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Abstract- This research studies the influence of various 
blends of sunflower and soybean oil biodiesel with diesel fuel on 

premixed charge compression engine characteristics, including 
performance and exhaust emissions, and also investigates the 
impact caused by oxyhydrogen gas addition on them. The 

experiments were carried out on a single cylinder PCCI engine 
which utilizing eight blends of the fuels. Conventional diesel, 
B20D80, B40D60, B60D40, B80D20, B40D60 + 5 LPM HHO, 

B40D60 + 10 LPM HHO, and B40D60 + 15 LPM HHO have 
been used to obtain performance and exhaust emissions 
characteristics. The hydrogen peroxide additive has introduced 

into the engine manifold while the diesel/biodiesel fuel blends 
have been injected directly into the engine cylinder.  The results 
of the studies showed that adding a 40% biodiesel and 60% 

diesel blend to oxyhydrogen with flow rates of 15 LPM 
improved the performance characteristics as well as lower 
exhaust emissions characteristics when compared to the other 

seven blends. In contrast, conventional diesel had much higher 
exhaust emissions parameters. 

Keywords: Oxyhydrogen [HHO], Biodiesel/diesel 
blends, Biodiesel production, PCCI Engine, Performance 
characteristics, Exhaust emissions characteristics, CI 
engine. 

 

Abbreviations/Nomenclature 

CI Compression engine 

PCCI Premixed charge compression engine 

HHO Oxyhydrogen gas 

D100 Conventional diesel fuel 

B20D80 20% biodiesel and 80% diesel blend 

B40D60 40% biodiesel and 60% diesel blend 

B60D40 60% biodiesel and 40% diesel blend 

B80D20 80% biodiesel and 20% diesel blend 

B40D60 + 5 LPM HHO 40% biodiesel, 60% diesel, and oxyhydrogen with 

flow rate 5 LPM blend 
B40D60 + 10 LPM HHO 40% biodiesel, 60% diesel, and oxyhydrogen with 

flow rate 10 LPM blend 
B40D60 + 15 LPM HHO 40% biodiesel, 60% diesel, and oxyhydrogen with 

flow rate 15 LPM blend 

LPM Liter per minute 

TDC Top dead center 

⁰CA Degree crank angle 

g/kw.hr Gram per kilowatt hour 

⁰C Degree Celsius 

PPM Parts per million 

BTE Brake thermal efficiency 

BSFC Brake specific fuel consumption 

EGT Exhaust gas temperature 

HC Hydrocarbon 

CO2 Carbon dioxide 

CO Carbon monoxide 

O2 Oxygen rate 

NOx Nitrogen oxide 

NO Nitric Oxide 

NO2 Nitrogen Dioxide 

SOOT Smoke intensity 

NaOH Sodium Hydroxide 

KOH Potassium Hydroxide 

 

 

I. INTRODUCTION 

 

   In modern times, the world tends to prefer using 

renewable energy resources instead of fossil fuels [non-

renewable energy resources] due to their negative impacts on 

humans and the environment [1-4]. Further, the main 

challenges that prompted the researchers to search for 

renewable energy sources to utilize as an alternative for 

fossil fuels [non-renewable sources] were the greenhouse 

effect and global warming [5].  
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Hydrogen fuel is one example of an alternative to fossil 

