil with diesel fuel or oxygenate, which
drastically reduces viscosity, and increases cold
filter plugging point and cetane number. One of the
main blending problems is observed — its molecu-
lar structure remains unchanged hence polyunsatu-
rated character remains [8].

Improvement of oil properties could be real-
ized using different oxygenated additives such as
ethanol, methanol, ethyl-test butyl ether, diethyl
ether (DEE), etc. The last one was chosen for this
research. Diethyl ether, which is an organic com-
pound and historically used as an anesthetic agent
is expressed by its chemical formula CH3CH2-O-
CH2CH3. Produced from ethanol obtained from
biomass in the dehydrating process, it also can be
known as bio-DEE [8], showing its main ad-
vantages over diesel fuel: high oxygen content,
high cetane number, high miscibility with diesel
fuel, and low autoignition temperature. First of all,
this type of fuel stands up with low viscosity val-
ues allowing to reduce the viscosity of the blend,
whereas base fuel has a viscosity higher than that
of conventional diesel fuel, like plant oils. The
combination of these values of both mentioned fuel
types could give the optimal viscosity necessary
for diesel engine operation without preheating and
at the same time keeping lubricity at reasonable
levels.

Rakopoulos [9] used a standard, experimental,
single-cylinder, four-stroke, high-speed direct in-
jection (HSDI) diesel powered with cottonseed oil
and its bio-diesel (methyl ester) in blends with
20% (v/v) of diethyl ether for research of combus-
tion and exhaust emission characteristics. He re-
ported lower smoke, NOx, and CO emissions, but
higher HC emissions for DEE blends than neat
cottonseed oil or its neat bio-diesel.

Krishna [10] used diethyl ether as an oxygen-
ated additive mixed with karanja oil in various
proportions of 5, 10, 15, 20, and 25% by volume in
dual fuel operation 4-cylinder 39 kW diesel engine.
He observed that for blends up to 15%, CO emis-
sions were lower than corresponding values for
diesel, while NOx emissions were significantly
lower for the blends at lower loads. He also found

that fuel consumption at a higher engine loads for
the blend is higher than for pure diesel explaining
it with the lower calorific value of the blends.

Geo [11] used a single-cylinder diesel engine
with a rated output of 4.4 kW at 1500 rpm convert-
ed for operation in the DEE injection mode. The
engine was operated on rubber seed oil as a single
fuel with DEE injection at the flow rate of 100 g/h,
150 g/h, and 200 g/h. He reported an increase in
NOx emissions and a reduction of hydrocarbon,
carbon monoxide, and smoke emissions, the last
one explaining with “better combustion of injected
fuel in the hotter combustion chamber by the early
combustion of DEE”. Besides that, he confirmed
that DEE injection to rubber seed oil results in re-
duced combustion duration from 47 to 44 crank
angle (°CA) degrees due to fast diffusion combus-
tion rate in comparison to neat oil.

Krishnamoorthi [12] used a single-cylinder di-
rect injection variable compression ratio test en-
gine Kirloskar VCR in tests with blends of diesel
fuel, bael oil, and diethyl ether in various blending
ratios. They confirmed that the addition of DEE to
bael oil and diesel reduced the peak cylinder pres-
sure due to a lower calorific value of the DEE and
wider spray pattern. It was also observed CO emis-
sion reduction explained with enhancement of the
combustion process with the effect of DEE. There
was also a reported reduction of NOx emissions
associated with an adequately lower value of peak
combustion temperature due to DEE addition in
such a way as reducing the calorific value of the
blend.

There is no research on detailed analysis of
the physicochemical and combustion properties of
linseed oil and DEE blends, while there exists re-
search on the physic chemicals of rapeseed oil and
DEE blends [13]. Therefore, the objective of this
study was to test the effect of DEE/linseed oil fuel
blends to evaluate the possibility of using such
mixtures in diesel engines, as well as make a com-
parison of obtained results with DEE/RO blends.

Highlighting previously unresolved parts of
the overall problem

Vegetable oils containing high polyunsaturat-
ed fatty acids are less viscous but contribute to
higher NOx emissions. Therefore, the usage of
vegetable oils with higher saturated and monoun-
saturated fats together with the retrofit kit or heat-
ing system was recommended. High values of lino-
leic/linolenic acids also could result in higher dep-
osition rates as these acids react to heat and oxidize
polymerizing on the cylinder walls and injection
tips.
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Possible linseed oil usage in diesel engines is
strongly connected to the engine sensitivity on fuel
injection and combustion, and one of the main pa-
rameters is viscosity. Viscosity which is a measure
of the resistance of fluid to a flow, is the most im-
portant parameter for all vegetable oils as it leaves
an impact on the quality of fuel atomization. The
fuel injection system of current diesel engines ac-
cepts the use of fuels with viscosity values from
1.9 to 5.0 mm?/s at 40 °C (1.9 to 4.1 mm2/s at
40 °C based on standard ASTM D975, 2.0 to
4.5 mm?s at 40 °C from standard EN 590:2004,
3.5t0 5.0 at 40 °C from EN 14214:2009.

