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Abstract: To improve the performances of diesel engines and to reduce the pollutants they emit, aluminum oxide nanoparticles in varying quantities (50, 100, 150 ppm) have been added to conventional diesel fuel. The results of such experimental tests have revealed that the addition of nano-Al2O3 particles to the diesel fuel reduces its consumption by 0.488%, 1.02%, and 1.377%, respectively and increases the brake thermal efficiency by 1.4%, 2.6%, and 3.8%, respectively. The concentrations of undesired gases decrease accordingly by 1.5%, 1.7%, and 2.8% for HC and by 5.88%, 11.7%, and 17.6%, respectively, for CO. For the same percentages of nanoparticles, NOx increases by 2.65, 4.36, and 5.37, while the TSP (Total Suspended Particulate) decreases by 22%, 34.66%, and 49.7%, respectively. In the same conditions, sulfur dioxide pollutants increase by 4.57%, 8.8% and 12.89%, and H2S levels by 4.7%, 7.81% and 8.9%, respectively.

Keywords: Nao-Al2O3; suspension; CO; NOx-PM trade-off; SO2; H2





Nomenclature



	Al2O3
	Aluminum oxide



	HC
	Unburnt hydrocarbons



	BMEP
	Brake mean effective pressure



	H2S
	Hydrogen sulfide



	BSFC
	Brake specific fuel consumption



	NOx
	Nitric oxides



	CO
	Carbon monoxide



	PM
	Particulate matter



	CO2
	Carbon dioxide



	ppm
	Part per million



	CuO2
	Copper oxide



	SO2
	Sulfur dioxide





1  Introduction

For over fifty years, researchers and manufacturers have been in global consensus about reducing diesel brake specific fuel consumption (BSFC) and improving its combustion properties, to combat the real dangers to humanity posed by the excessive use of fossil fuels in the production of electric power and transportation. This is especially significant, as transport accounts for nearly 40% of the total pollutants emitted around the world. Numerous practical and theoretical solutions have been suggested since the end of the last century to address this issue. Adding fuel additives to fuels can alter their physical and chemical characteristics and boost performance and emission levels. These additives can include oxygenating materials like methanol, ethanol or biodiesel [1,2]. Additionally, a blend of diesel and water is sometimes employed to create a suspension [3]. Researchers have also explored the use of nanoparticles in diesel for similar purposes [4,5]. The result of these additives is an altered composition of the fuel, better combustion properties, and a drop in pollutants released.

Since the inception of their production, nanoparticles have become a prominent option for use in internal combustion engines because they have an ability to improve the fuel’s thermal conductivity. Higher thermal conductivity of fuel means less delay period, which expedites the conversion of fuel droplets into vapor that easily mixes with air. Thus, their application has shown promise in improving engine pollutants and emissions.

The addition of nanoparticles to diesel, biodiesels, or diesel-water emulsions can improve engine performance and decrease the emission of pollutants as suggested by many research articles [6,7]. If additionally implemented, fuel cetane number and heating value could be improved; however, some important parameters such as fuel flash point temperature, density, and viscosity are increased, which has a negative effect on fuel combustion [8,9]. It is theorized that nanomaterials can increase efficiency in combustion engines by decreasing the ignition delay period, accelerating the fuel burning process, and raising the released heat rate due to the increased pressure inside the combustion chamber [10,11]. Nanoparticles can lead to a decrease in the cloud point temperature and improved operational performance in colder temperatures. It has greater surface area-to-size ratio, which results in a better combustion process [12,13]. Studies have indicated that the incorporation of nanoparticles into the fuel-water emulsion can result in an increase in secondary explosions, which can lead to improved engine performance and reduced emissions [14]. In a study conducted by Sathiamurthi et al. [15] the effect of blending nano-Al2O3, also known as nano-aluminum oxide or nano-alumina, with diesel on engine performance and the amount of pollutants emitted was examined. The scientists infused 0.5 and 1 g of nano-Al2O3 into the fuel line while subjecting it to a magnetic field. The findings revealed a decrease in carbon dioxide levels by 52% and 57% respectively when compared to diesel alone. Without the use of a magnetic field, the levels of CO2 for the two cases of adding 0.5 and 1 g of nano-alumina to diesel were 22% and 52%, respectively. When 0.5 g of nano-Al2O3 was mixed with diesel under the influence of a magnetic field, the BSFC went down by 13% in comparison with diesel alone, while the reduction was 7% for the situation of adding 1 g of nano-Al2O3 [15].

