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Abstract 
 
One of the types of motor biofuels for diesel engines is blended fuel obtained by mixing petroleum diesel and vegetable 
oils. One of these oils can be safflower oil produced from the seeds of Carthamnus tinctorius. The main physical, 
chemical, and calorific properties were studied for the safflower oil and for its blends with petroleum diesel oil. The 
results of bench dynamometer tests of D-243 diesel engine (four-stroke, four-cylinder, direct injection, compression 
ignition engine), running on safflower biodiesel blends, are presented. The proportions of safflower oil and diesel oil in 
the fuel blends were 20/80, 25/75, 33/67, and 50/50. Moreover, the blended fuel 50/50 was processed with 25 kHz 
ultrasonic emitting. When the diesel engine was running on blended fuel, brake power decreased by 1-4 percent, brake 
specific fuel consumption increased by 4-10 percent, while the exhaust smoke opacity was less by 10-40 percent 
compared to the engine operation on the petroleum diesel oil. The processing of the fuel blend 50/50 with ultrasonic 
allows improving engine power capacity, efficiency, and smoke opacity compared to the engine operation on 
unprocessed blended fuel. 
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INTRODUCTION 
 
A perspective source of heat energy for 
automotive diesel engines is biodiesel. 
One of the types of motor biofuel is blended 
fuel obtained by mixing of petroleum diesel oil 
and vegetable oil when the second one 
performs functions of biological component 
(Kampmann, 1993; Fajman and Ondracek, 
1999; Dorado et al., 2002; Megahed, 2004; 
Campbell et al., 2008; Ukhanov et al., 2009a; 
2011). 
The most studied biological components of 
blended fuel are rapeseed oil, camelina oil 
sunflower oil and mustard oil (McDonnell et 
al., 1995; 2000; Niemi et al., 1998; Moreno et 
al., 1999; Erdiwansyaha et al., 2019). However, 
other types of vegetable oils have 
technological, calorific, physical and chemical 
properties not worse than the aforementioned 
oils.  
One of these types is safflower oil produced 
from the seeds of Carthamnus tinctorius 
(Ukhanov et al., 2016). 

MATERIALS AND METHODS 
 
Safflower (Carthamnus) is a genus of annual, 
biennial and perennial herbs from the 
Asteraceae family. The average yield of 
safflower seeds is 1.5-2.2 tons per hectare, the 
oiliness is 45-50%.  
For evaluation of physical, chemical, and 
calorific properties of safflower oil and blended 
safflower-diesel fuel, a series of laboratory tests 
and theoretical studies was performed. The 
studies included a definition of the following 
parameters: fatty acids content, hydrocarbons 
content, lower calorific value, density, 
kinematic viscosity and dynamic viscosity. 
Definition of fatty acids content in the safflower 
oil was based on the results of the analysis with 
chromatographic tester «Kristall-2000». 
On the grounds of fatty acids content, an 
average chemical formula and average molar 
mass of safflower oil were calculated. 
According to obtained data, hydrocarbons 
content and lower calorific value of safflower 
oil were identified.  
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The lower calorific value of blended safflower-
diesel fuel (MJ/kg) with a percentage of biofuel 
and diesel 20/80, 25/75, 33/67, 50/50 was 
calculated by modified Mendeleev’s formula 
(1): 
Нu = КD∙[34,013СD + 125,6НD – 10,9(ОD – SD) 
– 2,512(9HD + WD)]+ КSaffOil∙[34,013СSaffOil +  
+102,452НSaffOil – 10,9ОSaffOil]……………  (1) 
where: КD, КSaffOil are contents (mass portions) 
of petroleum diesel oil and safflower oil in 
blended fuel (at any ratio of components КD + 
КSaffOil = 1); СD, НD, ОD, SD, WD are contents of 
carbon, hydrogen, oxygen, sulphur and water in 
petroleum diesel oil; СSaffOil, НSaffOil, ОSaffOil are 
contents of carbon, hydrogen and oxygen in 
safflower oil. 
The density of the safflower oil and safflower-
diesel fuel at the different ratios of biological 
and petrochemical components was measured 
with vibration meter VIP-2М. Kinematic 
viscosity was determined with capillary 
viscometer VPZh-2 by Pinkevich. Dynamic 
viscosity was measured with micro-viscometer 
«HAAKE».  
For evaluation of the influence of blended fuel 
(unprocessed and processed with ultrasonic) on 
diesel engine power capacity, fuel economy 
and ecological parameters, the bench 
dynamometer tests were completed. 
The tests were performed on an experimental 
motor setup (Figure 1) including D-243 tractor 
diesel engine (four-cylinder, four-stroke, direct 
injection, compression ignition engine). Its fuel 
supply system was equipped with an ultrasonic 
mixer.  

