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Abstract: The relevance of this article is due to the need for improving indicators of exhaust gas
toxicity of diesel engines. One of the modern directions of achieving the required environmental
performance of diesel engines is the addition of various nanomaterials to petroleum diesel fuel.
The aim of the present study was to investigate the possibility of improving the environmental
performance of a diesel engine for a generator set using carbon nanotubes as an additive to petroleum
diesel fuel in an amount of up to 500 mg/L. Experimental studies were carried out on a D-243 diesel
engine operating in a wide range of loads from idle to full load with the addition of 125, 250, and
500 mg/L of carbon nanotubes in the diesel fuel. The mixing of petroleum diesel fuel with nanotubes
was done using an ultrasonic unit. The possibility of improving the environmental performance of
the studied diesel engine fueled with carbon nanotube-blended petroleum diesel fuel was examined.
Results showed that, in the full-load mode of diesel operation, the addition of 500 mg/L of carbon
nanotubes to diesel fuel enabled the engine to reduce exhaust smoke from 26.0% to 11.2% on the
Hartridge scale.

Keywords: diesel engine; petroleum diesel fuel; carbon nanotubes; exhaust emissions; exhaust smoke

1. Introduction

The depletion of fossil fuel resources and the deterioration of environmental-ecological conditions
necessitate the use of alternative fuels in internal combustion engines (ICEs) [1-3]. Promising alternative
fuels for diesel engines include natural gas, plant biofuels, ethers, and alcohol fuels [4-6].

Recently, with the rapid development of nanotechnology, a number of studies have been conducted
on the possibility of adding different nanomaterials to traditional petroleum fuels. These materials
have a high diffusion coefficient, a large surface-to-volume ratio, high reactivity, and other special
characteristics [7-9]. Adding nanomaterials to liquid petroleum fuel accelerates the mass transfer and
thermal transfer processes and increases the reaction activity of the blended fuel. As a result, the quality
of the air-fuel mixture formation and combustion process is improved, and the ignition delay period
and the combustion duration are reduced. The improved combustion process also enhances emission
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performance. In this regard, the use of nanomaterials as ecological and energy additives to diesel fuel
(DF) is very promising for transport energy.

Nanofluids containing nanoparticles and agglomerates of particles (e.g., metals, oxides, carbides,
nitrides, or carbon nanotubes (CNTs)) with characteristic size from 0.1 to 100 nm have been studied in
a number of works. These nanoparticles have been added to both petroleum diesel fuel and various
biofuels or blended fuels. Heydari-Maleney et al. [10] studied the influence of CNT addition in blended
fuels from petroleum DF, biodiesel, and ethanol on the performance and emission characteristics
of a single-cylinder diesel engine. The biodiesel was produced from waste vegetable oil through
transesterification [11,12]. Ethanol at the concentrations of 2%, 4%, and 6% as well as CNTs in the mass
fractions of 20, 60, and 100 ppm (1 ppm = 0.0001%) were added to the blended fuel B2 (98% DF and
2% biodiesel). These components were blended in an ultrasonic homogenizer. The diesel engine was
tested under full load at three engine speed levels: 1700, 2300, and 2900 rpm. The experimental results
showed that using the blended fuel with maximum concentrations of ethanol and CNT reduced the
carbon monoxide (CO), unburnt hydrocarbon (HC), and soot emissions by 5.47%, 31.72%, and 6.96%,
respectively, compared to pure DF.

Sadhik Basha and Anand [13] conducted an experimental investigation of a single-cylinder diesel
engine running on an emulsion of methyl ether of jatropha oil with the addition of CNTs. This emulsion
fuel consisted of 93% (by volume) methyl ether of jatropha oil, 5% water, and 2% surfactants. CNTs
were dispersed into the emulsion at the concentrations of 25, 50, and 100 ppm.

Balaji and Cheralathan [14] experimentally investigated the performance and emission characteristics
of a diesel engine fueled by methyl ether of neem oil mixed with CNTs. The concentrations of CNT in
the blended fuels were 100, 200, and 300 ppm.

El-Seesy et al. [15] conducted an experimental study on the effect of adding CNTs to a blended
biofuel on diesel engine performance. The blended biofuel (80% DF and 20% methyl ether of jojoba
oil) was mixed with CNTs (1-10 pum length, 10-15 nm diameter) at the concentrations of 10, 20, 30, 40,
and 50 mg/L.