In Fayad et al.’s study [16], they discovered that adding nano-CuO2 to rapeseed methyl ester (RME) and diesel fuel increased the brake thermal efficiency (BTE) by 23.6% and reduced BSFC by 7.6% when the engine speed was varied. Alawi et al. examined the consequences of including nano-Al2O3 in diesel on a compression ignition engine outcome. Quantities corresponding to 100 and 150 ppm of nano-Al2O3 were added. An ultrasonication was employed to mix the nanoparticles with the diesel. The measurements revealed that as the amount of nano-Al2O3 in the blend increased, the BTE and BSFC were improved. The measurements of exhaust emissions across all loads revealed that particulate matter (PM) and nitric oxides (NOx) levels emitted by the nano-Al2O3 suspensions were lower than those produced by diesel fuel alone [17]. Fayaz et al. carried out a study to evaluate the impact of nano-Al2O3 in diesel fuel. The results indicated a rise in exhaust gas temperature and BTE by 9.83% as well as decrements in BSFC and carbon monoxide (CO), hydrocarbons (HC), and nitric oxides (NOx) emissions of about 5.98%, 27.89%, 30.68% and 10.37%, respectively [18]. Venkatesan et al. investigated the possibility of improving the BTE and decreasing the levels of HC, NOx, smoke, and CO emissions by incorporating alumina nanoparticles into diesel fuel. They examined the impacts of 100 and 150 ppm nano-Al2O3 on engine performance and emitted pollutants at a fixed engine speed of 1500 rpm and 400 bar injection pressure with various operating loads (6, 1.2, 2.4, 3, 3.5 bar). The tests’ measurements indicated that the nanoparticles addition led to a reduction in BSFC, higher BTE by 2.9%, and a decrease in all of the emissions CO, HC, soot and NOx by about 28.57%, 36.17%, 16.9%, and 30.67%, respectively [19].

In the Nouri et al. (2021) study, the influence of adding Al2O3 and Fe2O3 nanoparticles in mass fractions of 30, 60, and 90 ppm on the engine’s outcome characteristics was studied. The measurements showed that the introduction of Fe2O3 nanoparticles was more successful in increasing brake power and torque than incorporating nano-Al2O3, while nano-Al2O3 particles caused a reduction in BSFC and enhanced the BTE. As the concentration of the Al2O3 nanoparticles was increased, CO emission dropped by 21%, and a considerable decrease (up to 24%) in NOx emission was observed [20]. Using a two-step esterification process, [21] produced biodiesel from leachate oils and added nanoparticles of aluminum oxide and copper oxide. According to Khan et al. [22], engine performance and pollutant emissions were affected by the use of nanofuels when injection pressure was changed. Copper (III) oxide was added to a mixture of biofuel derived from waste plants (Eichhornia crassipes) mixed with diesel at a ratio of 30:70. In addition to improving maximum peak pressure, the proposed fuel accelerates the rate of heat release. When nanoparticles were added to the diesel-biodiesel blend with increasing injection pressures, HC emissions were reduced by 14% and NOx and PM emissions were reduced by 15%.

Chen et al. [23] ran experiments on a compression ignition engine (CIE) to examine the influence of Al2O3, carbon nanotubes and SiO2 nanoparticles mixed with diesel. Outcomes showed that BSFC was reduced by a maximum of 20% and BTE was enhanced by 19%. Additionally, nano-SiO2-diesel suspensions were more successful than nano-Al2O3 suspensions due to the enhancement of BSFC, BTE and CO emitted. Yet, blending diesel with carbon nanotubes raised NOx emissions [23]. Dhahad et al. tested the effects of mixing nano-ZnO and nano-Al2O3 with high sulfur content (Iraqi origin) diesel on the engine’s performance and emissions. No exhaust gas post-treatment equipment was used. Before the tests, the fuel and nanoparticles were suspended in determined amounts (50 and 100 ppm) and the suspensions were tested. It was revealed that SFC decreased by 8% while BTE was raised by 6% when nanoparticles’ added mass fraction was increased. As the nanoparticle dose increased, the effect intensified. In addition, CO, HC, and all types of PM were decreased with nanoparticle addition by 17%, 17%, and 26%, respectively. On the other hand, due to temperature generated increase inside the cylinder as a consequence of nanoparticle addition, NOx levels were increased about 10% [24].