fuel because it is a renewable and sustainable energy source 

[6, 7]. Also, it is free carbon that led to a decrease in carbon 

dioxide emissions, non-toxic emissions, and assisted in 

reducing the increase of the world temperature to 2 °C, so 

hydrogen is called green hydrogen [8]. However, the 

challenge of hydrogen gas storage limits the use of pure 

hydrogen in diesel engines; therefore, the challenges of 

storing hydrogen have been solved to a certain extent by 

utilizing an oxyhydrogen [HHO], which is produced by 

applying a water electrolysis process with an electrolyte type 

[NaOH or KOH]. In addition, HHO contains two hydrogen 

and one oxygen, so it is like hydrogen: free carbon, an eco-

friendly, sustainable source [9, 10]. Moreover, the main 

problem that was faced when adding HHO to biodiesel, 

diesel, or gasoline fuels was an increase in NOx emission 

levels, so researchers tend to solve this problem by using 

PCCI or HCCI engines [11]. The PCCI combustion 

technique combines the advantages of both spark-ignition 

[SI] and compression ignition direct injection [CIDI] engines 

[12-14]. The PCCI engine's combustion rule operates in lean 

fuel conditions. The dynamics of the reaction and its 

response rates to the behaviors of the mixed mixture control 

the burning and combustion processes [15-17]. As a result, 

managing the auto-ignition time and combustible mixture 

consumption rate in the PCCI engine is more difficult than in 

a conventional diesel engine [2].  

 

Previous research studies on the addition of biodiesel and 

diesel mixes with HHO gas, as well as the usage of a PCCI 

engine on them, are discussed below [18-20]. The effect of 

mixing HHO with a 20% Bauhinia variegate biodiesel/diesel 

mix on combustion, performance, and emission parameters 

in a CI engine was investigated[21]. According to the 

findings, B20 reduces PCP and HRR by 15% and 24%, 

respectively. The biggest PCP increased by 11.5–13.5% 

compared to B20 with HHO flow rates of 3 LPM and 4 

LPM, while the maximum HRR was found at B20 with 

HHO flow rates of 6 LPM [22]. When compared to diesel 

fuel, B20 lowered BTE by 7% and boosted BSFC by 11%. 

While the HHO flow rate of 3LPM was mixed with B20, the 

BTE increased by about 14%, but the BSFC decreased by 

about 7%, whereas for both BTE and BSFC, 4 LPM was 

closed to 3 LPM. CO and HC levels were lowered by 17% 

and 12%, respectively, at B20 as compared to diesel fuel. In 

the HHO and B20 mix, CO and HC both decreased, with the 

largest average CO reduction of 29% for a 3 LPM flow rate 

of HHO as near as 4 LPM; however, CO rose, as HHO was 6 

LPM. The highest average HC decrease is about 24% for 

B20 with HHO flow rates of 3 LPM and 4 LPM. In all test 

conditions, NOx was incremental, and NOx levels went up 

7% for B20. The flow rate of HHO increased by around 7–

17% from 1 LPM to 6 LPM.  

 

The impact of adding HHO to both 20% and 40% M. 

oleifera biodiesel and diesel mixtures on performance, 

combustion, and emission parameters for CI engine was 

studied [23]. The BTE at the HHO and B20 blend was 

higher than the D100 until 80% engine load; nevertheless, 

there was a 1% reduction at the maximum load when engine 

load rose. BSFC declined drastically as engine loads rose[24, 

25]. When comparing the HHO and B20 blend to other test 

mixes, both cylinder pressure and EGT rose. As engine load 

rose, the HHO with B20 and B40 blends lowered the values 

of CO, CO2, and HC emissions, whereas NOx increased as 

engine load rose, although the HHO and B20 blend declined 

more than D100 at lower engine loads [26, 27].  

The performance, emission, and combustion parameters of 

25% and 50% of orange oil methyl ester biodiesel and diesel 

mix with and without hydroxyl [O25, O50, O25 +HHO, and 

O50 +HHO] on diesel engine were evaluated [28]. BTE 

declined by 6.9% and 10.06% at O25 and O50 but climbed 

by 9.08% and 3.54% at O25 + HHO and O50 + HHO, while 

BSFC increased by 3.7% and 7.4% at O25 and O50, 

respectively [29]. The lowest BSFC value at O25 + HHO is 

14.28%, which is considerably less than both O25 and O50. 

Furthermore, cylinder pressure and HRR rose, and ignition 

delay was reduced at both blends of HHO plus O25 and 

HHO plus O50; however, cylinder pressure and HRR 

decreased, and ignition delay increased at O25 and O50. 