Sadhik Basha and Anand [16] investigated a diesel engine running on different fuels with the
addition of CNTs. Experimental tests were carried out on petroleum DF and water-diesel emulsion
fuel. The water—diesel emulsion fuel contained 93% DEF, 5% water, and 2% surfactants (by volume).
The CNTs were added to the emulsion fuel in the mass fractions of 25 and 50 ppm.

An analysis of published papers shows that the addition of carbon nanotubes in diesel fuels and
blended biodiesel fuels could improve engine emission performance. At the same time, the dose of
carbon nanotubes in the above-listed works was small and no more than 300 ppm. The novelty of this
work is that it investigated the possibility of improving the environmental performance of a diesel
engine for a generator set with the addition of a significantly larger amount of CNT in petroleum diesel
fuel (up to 500 mg/L).

2. Materials and Methods

In this paper, the operational performance of a diesel engine for a generator set was investigated
using carbon nanotubes produced in the People’s Republic of China as an additive to petroleum diesel
fuel. The present research used TNIM1 CNTs, which are multiwalled carbon nanotubes for industrial
purposes (industrial grade multiwalled carbon nanotubes). They are produced by Timesnano (affiliated
with Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences) through chemical vapor
deposition (CVD).

Timesnano produces carbon nanotubes of various grades [17]. They differ in the type (single-walled
and multiwalled carbon nanotubes for industrial or laboratory use), the outer diameter (from 1-2
to 5-15 nm), the length (from 0.5-2.0 to 20-40 um), and the degree of purity (from 60% to 98% or
more). TNIM1 CNTs have a favorable compromise between the price and their properties. They are
distinguished by a low price (the price is $83/kg when ordering more than 10 kg). In addition, TNIM1
CNTs have a very short length (10-30 pm), which makes it possible to inject fuel containing these
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nanotubes into a cylinder through a conventional diesel injector. At the same time, the small outer
diameter (5-15 nm), high purity (more than 95%), and specific surface area (220-300 m?/g) of these
nanotubes increase the diffusion capacity and the reactivity of fuel mixed with them.

CNTs used in other studies had similar dimensions and properties. CNTs studied in [15] had an
average length of 1-10 um and an average diameter of 10-15 nm. In [13], mixed fuel with the addition
of CNTs with a diameter of 16 nm and a specific surface of 672 m?/g was investigated. Nanoadditive
with an average particle size of 51 nm and a specific surface area of 32 m?/g were studied in [18].

Given the price of TNIM1 CNTs ($83/kg), the increase in price of mixed fuel with the addition of
these CNTs in an amount of 125-500 mg per liter of DF will be $0.01 to $0.04. Such a slight increase
in price of CNT-blended fuel will contribute to the large-scale practical application of these CNTs in
vehicles. Moreover, when the order is more than 100 kg, the price of TNIM1 CNTs will be even lower.

Experimental Setup and Procedure

To evaluate the parameters and characteristics of a diesel engine running on petroleum DF with
the addition of CNTs, experimental studies were conducted on a test bench. The main element of this
platform was a four-cylinder, four-stroke D-243 compression ignition engine without turbocharging.
This engine was manufactured by Minsk Motor Plant (Minsk, Republic of Belarus) (Figure 1a). While
creating this test bench, a diesel generator set produced by Minsk Motor Plant (Figure 1b) that produces
alternating current (AC) was used. In this generator set, the abovementioned D-243 diesel engine was
used as the primary engine. An ECO-ECP electric AC generator produced by RINA (Genova, Italy) was
used. In experimental studies, the electric power generated by the generator was consumed by three
fan heaters. The maximum power of each fan heater was 12 kW (these fan heaters can also operate
under a power load of 6 kW). The investigated D-243 diesel engine had a rated power of N, = 36 kW at
1500 rpm. The main parameters of the studied diesel engine are listed in Table 1. Figure 2 shows the
geometry of the diesel combustion chamber with the injector location scheme and the orientation of
the fuel sprays in the combustion chamber.