Adzmi et al. [25] concluded that the use of nano-Al2O3 and nano-SiO2 suspensions in palm oil methyl ester (POME) increased the maximum pressure, peak torque, and engine power by 16.3%, 43%, and 44%, respectively, when compared to neat POME combustion tests. The study further revealed that the suspensions yielded better outcomes than neat POME. The emissions of nanoparticles fuel were also reduced by 10% for NOx, 6.3% for CO2, and 0.02% for CO. Channappagoudra [26] explored the impact of adding nano-aluminum oxide to diesel on both customized and unmodified diesel motors performance. It was determined that at maximum load, the BTE was increased by 9.33% and the heat release rate rose by 13.56% when the modified engine ran on a B2O-Al2O3+75 ppm fuel mixture in comparison to the baseline engine that ran solely on B20 fuel. Additionally, the modified engine running on the B20–75 ppm Al2O3 fuel decreased the BSFC by 16.56%, the HC by 22.5%, and the CO emission by 20.78%, in comparison to the baseline engine running solely on B20 fuel [26].

Previous studies have largely focused on low or ultra-low sulfur diesel, which is used in most countries all over the world. However, in some developing countries like Iran, Pakistan, Afghanistan and Iraq, diesel with high sulfur content is still used till today [27]. Sulfur in fuel causes deterioration in fuel combustion and an increase in certain types of emissions, such as smoke and hazardous sulfur dioxide. Since removing the sulfur from fuel during distillation is a costly process, if the combustion process can be improved qualitatively (as in this study by adding nanoparticles to the fuel), this will reduce the effects of sulfur. This study examines the impact of adding nano-Al2O3 to conventional diesel fuel on BSFC and the resulting emissions. Iraqi diesel falls in the worst fuel category in the world, with a sulfur content of 1%–2.5% of the mass fraction. This fuel emits hazardous pollutants which are detrimental to human, animal, and planetary health. Engine performance parameters and emission levels were measured while the engine was run at varying loads and a constant speed. The goal of this work is to understand the influence of added nanoparticles on SO2 and H2S exhaust, alongside the NOx-PM tradeoff. Additionally, an effort is made to determine the mass fraction range of added nanoparticles which is most beneficial for diesel.

2  Experimental Setup

2.1 Engine Specifications

For this study, a four-cylinder, water-cooled, Fiat direct-injection diesel motor, was implemented. The specifications of the engine are listed in Table 1. A hydraulic dynamometer was employed to control the engine’s loads. Air is drawn into the combustion chamber from an air tank that eliminates pressure pulses in the air system. The consumed fuel is determined by timing how long it takes the engine to consume 200 ml of diesel. Fig. 1 shows a schematic diagram of the tested engine.
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Figure 1: Schematic diagram of the engine rig

2.2 Fuel Preparation

The addition of Nano-Al2O3 (the specifics of which are listed in Table 2) to Iraqi diesel fuel has led to the formation of a nanofluid. The investigation of developing a nanofluid with prolonged stability, where the thermophysical characteristics remain unchanged, is still in progress globally. As a result, the thermophysical properties of any developed nanofluid must be tested to verify its stability.
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In this study, nano-Al2O3 was added to conventional Iraqi diesel employing an ultrasonic mixer. The mixing ran for three and a half hours continuously, in accordance with the results of Al-Waeli et al. [28], to ensure that the nanoparticles remained suspended in the mixture. The stability of the suspensions decreases with increasing the size of the nanoparticles or the added mass fraction. The nano-Al2O3 used is characterized by its low cost and availability in the local market. Surfactants were added to increase the stability of the fuel in very small amounts that do not affect the combustion properties of the suspension but increase the fluid stability. The added surfactant is ammonium cetyl cetyl (CTAB), based on the study of Jawad et al. [29]. Table 3 lists the specifications of the prepared fuel suspension.
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Over a period of six months, the Zetasizer Nano (ZSN) was used to examine the stability of samples of suspensions of 50, 100, and 150 ppm of nano-Al2O3 that had been mixed by an ultrasonic shaker (Telsonic Ultrasonics CT-I2). A HOT DESK Tps 500 (KIJTALEY, Sweden) was employed to evaluate the thermal conductivity of the studied suspensions at weekly intervals. The viscosity was measured using a Brookfield LVDV-III viscometer, and a density meter for measuring density. To ensure accuracy and reliability, the measurements were repeated three times per test. An Emissions Analyzer (Model 4880) was used to detect the levels of CO2, CO, NOx, and HC. The G460 (made in Germany) was used to evaluate the amount of SO2 and H2S that were released from the engine exhaust. The GT-521 met model was employed to measure the total suspended particles discharged.