 
Figure 1. Experimental motor setup: 1 - D-243 diesel 

engine with the set of instruments; 2 - PC 
 
The engine was coupled with KS-56/4 
dynamometer brake including the remote 
controller, air and fuel flow meter and PC 
equipped with the integral analogue-to-digital 
converter of signals. The gas analyser 

«AVTOTEST CO-CH-D» was used for 
measuring of engine’s exhaust smoke opacity. 
The treatment of blended fuel with ultrasonic 
vibrations at the emitting frequency 25 kHz 
was performed during the engine operation 
with the help of an ultrasonic mixer (Ukhanov 
et al., 2014a; 2017; Ukhanova et al., 2017a) 
built in the fuel supply system (Ukhanov et al., 
2009b; 2013; 2014b; 2017b). The input channel 
(3) of mixer housing (2) (Figure 2) is connected 
with the fuel filter, the outlet channel (4) - with 
a high-pressure fuel pump. A piezo emitter (1) 
is placed in the inner chamber of the housing 
(2) and connected with the electronic control 
unit (5) which is coupled with the 12V voltage 
power source. 
 

 
Figure 2. Ultrasonic mixer: 1 - piezo emitter;  
2 - housing; 3, 4 - input and outlet channels; 
5 - electronic control unit; 6 - electric wires 
 

The performance of the diesel engine was 
evaluated with the following parameters: brake 
power (BP), hourly fuel consumption (HFC), 
brake specific fuel consumption (BSFC) and 
exhaust smoke opacity. 
 
RESULTS AND DISCUSSIONS 
 
The petrochemical component of blended fuel 
was conventional diesel oil DT-L-62 containing 
carbon 0.870, hydrogen 0.126, oxygen 0.004. 
The lower calorific value (LCV) of diesel oil 
was 42.4 МJ/kg, density 830 kg/m3, kinematic 
viscosity 4.2 mm2/s, dynamic viscosity3 МPа∙s 
(at 20° С). 
The biological component of blended fuel was 
safflower oil containing carbon 0.775, 
hydrogen 0.115, oxygen 0.110. The LCV of 
safflower oil was 36.99 МJ/kg, density 920 
kg/m3, kinematic viscosity 67.3 mm2/s, 
dynamic viscosity 58.3 МPа∙s (at 20°С). 
The results of evaluation physical, chemical 
and calorific parameters of blended fuel with a 
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ratio of biofuel and diesel 20/80, 25/75, 33/67, 
50/50 are presented in Table 1. 
 