PCP values were 69.04, 65.89, 64.67, 70.81, and 68.07 bar at 

diesel, O25, O50, O25 + HHO, and O50 + HHO, 

respectively [30, 31]. The highest cylinder pressure and heat 

release values were achieved at 70.81 bar and 82.05 kJ/m3-

deg. for O25 + HHO, respectively, whilst the lowest results 

were obtained at 64.7 bar and 68.14 kJ/m3-deg. at O50, 

respectively. CO, HC, and smoke emission decreased for 

O25, O50, O25 + HHO, and O50 + HHO, with the exception 

of NOx, which rises when O25 + HHO. O25 had a lower CO 

than O50, which lowered CO by 16.6% at O25 as compared 

to diesel at full load. Therefore, both O25 and O50 indicate a 

significant decrease in HC and smoke emission with 7.8 and 

7.1%, and 2.6 and 4.8%, and an increase in NOx with 4.16 

and 1.64%, respectively [32, 33]. The CO and smoke 

emission values of O25 + HHO and O50 + HHO are lowered 

by 15.46 and 5.76% and 18.2 and 4.21%, respectively, as 

compared with O25 and O50. Also, HC is less than diesel at 

O25 + HHO by 17.6% and O50 + HHO by 13.1% at 100% 

engine load. NOx had a considerable increase of 9.67% of 

O25 + HHO more than diesel fuel, which can be reduced via 

the EGR method.   

 

  The effect of using 30% waste cooking oil biodiesel and 

70% diesel blend in the two running modes [CDC mode and 

various premixed concentrations of 15, 20, 25, and 30% 

diesel vapor with PCCI mode] was shown [34]. In the CDC 

mode, BSFC, NOx, and smoke opacity improved while 

BTE, EGT, HC, and CO declined. In PCCI mode, for 

performance parameters, the BTE raised but dropped both 

BSFC and EGT as premixed concentrations were 15, 20, and 
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25%, whilst 30% of premixed concentration observed a 

lower BTE and EGT but enhanced BSFC [35, 36]. In terms 

of emissions parameters, CO, HC, smoke opacity, and NOx 

decreased at premixed concentrations of 15, and 20%, while 

increasing CO, HC, and smoke opacity but dropping NOx at 

premixed concentrations of 25, and 30% for emissions 

parameters [37, 38].  

 

The experiment results of additional bioethanol fuel with 

three percentages of 10%, 20%, and 30% injected in PCCI 

mode into wheat germ oil driven in a CI engine to output the 

engine parameters as performance, combustion, and exhaust 

emissions at different loads were demonstrated [39]. When 

the engine loads grew, then the performance parameters 

[BTE and EGT] were incremental, with 28.78% and 471 °C 

of diesel, 26.79% and 521 °C of wheat germ oil, 26.99% and 

508 ◦C of bio-ethanol with varied percentages 10% plus 

wheat germ oil, 27.52% and 487 ◦C of bio-ethanol with 

varied percentages 20% plus wheat germ oil, and 28.14% 

and 471 ◦C of bio-ethanol with varied percentages 30% plus 

wheat germ oil, respectively, at full load [40, 41]. Further, 

increasing the percentage of bioethanol in wheat germ oil led 

to an increase in BTE and a decrease in EGT. When the 

engine was running incrementally, the peak in-cylinder 

pressure and combustion duration both increased, but the 

ignition delay decreased, and the heat release rate had an 

unstable curve. The peak in-cylinder pressure of diesel fuel 

was 70.5 bar greater than that of wheat germ oil, wheat germ 

oil + 10% bioethanol, wheat germ oil + 20% bioethanol, and 

wheat germ oil + 30% bioethanol, which were 62.4, 64.7, 

65.9, and 67.6 bar, respectively. The highest and lowest heat 

release rate records were discovered at diesel and wheat 

germ oil, respectively, meanwhile heat release rate values 

had a remarkable increase when the amount of bioethanol 

that is added to wheat germ oil rose, which results even got 

very near to diesel performance.  