Due to the importance of fuel stability and the suspension of nanoparticles in diesel as long as possible, samples of fuel mixtures were sorted, and the sedimentation of nanoparticles was monitored daily. The results showed that the start of clear precipitation in the nanoparticles began after 73, 71, and 68 days for the samples of nano-Al2O3 additives at fractions of 50, 100, and 150 ppm, respectively.

The following equations were used to assess the engine’s performance qualities [30]:

Brake power (kW):


bp=2π×N×T60×1000

Brake means effective pressure (kN/m2):


bmep=bp×2×60Vsn×N

Fuel mass flow rate (kg/sec):


mf.=Vf×10−61000×ρftime

Air mass flow rate (kg/sec):


ma,act..=12ho×0.853600×ρair 


matheo..=Vsn×N60×20×ρair

BSFC (kg/kW.hr):


BSFC=mf.bp×3600

Total fuel heat (kW):


Qt=mf.×LCV

BTE (%):


ηbthbpQt×100

2.3 Uncertainty Analysis

The Gaussian equation was utilized to assess the uncertainty in the tests [31]:


eR=((∂R∂V1e1)2+ (∂R∂V2e2)2+⋯+ (∂R∂Vnen)2)0.5

In Table 4, the measured engine performance and emissions variables are assigned. Also, the thermophysical parameters tests’ uncertainty are added. The final uncertainty is 2.4%, which is ergonomically acceptable. It also demonstrates the accuracy and acceptability of the results obtained during the study.
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3  Results and Discussion

3.1 Brake Specific Fuel Consumption

A study was conducted using a diesel engine to analyze the BSFC experiments, with pure diesel and three different mass fractions of nano-Al2O3 (50, 100, 150 ppm). The load on the diesel engine was adjusted from 50 to 350 kN/m2 while keeping the speed at 1500 rpm during each experiment.

Fig. 2 shows that when the load was decreased, the BSFC decreased for both diesel and the nano-emulsions blends. Furthermore, when the nano-Al2O3 concentration was increased from 50 to 150 ppm, BSFC was also reduced. This is attributed to the reduced ignition delay of the nanoparticles, which can be attributed to their increased surface area to volume ratio. Additionally, when the nanoparticle mass fraction was increased, BSFC went down at any given load. The addition of 50, 100, and 150 ppm of nano-Al2O3 to diesel resulted in a decrease of 0.488%, 1.02%, and 1.377% in BSFC, respectively. This decrease in BSFC can be attributed to the higher calorific value of the fuel due to the addition of nanoparticles, as well as the higher engine brake power that resulted. The fuel’s thermal conductivity was also increased while its delay period was reduced as well as its consumption at fixed loads. This implies a more efficient use of the fuel’s energy.
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Figure 2: Effect of the mass fraction of added nanoparticles on the BSFC at variable engine loads

3.2 Brake Thermal Energy

Fig. 3 shows the influence of the variation of engine load on the shift in BTE. As the engine load increased, the thermal proficiency also increased, and the mass fraction of nanoparticles used as fuel did too. The results for the suspensions were comparable to the BSFC results. This makes sense as the BTE is directly connected to BSFC.
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Figure 3: Effect of the mass fractions of added nanoparticles on BTE at variable engine loads

Significantly greater BTE was achieved when the nanoparticle concentration was higher. The addition of 50, 100, and 150 ppm nano-Al2O3 to diesel resulted in higher BTE by 1.4%, 2.6%, and 3.8%, respectively. However, further experiments using higher concentrations of nano-Al2O3 must be carried out to fully understand the behaviors of the suspensions.