Table 1. Physical, chemical and calorific parameters of 
blended safflower-diesel fuel 

Blended 
fuel 

Element’s 
content (carbon,  

hydrogen and 
oxygen) 

Lower 
calorific 
value, 
МJ/kg 

Density, 
kg/m3 

Kinematic 
viscosity, 

mm2/s 

Dynamic 
viscosity, 

MPа∙s 

20% 
SaffOil + 
80% 
Diesel 

C = 0.851; 
H = 0.124; 
O = 0.025 

41.44 843 8.2 16.8 

25% 
SaffOil + 
75% 
Diesel 

C = 0.846; 
H = 0.123; 
O = 0.031 

41.14 850 8.4 17.5 

33% 
SaffOil + 
67% 
Diesel 

C = 0.839; 
H = 0.122; 
O = 0.039 

40.68 858 9.3 19.5 

50% 
SaffOil + 
50% 
Diesel 

C = 0.822 
H = 0.121 
O = 0.057 

39.81 867 12.2 23.6 

 
From the analysis of Table 1, it follows, that 
the blended safflower-diesel fuel has slightly 
worse parameters of the physical, chemical and 
calorific properties compared to the 
conventional (petroleum) diesel oil.  
As a result of research, experimental data of 
power capacity, fuel economy and ecological 
parameters were obtained when the diesel 
engine was running at the external speed 
characteristic on blended fuel with percentage 
(ratio) of biological and petrochemical 
components 20/80, 25/75, 33/67 and 50/50. 
Analysis of the results of bench tests shows that 
as the content of safflower oil in blended fuel 
increases, the engine brake power slightly 
decreases (Figure 3). For example, when 
running at nominal mode at crankshaft speed 
2200 rpm on blended fuel 20/80, BP reduced 
from 61 kW to 60.4 kW (by 1%). On blended 
fuel 50/50 BP reduced to 58.8 kW (by 4%). 
The obtained reduction of BPcan is explained 
by the lower calorific value of blended fuel 
which is less than the LCV of the conventional 
diesel oil. 
During the engine operation on blended 
safflower-diesel fuel, its fuel economy worsens. 
As the content biological component in blended 
fuel increases, the hourly fuel consumption and 
BSFC are larger. For example, when the engine 
was running at a rated speed 2200 rpm on fuel 
20/80, the hourly fuel consumption increased 
from 14.6 kg/h to 15.1 kg/h (by 3%). On fuel 

50/50 it increased to 15.6 kg/h (by 6%). The 
growth of HFC, when the portion of safflower 
oil in the blended fuel is increasing, can be 
explained by the growth of cyclic fuel supply. 
It happened due to increasing of mass supply of 
the blended fuel in over-plunger chamber of the 
fuel pump. 
 

 

 
Figure 3. The change of diesel engine brake power 

depending on the crankshaft speed when running on 
conventional fuel and blended safflower-diesel fuel  

 
Brake specific fuel consumption increases as 
the content of safflower oil in the blended fuel 
is larger (Figure 4).  
 

 

 
Figure 4. The change of BSFCdepending on the 

crankshaft speed when running on conventional fuel and 
blended safflower-diesel fuel 

 
For example, when the diesel engine was 
running at the rated mode on the blended fuel 
20/80, BSFC was 250 g/kWh, on the fuel50/50 
it was 264 g/kWh. It was by 5−10% larger than 
on the conventional diesel fuel (239 g/kWh). 
As the crankshaft speed and percentage of 
safflower oil increase, the exhaust smoke 
opacity decreases (Figure 5). The maximum 
value of the smoke opacity (0.6) was noted at 
the engine operation on the conventional diesel 
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oil and crankshaft speed 1400 rpm. At the 
maximum torque (crankshaft speed 1600 rpm) 
the smoke opacity on blended fuel was 0.36-
0.43, while on the conventional fuel it was 
0.53. The minimum value (0.26) was obtained 
during the engine operation on blended fuel 
50/50 at 2200 rpm. The reduction of the 
exhaust smoke opacity during the engine 
operation on safflower-diesel fuel can be 
explained by less content of carbon compared 
with conventional diesel oil. 
Thus, the greatest deterioration of the power 
capacity and fuel economy was obtained during 
the diesel engine operation on safflower-diesel 
fuel 50/50, but this kind of fuel promoted the 
maximum reduction of the exhaust smoke 
opacity. 
 