Cetane number is a dimensionless descriptor
of the ignition quality of diesel fuel, determined by
unbranched chains of fatty acids similar to those of
the n-alkanes of diesel fuel. Chain length leaves an
impact on cetane number, where decreasing chain
length reduces cetane number. There could be de-
termined also a relationship between cetane num-
ber and ignition delay, where the higher cetane
number determines a shorter ignition delay. As
previously it was mentioned — linseed oil has one
of the longest ignition delays among vegetable oils
and one of the smallest cetane numbers — 34.6 in-
stead of 37.6 for rapeseed oil or 42.0 for palm oil.
Therefore, the influence of increased unsaturation
on the lowest cetane number is proven for linseed
oil. An increase in cetane number is possible by
blending oil with alcohols (like DEE), while the
heating value of the blends will be practically in
the same range.

As mentioned before, the role of viscosity in
the injection process is more actual than for any
other parameter, therefore it must be set according
to values mentioned in standards: EN 590, ASTM
D975, or EN 14214. Spray characteristics signifi-
cantly can be improved with the use of blends
compared to neat linseed oil. The viscosity of LO
is lower than for RO allowing it to reach more ac-
ceptable values for diesel engines even with a
small addition of DEE, till 30%. For blends with
DEE addition of 40% and more in volume varia-
tions in viscosity are not so actual and are not in-
fluenced by oil type. This confirms the efficiency
of blending compared to preheating and engine
conversion for oil use.

The purpose and tasks of research

To study the main characteristics (density,
viscosity, surface tension, CFPP with respect to
ratio of DEE/LO, and lower heating value) of di-
ethyl ether and linseed oil mixture as an alternative
fuel for diesel engines.

110 )

Highlighting of the main research material

Parametric regression parameters for obtained
experimental dependence for kinematic viscosity
v calculated by the least squares method are ex-

pressed as v = y = 23.131e %% However, v is

described by Frenkel-Andrade exponential law
Ea
more precisely i.e. v=CeKl | where E, denotes
activation energy, k is Boltzmann constant, which
describes kinetic theory of a fluid by finding kine-
matic viscosity and Arrhenius equation. Cofactor C
characterizes temperature, length of jump of mole-
cule and frequency of its oscillation, although in-
fluence of temperature on viscosity is mainly de-
Ea

termined by component eX" and with increasing of
temperature viscosity of liquids decreases rapidly.

Viscosity of fluid in experiments is deter-
mined by forces of intermolecular interaction with
each other. In this case thermal motion of mole-
cules is reduced mainly to oscillations inside po-
tential trough. But if due to thermal fluctuation
molecule receives energy greater than depth of po-
tential trough, it can jump to the next free space
formed by leaving the other molecule. Minimum
energy required to jump a molecule is called acti-
vation energy E..

Most of liquid molecules are situated near
equilibrium positions therefore momentum transfer
due to spontaneous jumps of molecules from layer
to layer as in gas is very small. Moving mass of
fluid attracts the adjacent layers mainly due to the
forces of molecular adhesion. Viscosity of a fluid
is thus determined by number of molecules that
have received energy greater than activation ener-
gy sufficient to jump into direction of the layers'
motion under action of adhesion forces, and con-
centration of nearby vacancies where the molecule
can jump. Both of these quantities according to the
Boltzmann distribution must be proportional to

Ea
e ¥ therefore fluidity increases with increasing of
temperature. It follows that viscosity of liquid is
Ea
proportional to e X and it decreases with increas-
ing temperature.

Modern automobiles must be operated in a
wide range of ambient temperatures. Moreover, in
modern diesel engines fuel is compressed even up
to 200 MPa or more and as a result it leads to sig-
nificant heating of diesel fuel. In addition, it should
be noted that increasing of pressure increases acti-
vation energy and reduces concentration of vacan-
cies, therefore at high pressures viscosity of liquids
increases. Therefore, finding respecting between

—
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v (mm?/s)
|

10 DEE/Linseed oil

v= 23.13 le'-‘ 640x

R*= 0,987

DEE/Rapeseed oil

1] 0.1

0.2 0.3

Ratio DEE/plant oil (v/v)
LO — continuous line; RO — dashed line
Figure 1 — Kinematic viscosity (v) of DEE/LO and DEE/RO blend at 40 °C

viscosity and temperature of diesel fuel is an im-
portant practical challenge to ensure efficient fuel
injection.