3.3 Carbon Monoxide and Unburnt Hydrocarbons

Figs. 4 and 5 show how the CO and HC emissions vary with engine load as different fuel mixtures are used. As the load rises, the CO and HC levels go down. When nano-Al2O3 is mixed in with the fuel at a concentration of 150 ppm, the combustion is improved, leading to reduced CO and HC emissions by 17.6% and 2.8%, respectively. This is likely due to the increased thermal conductivity, which allows for a more efficient burning of the fuel. These results are consistent with references [32–34] results.
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Figure 4: Effect of the mass fractions of added nanoparticles on emitted CO levels at variable engine loads
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Figure 5: Effect of the mass fractions of added nanoparticles on emitted HC levels at variable engine loads

3.4 Nitrogen Oxides

Fig. 6 shows the influence that engine load has on NOx emission when various nanofuels mixtures were employed. As the engine load increased, the NOx emission also increased due to the higher temperature created within the combustion chamber from the additions of nanoparticles. The addition of nanoparticles to diesel cause a rise in the amount of heat being generated, which leads to an increase of temperature in the combustion chamber and an increase in NOx released. With 50, 100, and 150 ppm of nano-Al2O3, NOx emissions were increased by 2.65%, 4.39%, and 5.37%, respectively.
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Figure 6: Effect of the mass fractions of added nanoparticles emitted NOx levels at variable engine loads

3.5 Sulfur Dioxide

The high levels of sulfur present in Iraqi-origin fuel, both diesel and gasoline, makes it one of the worst types of fuel in the world [35]. This sulfur is sourced from Iraqi crude oil, as well as old and inefficient Iraqi refineries [36,37]. When nano-Al2O3 is added to diesel, it increases the sulfur dioxide levels released from the engine [38]. The SO2 levels are higher when the engine is running at low and high loads, and lower when it is running at medium loads. This is because the combustion heat is higher at medium loads, which leads to a better oxidation of sulfur and a reduction in the formation of aromatic compounds and PM. The addition of nanoparticles to diesel in concentrations of 50, 100, and 150 ppm resulted in an increase in SO2 levels of 4.57%, 8.8%, and 12.89%, respectively, compared to regular diesel, as shown in Fig. 7. This is at the expense of a decrease in TSP levels.
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Figure 7: Effect of the mass fractions of added nanoparticles on emitted SO2 levels at variable engine loads

3.6 Hydrogen Sulfide

Humans should not be exposed to hydrogen sulfide for more than four hours at a concentration of 100 ppm or higher, as this could cause an immediate loss of consciousness [39]. Fig. 8 shows that when the engine runs on nano-Al2O3-diesel blends, the level of H2S emissions increases as BSFC increases. Specifically, when the engine runs on 50, 100, and 150 ppm nano-Al2O3-diesel blends, the levels of H2S emitted increase by 4.7%, 7.81%, and 8.9%, respectively, as compared to diesel [40]. Although the SO2 and H2S levels have not reached a dangerous level, they can accumulate in enclosed spaces such as tunnels and garages, which can be hazardous to people [41]. The increase in sulfur in the fuel leads to an increase in total suspended particles (TSP), which is an accumulation of carbon generated from the combustion [40,41].
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Figure 8: Effect of the mass fractions of added nanoparticles on emitted H2S levels at variable engine loads

3.7 Total Suspended Particles

When oxygen is present in the area of the combustion chamber (as it is with diesel engines), and the fuel has a high thermal conductivity which improves its vaporization and blending with air, the oxidation process is improved, and the levels of PM are reduced [42]. As Fig. 9 shows, when nano-Al2O3 is added to diesel, the TSP lessens with the added mass fractions of the nanoparticle. The presence of extra oxygen in the combustion chamber oxidizes the carbon and sulfur atoms, which in turn decreases the total suspended particulate matter. In comparison to diesel, the TSP decreased by 22%, 43.66%, and 40.7% when nano-Al2O3 was added in the amounts of 50, 100, and 150 ppm, respectively. These results are consistent with references [43,44] findings.
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Figure 9: Effect of the mass fractions of added nanoparticles on emitted TSP levels at variable engine loads