In the experiment, we measured the amount of harmful pollutants and soot in exhaust gases.
The smoke opacity of exhaust gas was measured with an Infracar D1.01 opacimeter produced by
Zapadpribor (Moscow, Russia) (Figure 3a). The concentrations of regulated pollutants in the exhaust
gases (nitrogen oxides (NOx), CO, and unburned light HC) were determined by an Infracar 5M-3.01
gas analyzer from Zapadpribor (Figure 3b). The measurement range and accuracy of each parameter
are given in Table 2.

In this study, TNIMI1 CNTs by Timesnano were added to petroleum diesel fuel of brand “L”
(Russian GOST 305-82). Moreover, the dose level of CNTs in the tested diesel fuel ranged from 0 (pure
DF) up to 500 mg/L.

Figure 1. D-243 diesel engine (a) and diesel-generator set (b).
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Table 1. Structure and operational parameters of D-243 diesel engine.

Parameters Value
Engine type Four-stroke, in-line, diesel
Number of cylinders 4
Cylinder diameter D, mm 110
Piston stroke S, mm 125
Total cylinder capacity iV}, L 4.32
16.0

Compression ratio ¢
Combustion chamber (CC) type, air-fuel mixing
method
Nominal speed #, rpm
Nominal power N,, kW
Fuel supply system type

High-pressure oil pump

Diameter of plunger dy,;, mm
Plunger stroke hpl, mm
Length of high-pressure oil pipe L;,, mm
Injector

Injector sprayer

Initial injection pressure, MPa

CC of type CNIDI (Central Diesel Engine Research
Institute), space atomization and film evaporation
1500
36
Separate fuel system
In-line plunger pump Motorpal PP4M10U1f with

centrifugal governor

10

10

540

Type FDM-22 OJSC “Corapporteur” (Vilnius)
Motorpal DOP 1195534 with five nozzles of diameter
0.34 mm and effective flow area 0.250 mm?

21.5

?62

@

10

#110 . :
#38 !

-

[~
! 2
10 B
4
Mﬁ i
1

(b)

Figure 2. Combustion chamber of D-243 with injector location scheme (a) and orientation of fuel sprays

in combustion chamber (b); 1, 2, 3, 4, 5 are the number of fuel sprays.

(a)

(b)

Figure 3. Smoke meter (a) and exhaust gas analyzer (b).
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Measured Parameter Measuring Range Accuracy Uncertainty
Engine speed 0-2500 rpm +2.5 rpm +0.1%
Engine power 0-40 kW +0.4 kW +1%

Fuel consumption 0-12 kg/h +0.05 kg/h +0.4%
Air consumption 0-250 kg/h +2.5 kg/h +1%
O, 0-21 vol % <3.3 vol %: +0.1 vol % >3.3 vol %: +£3 vol %
CO, 0-16 vol % <12.5 vol %: +0.5 vol % >12 vol %: +4 vol %
NOx 04000 ppm <1000 ppm: +£100 ppm >1000 ppm: +10 ppm
CcO 0-5vol % <1 vol %: +0.03 vol % >1 vol %: +3 vol %
HC 0-2000 ppm <200 ppm: £10 ppm >200 ppm: 5%
Exhaust gas smoke 0-100% +1% full-scale reading -

It should be noted that DF and CNTs are difficult to mix with each other; we used an UZV-10/150-TN
ultrasonic bath based on piezoceramic radiators, which is made by a Russian electrotechnical company
(Reltek), to prepare the mixed fuel. This device is designed for ultrasonic cleaning of carbon deposits,
fat, and mechanical contaminations from steel parts with various configurations as well as nonferrous
metals and nonmetallic materials, including for washing precision parts of diesel fuel supply equipment
after their manufacture or repair (Figure 4). After mixing diesel fuel with carbon nanotubes in this

bath, a homogeneous, stable mixture with dark brown color was formed (Figure 5).

Figure 4. Ultrasonic bath used for preparing mixtures of petroleum diesel fuel with carbon nanotubes (CNTs).