Obtaining value of activation energy, Andrade
coefficients at different temperatures and ratio of
liquids DEE/LO are expressed from the following
eq:

_Ea
C=ve T, (1)

Dependence of reaction rate constant on tem-
perature can be described by exponential law ob-
tained by Swedish chemist Svante Arrhenius em-
pirically:

_Ea

k(T)=Ae RT, (2)
where k(T) refers to the reaction rate constant with
respect to temperature T, E, is activation energy
and A denotes frequency factor. It shows the prob-
ability that the molecules of reactants will have the
correct orientation in order for a chemical reaction
to occur.

Arrhenius equation in differential form is ex-
pressed as follows:

dink(T E
d ( ): a2 (3)
T RT
and in logarithmic form:

Ea
Ink(T)=1In A_ﬁ' (4)

With at least two values of reaction rate con-
stants with respect to different temperatures using
(4) a system of equations is:

ISSN 1993-9868 print

E

Ink(T,)=InA— 2

nK(T,)= A~ F
£ (5)

Ink(T,)=InA— —2

nK(T)=InA-

and then:

nk(T2) _Eaf1 1) ©)

k() R\T, T,

Activation energy values can be calculated
according to the formula:
k(T2)

k(T)

[N S TAE 7
a 11 (7)
T

The resulting dependencies on the kinematic
viscosity of fuel samples are shown in Fig. 1.

Density, as also viscosity, is temperature de-
pendent parameter and there exist also dependence
between viscosity and density, which is mainly
used in oil industry. Like viscosity, also density
has a great impact on the atomization process.
Therefore, optimal values of those parameters must
be reached for correct engine operation during all
testing regimes. Results shown in Fig. 2 clearly
indicate density dependence from DEE addition by
a straight line with significant statistics outcomes
in all cases with a confidence level of 95%. It
could be observed that oil type does not leave a
serious impact on density of all blends, therefore,
LO can be used instead of RO to ensure optimal
atomization process in diesel engine.
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y=-0.184x+0.931
R*= 0997

DEE/Linseed oil
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Ratio DEE/plant oil (v/v)

LO — continuous line; RO — dashed line
Figure 2 — Density (p) of DEE/LO and DEE/RO blend tested at 15 °C
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y=-26.500x+ 32.000
R*=0975

3
30
DEE/Linseed oil

DEE/Rapeseed oil

0 0.1

02 0.3

Ratio DELE/plant oil (v/v)

LO — continuous line; RO — dashed line
Figure 3 — Surface tension (¢) of DEE/LO and DEE/RO blend

Another parameter, which could make atomi-
zation process difficult is surface tension. Alt-
hough European standards do not define values of
surface tension not in case of diesel fuel, neither to
rapeseed oil, variation of this parameter leaves an
important impact on injection process. High values
of surface tension and viscosity ensure worse fuel
atomization in the form of larger diameter spray
droplets. It could be observed also in this research
in case of RO, instead of LO, which ensures signif-
icantly lower values of surface tension without
blending (Fig. 3). Like both previous parameters,
also surface tension is temperature dependent, but
it could be impacted also by pressure or even com-
position, like it is in case of blends. In this research

112)

could be observed linear decrease of surface ten-
sion based on DEE addition level to LO.

CFPP was another parameter, which was ana-
lysed in case of LO and DEE blends. As it is one
of parameters, which is direct indicator of engine
low temperature operability additional attention
has to be turned by engine operation in problematic
climate conditions. As it is seen in Fig. 4, LO indi-
cates dependence from DEE by a straight line with
tendency on reduction based on DEE addition.
Even 10% addition to LO reduces CFPP to —8 °C,
while RO can ensure such usage temperature only
with 40% of DEE addition. In overall, addition of
DEE improves low temperature properties for both
oil types.
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=AM R'=0914

v=-128.000x+ 11.200
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LO — continuous line; RO — dashed line
Figure 4 — CFPP (°C) of DEE/LO and DEE/RO blend
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0 0.1

0.2 0.3

Ratio DEE/plant oil (v/v)

LO — continuous line; RO — dashed line
Figure 5 — Lower heating value (LHV) of DEE/LO and DEE/RO blend

Dependence of CFPP with respect to ratio of
DEE/LO blend showed in Fig. 4 is expressed by
linear  regression  y=-128x+11.2  with

R?=0.914. However, to describe relationship be-
tween CFPP and DEE/LO ratio is better to use be-
low showed, an irrational regression mod-
ely =15.766—72.493./x , which better correlates
with experimental data due R?=0.997.