3.8 NOx-PM Trade-Off

The trade-off concept means giving up one advantage for the sake of another and expresses the trade-off between bias and variance; it is a balance between having a bias that is too high or too complex (high variance). This relationship strives to find a balance between the two, resulting in accurate and generalizable results. Fig. 10 illustrates the complicated dilemma of the NOx and PM trade-off; any action taken to reduce NOx causes higher PM, and vice versa. This trade-off is significant as it reveals whether the fuel used leads to a rise or decrease in both pollutants. The graph shows that in comparison to diesel, the studied suspensions led to a considerable decrease in PM and only a minor reduction in NOx. These results agree with references [45,46].
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Figure 10: NOx-PM trade-off for the mass fractions of the added nanoparticles

4  Conclusions

This study examined the effects of adding nano-alumina to Iraqi diesel, which is a poor fuel due to its high sulfur content. The engine was rotated at a constant speed (1500 rpm) and changing applied loads were tested to evaluate the performance and emissions of the mixtures. The physicochemical properties of the mixtures were studied, which showed an increase in thermal conductivity with a limited increase in density and viscosity. Additionally, measurements of the suspensions’ stability showed that the tested samples were highly stable (more than three months).

Fuel consumption decreased by 0.488%, 1.02%, and 1.377% when adding 50, 100, and 150 nano-alumina, respectively. The thermal efficiency increased the BTE by 1.4%, 2.6%, and 3.8% as a direct result of the improved thermal conductivity of the fuel. This addition decreased the CO levels by 5.88%, 11.7%, and 17.6%, and the HC concentrations decreased by a limited extent of 1.5%, 1.7%, and 2.8%, respectively. NOx levels increased by 2.65%, 4.36%, and 5.37% for the same addition percentages, respectively. TSP decreased by 22%, 34.66%, 49.7% for the same addition percentages, respectively. Sulfur dioxide pollutants increased by 4.57%, 8.8%, and 12.89%, and H2S levels increased by 4.7%, 7.81%, and 8.9% for the same percentages, respectively. The results showed that when the suspensions were compared to diesel, there was a significant decrease in PM and only a slight increase in NOx.

Future experiments on diesel-biodiesel mixtures containing aluminum oxide nanoparticles are very important. Sulfur content of the final mixture will be reduced when high sulfur diesel is mixed with sulfur free biodiesel. It will be possible to create high-performance fuel with low emissions by adding nanoparticles to fuel.
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Table 1: Used engine specifications

Details Specifications Details Specifications
Engine model Fiat TD 313 Compression ratio 17

Number of cylinders Four Fuel injection pump 1

Injection type Direct injection Plunger diameter 26 mm
Engine cooling type Water cooling Number of holes in the nozzle 10

Air system Natural aspirated Diameter of the nozzle hole 0.48 mm
Number of valves/cylinders 2 Spray angle 160°

Bore (mm) 100 Nozzle opening pressure 40 MPa
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Table 3: Properties of the nanoparticles and Iraqi diesel

Property Unit Diesel D + 50 D + 100 D + 150
nano-Al,O3 nano-Al,O3 nano-Al,O3
Density at 15°C Kg/m® 0.8402 0.8419 0.8427 0.8434
Viscosity at 40°C mm?/s 54 5.45 5.6 5.74
Thermal conductivity W/m K 0.115 0.133 0.139 0.145
Heating value kJ/kg 43429 43787 44503 45718
Stability (Zeta-potential) mV 77 89 82 67
Flash point °C 54 55 60 65
Fire point °C 60 65 69 72
Cetane No. 50 51 54 57
Sulphur content ppm 10000 10000 10000 10000
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Table 4: Instrumentation uncertainty

No. Device name Made 1n Uncertainty (%)
1 Exhaust gas temperature thermocouples Italy 0.72
2 Air flow (kg/s) Italy 0.47
3 Fuel flow (kg/s) Italy 1.06
4 Engine speed (rpm) Japan 0.95
5 Engine torque Italy 1.23
6 Multigas mode type 4480 (CO, HC, NOx) Germany 0.84
7 G460 (H,S & SO,) Germany 0.52
8 GT-521 (TSP) USA 0.72
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Table 2: Nano-Al,O5; properties

[tem Nano-Al,O5
Supplier M/s. Alpha Isar-USA
Appearance White powder
Assay 99.99%

pH 7.5

Crystal and type a

Grain size 30-35 nm
Bulk density 0.44%

Loss on drying <0.19%
Sulphation assay 0.41

Fe < ppm <0.006%

S1 < ppm <0.004%

Mg < ppm 0.002%
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