(b)

Figure 5. Initial petroleum diesel fuel (a) and mixture of petroleum diesel fuel with 250 mg/L of carbon
nanotubes prepared in ultrasonic bath (b).
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The dispersion of CNTs into DF was carried out as follows. After the addition of CNTs to petroleum
DF during their mixing in the ultrasonic bath, the state of the mixed fuel was continuously monitored.
By about the 10th minute of mixing the components, the mixture became almost homogeneous. After this,
mixing continued for about 5 min to ensure complete homogeneity of the mixture. Approximately the
same duration of mixing motor fuel with CNTs (15 min) was realized in [10]. This method of mixing
CNTs with motor fuels was also implemented in [13,14]. In view of the use of this dispersion method of
motor fuels with CNTs in other published works, an analysis of the effect of ultrasonic dispersion on the
state of CNTs (on possible defects of CNTs) was not carried out.

In the experiment, the mixed fuel tank was installed directly on the engine stand. During engine
operation, the tank was subjected to strong high-frequency vibrations. In this regard, continuous monitoring
of the state of the investigated mixed fuels did not reveal the phenomena of CNT deposition in the fuel and
their agglomeration.

Because the investigated CNT were similar in size to particles retained by the fine filter of
a standard fuel supply system of the tested diesel engine (length of up to 30 um), the coarse and fine
filters were disabled when the engine was tested with mixtures of DF with CNT.

The D-243 diesel engine on the test bench was investigated in maximum regulated speed modes at
engine speed n = 1500 rpm, which is the standard mode of the studied diesel generator. The current met
the requirements for the electric current of industrial networks. The slope of the regulatory characteristic
of the diesel (0) was 7%, which led to an increase in engine speed from 1480 rpm at full load (N, = 36.8 kW)
to 1590 rpm at idle (N, = 0 kW). During the tests, the static fuel injection advance angle was 13° crank
angle before the top dead center. As the dose level of CNTs was no more than 500 mg/L and the mass
amount of CNT addition in the blended DF was no more than 0.1%, it could be reasonably assumed that
the thermal valve of the blended diesel fuel did not change and equaled 42.5 MJ/kg.

3. Results and Discussion

3.1. Engine Performance: Fuel Consumption, Air Consumption, Air-Fuel Equivalence Ratio,
and Brake-Specific Fuel Consumption (BSFC)

Tests on the diesel engine fueled by petroleum DF with CNT addition were conducted in steady
operating conditions. The obtained test results of the D-243 diesel engine running according to the
regulatory characteristic are shown in Table 3. They testify that the effect of the addition of CNTs to
petroleum DF on fuel consumption was different under different loads. At full load (N, = 36.8 kW
at n = 1480 rpm), a maximum CNT addition of 500 mg/L led to a minimum reduction in hourly
fuel consumption (by only 0.03 kg/h or 0.3%). At partial loads (N, = 23.2 kW at n = 1510 rpm and
N, =123 kW at n = 1540 rpm), such an addition of CNTs reduced the hourly fuel consumption by
1.7% (by 0.12 kg/h) and 2.3% (0.11 kg/h), respectively. At the same time, the amount of CNT addition
in petroleum DF had practically no effect on air consumption; it only changed depending on the
engine speed. With an increase in the rotational speed from 1480 to 1590 rpm (i.e., 1.074 times), the air
consumption increased 1.075-1.08 times. Therefore, the calculated values of the specific effective fuel
consumption also differed depending on the load and the amount of CNT addition.

In full load condition, the presence of CNTs in diesel fuel had a weak effect on the BSFC of the
investigated diesel engine. However, this effect became more significant under partial load conditions.
At the same time, BSFC decreased with the increase in CNT addition. For the blended diesel fuel
with 500 mg/L CNT, the SBFC at loads of 12.3, 23.2, and 36.8 kW was 372.4, 292.2, and 273.4 g/kW-h,
respectively. For pure diesel fuel, the SBFC at loads of 12.3, 23.2, and 36.8 kW was 381.3, 297 .4, and
274.2 g/kW-h, respectively. Therefore, the addition of 500 mg/L. CNT into petroleum diesel fuel reduced
the BSFC by 0.3% in the full load condition (N, = 36.8 kW), which is comparable with the accuracy of
its determination, and by 1.8% at N, = 23.2 kW and 2.3% at N, = 12.3 kW (Figure 6a). This effect can
be explained by the fact that multiwalled carbon nanotubes disrupt the uniformity of liquid DF and
weaken the intermolecular bonds. This helps to accelerate the process of air—fuel mixture formation
by facilitating the decay of the fuel stream, reducing the diameter of droplets, and accelerating their
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heating and evaporation. This leads to a reduction in the ignition delay period and increases brake
thermal efficiency. For example, in [19], CNT blends improved BSFC by as much as 19.85%. Moreover,
CNTs have high thermal conductivity, which reduces the uneven distribution of the temperature fields
in the combustion chamber [9,17,20].