Results for LHV are presented in Fig. 5. Here
it is possible to observe impact of fuel composition
on changes of LHV. Like all other vegetable oils,
also LO have reduced LHV compared with DF, but
it also has increase of oxygen content by 10%
while diesel almost do not have oxygen. Combina-
tion of LO with DEE allows to increase total value

of oxygen in mixture resulting with decrease of
LHV proportionally of added DEE. Results of
LHV dependence from DEE addition is showed by
a linear model (Fig. 5). Impact of DEE addition to
RO on variation of LHV have similar tendency like
in case of DEE/LO blends. Main difference is only
a shift between values of LHV for LO and RO.
According to experimental data, density (p) of
DEE/LO and DEE/RO blend tested at 15 °C, sur-
face tension (g) of DEE/LO and DEE/RO blend,
and lower heating value (LHV) of DEE/LO and
DEE/RO blend have a direct proportional, linear
relationship presented in Figures 2, 3 and 5 respec-
tively. In these cases, processing of experiment
data was done using the least squares method.
Since any measurement results contain random
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errors values y; will be considered realizations of
random variables.

For surface tension (o) of DEE/LO and
DEE/RO blend and lower heating value (LHV) of
DEE/LO and DEE/RO blend similar calculations
of confidence intervals of linear regression pa-
rameters were performed, which confirmed signifi-
cance of the linear mathematical model.

In this work the selected parameters of com-
bustion process were also investigated. Research
confirmed that ignition delay (ID) of LO is bigger
(0.8 -2 °CA) than in case for DF, but it was ob-
served directly at lower speeds, while in other con-
ditions the gap slightly narrow down (see Fig. 6).
As it was mentioned previously, there is possible
to observe impact of polyunsaturated fatty acids in
LO allowing to reach such difference between LO
and DF. Here it is seen an impact of physical delay
influenced by fuel properties and composition.
Addition of DEE reduces value of LO ignition de-
lay together with viscosity resulting in wider spray
pattern. As it can be seen from Fig. 6, ID of DF at
larger engine speeds (2000 rpm) is similar to
DEE/LO blends. Here it is possible to observe im-
pact of cylinder temperature and pressure on chem-
ical part of delay period, which is more pro-
nounced at higher speeds.

Conclusions

Based on the literature review it can be stated
that LO possesses a wide range of properties,
which could make it a considerable alternative to
other vegetable oils. Results of this study showed
that the viscosity of LO is significantly lower in
comparison with RO allowing to reduced amount
of DEE added to plant oil. For example, LO con-
taining 30% DEE has the same viscosity as RO
containing 40% of DEE. It should be pointed out
that both these mixtures allow to reach a viscosity
value comparable to DF. The results confirmed
that the kinematic viscosity of tested blends is well
expressed by exponential regression based on the
Frenkel-Andrade equation.

Research showed that DEE reduces the densi-
ty of plant oils. However, values comparable to DF
are possible only for mixtures containing more
than 50% of DEE. Based on empirical data it was
confirmed that necessary relationships are very
well described by linear regression.

The linear model also describes well the im-
pact of the DEE/LO ratio on the surface tension
value. It was observed that DEE added to LO or
RO reduces the surface tension of the blend. In the
case of DEE/LO blend it should promote better
atomization of the fuel injected into the combus-
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tion chamber. It is attributed to the lower surface
tension of DEE/LO blend compared with DEE/RO.

At the same time, the addition of DEE to LO
significantly reduces CFPP allowing to use of such
mixtures in the winter season without the engine
fuel preheating system. In this aspect, the DEE/LO
blends are much more recommended compared
with DEE/RO mixtures. CFPP of DEE/LO blends
is also well described by a linear model. However,
an irrational regression shown in this work better
correlates with empirical data.

Research has confirmed that the addition of
DEE slightly reduces the LHV of tested plant oils.
In this case relationship between LHV and the
DEE/LO ratio is very well described by the linear
mathematical model. It should be pointed out that
the LHV of the tested DEE/LO or DEE/RO blend
is close to 36-38 MJ/m3, i.e. about 12% less com-
pared with DF. For this reason, the engine perfor-
mance should be adequately reduced. It means that
the top power and torque of an unmodified engine
fuelled with an alternative fuel blend will be lower
compared with DF.

Based on the engine research, it was found
that the ignition delay of LO is significantly in-
creased compared with DF. This was attributed to
a considerably lower CN of plant oil. However, it
was confirmed that DEE is an effective cetane im-
prover and it allows for to reduction of ignition
delay of LO. Simultaneously, smoke emission is
also adequately reduced due to the atomization
quality of a less viscous blend is better, and the
consequence is lower smoke emission and slightly
higher engine overall efficiency.
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