 

 
Figure 5. The change of exhaust smoke 

opacitydepending on the crankshaft speed when running 
on conventional fuel and blended safflower-diesel fuel 

 
To improve the diesel engine power capacity, 
fuel economy and ecological parameters, the 
safflower-diesel fuel 50/50 was processed with 
an ultrasound treatment by ultrasonic mixer 
imbedded in the fuel supply system. Due to the 
cavitation process, the ultrasonic mixer 
promoted qualitative mixing of biological and 
petrochemical components. Moreover, in 
consequence of high-frequency vibrations, 
radicals of hydrocarbon groups separated from 
some fatty acids and joined to the other acid’s 
molecules (Ukhanov et al., 2015).  
From the analysis of Figure 6 it follows that 
during the operation on the ultrasonic 
processed safflower-diesel fuel, the engine 
efficiency is worse than on the conventional 
diesel oil, but better than on the unprocessed 
blended fuel. For example, the brake power at 

the nominal mode increased from 58.8 kW to 
59.7 kW due to the ultrasonic treatment of 
blended fuel 50/50. It is only 2% less than at 
the engine operation on the conventional diesel 
oil.  
 

 a) 

 b) 

 c) 
Figure 6. The change of the diesel engine 

parameters at the external speed characteristic: а) brake 
power; b) BSFC; c) exhaust smoke opacity;  

1 - conventional diesel oil; 2 - unprocessed blended 
fuel 50/50; 3 - ultrasonic processed fuel 50/50 
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The brake-specific consumption of the 
ultrasonic processed fuel reduced by 3% in 
comparison with the unprocessed fuel. It was 
256 g/kWh, which is 7% more than at the 
engine operation on the conventional diesel oil.  
The exhaust smoke opacity also decreases on 
ultrasonic processed safflower-diesel fuel. At 
the nominal mode on fuel 50/50 without 
ultrasonic, the smoke opacity reduces from 0.4 
to 0.26, with ultrasonic - to 0.24. 
The obtained results show improvement of the 
engine power capacity, fuel economy and 
ecological parameters due to the ultrasonic 
treatment of the blended fuel. 
It should be noted that the blended fuel can be 
used not only as a motor fuel but also as an 
activator injected at the intake stroke into the 
diesel engine’s intake manifold for the 
fumigation of air charge, which promotes 
improving the environmental parameters 
(Ukhanov et al., 2019; Ryblov et al., 2018; 
2019; 2020). 
 
CONCLUSIONS 
 
The main parameters of physical, chemical and 
calorific properties of the safflower oil, as a 
biological component of the blended safflower-
diesel fuel, were evaluated. The lower calorific 
values 36.99 МJ/kg, density 920 kg/m3, 
kinematic viscosity 67.3 mm2/s, dynamic 
viscosity 58.3 МPа∙s (at 20° С). 
For blended safflower-diesel fuel with 
percentage (ratio) of biological and 
petrochemical components 20/80, 25/75, 33/67, 
50/50, these parameters are: the lower calorific 
value from 39.81 to 41.44 МJ/kg, density from 
843 to 867 kg/m3, kinematic viscosity from 8.2 
to 12.2 mm2/s, dynamic viscosity from 16.8 to 
23.6 МPа∙s (at 20°С). 
The results of the bench dynamometer tests 
show that during the diesel engine operation on 
the blended safflower-diesel fuel the brake 
power decreases by 1−4%, the brake-specific 
fuel consumption increases by 4-10% in 
comparison with the engine operation on the 
conventional petroleum fuel. The greatest 
decline of the power capacity and deterioration 
of the fuel economy was obtained during the 
engine operation on the blended fuel 50/50. 
However, the maximum reduction of the 

exhaust smoke opacity was obtained on this 
kind of fuel. 
The ultrasonic treatment of safflower-diesel 
fuel 50/50 allows improving the power 
capacity, fuel economy and ecological 
parameters of the diesel engine during its 
operation on the blended fuel. 
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