Table 3. Test results of D-243 diesel engine running according to the regulatory characteristic. Engine
crankshaft speed 1, effective power N, hourly fuel consumption Gy, hourly air consumption G, air-fuel
equivalence ratio A, brake-specific fuel consumption (BSFC), smoke opacity Kx.

Operation on Petroleum Diesel Fuel

No Mode n, rpm N, kW Gy, kg/h G, kg/h A BSFC, g/kW-h Ky, % (Hartridge)

1 1480 36.8 10.09 212 1.47 274.2 26.0
2 1510 23.2 6.90 216 2.19 297.4 7.3
3 1540 12.3 4.69 220 3.28 381.3 4.5
4 1590 0 2.52 228 6.33 - 24
Operation on petroleum diesel fuel mixed with CNT in the dose level of 125 mg/L
1 1480 36.8 10.07 211 1.47 273.6 17.2
2 1510 232 6.85 216 221 295.3 6.5
3 1540 12.3 4.65 220 3.31 378.0 41
4 1590 0 248 228 6.43 - 2.2

Operation on petroleum diesel fuel mixed with CNT in the dose level of 250 mg/L

1 1480 36.8 10.06 211 1.47 273.4 13.8
2 1510 23.2 6.80 215 2.21 293.1 6.0
3 1540 12.3 4.60 219 3.33 374.0 3.7
4 1590 0 248 227 6.40 - 2.1
Operation on petroleum diesel fuel mixed with CNT in the dose level of 500 mg/L
1 1480 36.8 10.06 210 1.46 273.4 11.2
2 1510 23.2 6.78 214 2.21 2922 5.6
3 1540 12.3 4.58 219 3.34 372.4 34
4 1590 0 2.46 227 6.45 - 2.0
400 8
= = Bf'; 125CNT
: L +
E 300 . N DF+250CNT
= B DF+500CNT
G 2001 <4
L
A I DF
100+ ™ DF+125CNT 2
I DF+250CNT
0 0
0 12.3 23:2 36.8 0 12.3 23.2 36.8
Power (kW) Power (kW)
(a) (b)

Figure 6. Change in BSFC (a) and air—fuel equivalence ratio A (b) depending on the amount of CNT
addition at different diesel engine loads.

The air—fuel equivalence ratio A of the D-243 diesel engine when operating according to the
regulatory characteristic significantly decreased with increasing load (Figure 6b). The minimum values
equaled 1.46-1.47. The dose level of CNTs had practically no effect on it.
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3.2. Exhaust Gas Emission Measurements: Carbon Monoxide, Carbon Dioxide, Hydrocarbon, Nitrogen Oxides,
and Smoke

The obtained exhaust gas emission results of the D-243 diesel engine when operating according to
the regulatory characteristic are shown in Table 4. They indicate the different effects of the diesel engine
load and CNT addition in petroleum DF on individual emission parameters (indicators). The obtained
experimental data on the emission performance of the investigated diesel engine showed that the
addition of CNTs to petroleum DF had little effect on CO and light unburned HC emissions.

Table 4. The results of exhaust gas emission of the D-243 diesel engine when operating according to
the regulatory characteristic. Engine crankshaft speed #, effective power N,, volume concentration
of oxygen in exhaust gas Cp,, carbon dioxide emission Ccp,, nitrogen oxides emission Cyo,, carbon
monoxide emission Cco, and hydrocarbon emission Cyyc.

Operation on Petroleum Diesel Fuel

No Mode n, rpm N, kW Co,, % Cco,, % Cno,, ppm Cco, % Cuc, ppm
1 1480 36.8 7.74 9.59 1763 0.013 9
2 1510 23.2 12.47 5.96 1270 0.014 9
3 1540 12.3 15.67 3.73 612 0.015 10
4 1590 0 18.31 1.80 189 0.020 10

Operation on petroleum diesel fuel mixed with CNT at the dose level of 125 mg/L
1 1480 36.8 7.80 9.58 1697 0.013 10
2 1510 23.2 12.63 5.74 1230 0.013 10
3 1540 12.3 15.70 3.60 585 0.014 10
4 1590 0 18.33 1.78 184 0.015 9
Operation on petroleum diesel fuel mixed with CNT at the dose level of 250 mg/L
1 1480 36.8 7.88 9.55 1678 0.014 10
2 1510 23.2 12.70 5.65 1220 0.014 10
3 1540 12.3 15.72 3.54 580 0.014 11
4 1590 0 18.34 1.76 178 0.015 10
Operation on petroleum diesel fuel mixed with CNT in the dose level of 500 mg/L
1 1480 36.8 7.90 9.50 1670 0.013 10
2 1510 23.2 12.83 5.65 1205 0.013 10
3 1540 12.3 15.72 3.23 575 0.014 10
4 1590 0 18.34 1.72 174 0.015 11

At the same time, there was a tendency of CO emission reduction when CNTs were used (Figure 7).
It is known that CO emission decreases with the increase in engine load [21]. This is due to the increased
reaction rate of the oxidation of carbon monoxide with an increase in the combustion temperature,
which increases with the increase in fuel injection quantity. However, CO emission may increase
in full load conditions due to the dissociation of carbon dioxide in the high-temperature zones of
the combustion chamber. Under partial load conditions, the high catalytic activity of nanoparticles
contributes to the reduction in CO emission. In large load conditions, using CNT increases the carbon
content in the air—fuel mixture, and the small excess air coefficient reduces the efficiency of carbon
oxidation, which creates conditions for the formation of carbon monoxide. In general, the results
obtained for carbon monoxide emissions were at the level of measurement error (Table 2).

As for the light unburned HC emission, it should be noted that the emission of this toxic component in
exhaust gases of the studied diesel engine was very low (Figure 8). They were at the level of measurement
error (Table 2). This indicates a fairly complete combustion of fuel. Therefore, the emissions of light
unburned HC from the exhaust gas of the investigated diesel engine were weakly dependent on the dose
level of CNTs in petroleum DF.
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Figure 7. Change in carbon monoxide (Ccp) in exhaust gas depending on the amount of CNT addition

at different diesel engine loads.
N DF

B DF+125CNT
B DF+250CNT
B DF+500CNT

CcH (ppm)

0 12:3 23.2 36.8
Power (kW)

Figure 8. Change in hydrocarbon (Cpc) in exhaust gas depending on the amount of CNT addition at
different diesel engine loads.

An increase in diesel load unambiguously led to a significant increase in carbon dioxide emissions
(Figure 9). This was due to an increase in the amount of fuel supplied in the cylinder and a corresponding
decrease in the air—fuel equivalence ratio (Figure 6b). In this case, the effect of the amount of CNT
addition had practically no effect. The change in carbon dioxide emission depending on CNT addition
was less than the measurement error (Table 2).

10

8
DF+250CNT

I DF

B DF+125CNT
=

B DF+500CNT

(e}

Ccoz (%)
I

0 12.3 23.2 36.8
Power (kW)

Figure 9. Change in carbon dioxide (Cco,) in exhaust gas depending on the amount of CNT addition
at different diesel engine loads.
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An increase in load on the diesel engine operating according to the regulatory characteristic also
led to a significant increase in exhaust smoke (Figure 10). When the engine was idling, the exhaust
smoke had the smallest values of no more than 2.5% (Table 3 and Figure 10). As the load increased,

the exhaust smoke increased and reached 26%. The use of CNT additives in petroleum diesel fuel
significantly affected the exhaust smoke (Figure 10).

30
25t Hl DF

I DF+125CNT
20} I DF+250CNT

= DF+500CNT

0 123 232 36.8
Power (kW)

Figure 10. Change in exhaust smoke depending on the amount of CNT addition at different diesel
engine loads.

An increase in CNT content in petroleum DF was accompanied by a decrease in the exhaust smoke
opacity. The maximum reduction in the exhaust smoke opacity was achieved in the full load condition
(N, = 36.8 kW) with engine speed of 1480 rpm and CNT content in petroleum DF of 500 mg/L. In this
case, the exhaust smoke opacity decreased from 26.0% to 11.2% on the Hartridge scale, that is, by 57%
(Figure 11). This significantly exceeded the measurement error of exhaust gas smoke (Table 2). Such
a decrease in the exhaust smoke opacity as well as specific effective fuel consumption can be explained
by the fact that the presence of multiwalled carbon nanotubes in petroleum diesel fuel improves the
quality of mixture formation and combustion by facilitating the decay of the fuel spray, reducing the
diameter of the droplets, and accelerating their heating and evaporation. As is known, this leads to
a reduction in the ignition delay period and the duration of combustion [13,22,23]. This has a favorable
effect on the exhaust smoke. Therefore, from the point of view of reducing exhaust smoke, a further
increase in the proportion of CNTs in petroleum diesel fuel is promising.

0
<
= -20
S
kS|
=407 W DF+125CNT
¥ - Bl DF+250CNT
B DF+500CNT
-60F
0 123 232 36.8
Power (kW)

Figure 11. Relative change in exhaust smoke opacity for CNT-blended diesel fuel compared with
exhaust smoke opacity for pure petroleum diesel fuel (the exhaust smoke opacity for the diesel engine
fueled with pure petroleum DF was taken as the basic smoke opacity value).
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An increase in load on the diesel engine working on a regulatory characteristic also led to an
increase in nitrogen oxide emissions (Figure 12). When the diesel engine was idling, the NO, emissions
was the lowest, with no more than 200 ppm (Table 4 and Figure 12). This was twice the measurement
error of nitrogen oxides (Table 2). As the load increased, nitrogen oxide emissions increased and
exceeded 1700 ppm. The use of CNT additives in petroleum diesel fuel significantly reduced nitrogen
oxide emissions (Figure 13).

2000
I DF
1600 mmm DF+125CNT
B DF+250CNT
£1200 I DF+500CNT
Q.
&
é 800
? 400
0
0 12.3 23,2 36.8
Power (kW)

Figure 12. Change in nitrogen oxides (Cnjo, ) in exhaust gas depending on the amount of CNT addition
at different diesel engine loads.

0
S
=2
c
S
8
i -4
>
X
Q-6 B DF+125CNT
s B DF+250CNT
sl B DF+500CNT
0 123 232 36.8
Power (kW)

Figure 13. Relative change in NOx emission for CNT-blended diesel fuel compared with NOy emission
for pure petroleum diesel fuel (the NOy content in exhaust gas for diesel engine fueled with pure
petroleum DF was taken as the basic NOy emission value).

Along with the different operating conditions of the diesel engine, the relative change in the NOx
content in exhaust gas ranged from 2.5% to 8.0%. In the nominal operating mode (n = 1480 rpm,
N, = 36.8 kW), an increase in the amount of CNT addition in petroleum DF from 0 to 500 mg/L led to
a decrease in the content of nitrogen oxides in the exhaust gas from 1763 to 1670 ppm, i.e. by 5.3%.
Similar results are given in [19], in which CNT blends led to an overall improvement in NOy emissions
by 4.48%. As noted earlier, this is a consequence of improving the quality of mixture formation and
combustion. As a result, a decrease in combustion temperature and a reduction in combustion duration
are achieved, which leads to a decrease in the NOy emission [23-26].

4. Conclusions

In conclusion, we noted a good correlation of the obtained experimental results with the
aforementioned experimental data from other authors as well as data published in [19,27-29].
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Overall, the obtained experimental results show that the addition of carbon nanotubes to petroleum
diesel fuel can be considered as an effective means of improving the emission performance of transport
diesel engines. The addition of CNTs was found to have the greatest effect on smoke opacity. In nominal
operating conditions, an increase in the amount of CNT addjition in petroleum DF from 0 to 500 mg/L
was accompanied by a decrease in exhaust smoke opacity from 26.0% to 11.2% on the Hartridge scale,
i.e., more than a two-fold decrease. At the same time, there was a decrease in NO, emission from
1763 to 1670 ppm, i.e. by 5.3%. The addition of CNTs to petroleum DF had little effect on CO and
HC emissions; there was a slight tendency toward a decrease in CO emission, but the change in HC
emission of the studied diesel engine was insignificant.
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