 

Wheat germ oil had a higher ignition delay and 

combustion duration of 13 ◦CA and 59 ◦CA, respectively, 

than diesel, which is recorded at 10 ◦CA for ignition delay 

and 53 ◦CA for combustion duration, with the addition of an 

increase in the percentages of bioethanol that is added to 

wheat germ oil that caused a significant decline in both 

ignition delay and combustion duration. At the maximum 

point of the engine load, there was a remarkable reduction in 

combustion duration as the percentages of bioethanol plus 

wheat germ oil rose, with values of 57◦CA for wheat germ 

oil + 10% bioethanol, 55◦CA for wheat germ oil + 20% 

bioethanol, and 52◦CA for wheat germ oil + 30% 

bioethanol[42, 43]. The curves of HC and smoke emissions 

grew as engine loads rose. On the other hand, the NO curve 

was considerably high until about 5 KW of engine load was 

reached, after which it dropped. As well as that, the CO 

curve increased almost to 2.7 KW before decreasing 

approximately to 3.3 KW following the upward trend [44, 

45]. The obtained results of exhaust emissions [HC, CO, and 

NO] found 171 ppm, 0.42%, and 923 ppm of diesel, 257 

ppm, 0.74%, and 813 ppm of wheat germ oil, 235 ppm, 16%, 

and 782 ppm of wheat germ oil + 10% bioethanol, 231 ppm, 

23%, and 774 ppm of wheat germ oil + 20% bioethanol, and 

193 ppm, 35%, and 756 ppm of wheat germ oil + 30% 

bioethanol, respectively. Additionally, the addition of 

bioethanol fuel to wheat germ oil reduced HC, NO, and 

smoke due to the beneficial properties of bioethanol fuel [46-

49]. The effect of varying premixed proportions [10%, 20%, 

and 30%] when added to a 30% waste cooked oil biodiesel 

and diesel blend utilizing a PCCI engine was explained [50]. 

This resulted in an enhancement in the BTE value and, on 

the contrary, a diminishment in the BSEC, CO, NOx, UHC, 

and smoke opacity values[51-53].  

 

The influences of adding 30% premixed proportions to 

two different mixtures of waste cooked oil biodiesel and 

diesel [B40] on the PCCI-Diesel engine as compared to the 

observed results with the diesel engine were explored [10]. 

The average BTE value achieved by applying it to the PCCI-

Diesel engine with B40 at 30% premixed proportion raised 

from 19.34% to 29.91% when compared to the diesel engine 

[54-56]. On the contrary, the addition of 30% premixed 

proportion to 40% of waste cooked oil biodiesel and diesel 

mixes caused a reduction in BSEC and EGT of 22.22% and 

29.36%, respectively, as compared to the diesel engine. 

Moreover, both peak in-cylinder pressure and heat release 

rate increased noticeably after adding 30% premixed 

proportion to 40% waste cooking oil biodiesel and diesel 

mixtures, but the PCCI-DI engine had a considerable drop in 

exhaust emissions [UHC, CO, NOx, and smoke opacity] of 

42.42%, 66.93%, 61.89%, and 66%, respectively, for blends 

of 30% premixed proportion and 40% waste cooking oil 

biodiesel/diesel mixtures when compared to the diesel 

engine [57, 58].  

 

The authors carried out experiments to discover the most 

optimal blend and catalyst test to gain improved performance 

and less emissions by differing the amounts of microalgae 

biodiesel and diesel with CuO nanocatalyst [B20CuO76, 

B20Cu60, B18CuO61, and B18CuO65] on PCCI engine at 

20, 40, 60, and 80% engine loads, respectively[59]. The 20% 

premixed percentage resulted in high in BTE, NOx, smoke 

opacity, and cylinder pressure with 14.08%, 58 ppm, 7%, 

and 51 bar for B20CuO76 at 20% load, 22.11%, 94 ppm, 

12% and 54 bar for B20Cu60 at 40% load, 26.78%,117 ppm, 

14% and 57 bar for B18CuO61 at 60% load, and 23.39%, 

130 ppm, 17% and 62 bar for B18CuO65 at 80% load, 

respectively. In contrast, there was a remarkable low in 

BSFC and CO, with 0.586 kg/kWh and 0.144% for 

B20CuO76 at 20% load, 0.367 kg/kWh and 0.135% for 

B20Cu60 at 40% load, 0.327 kg/kWh and 0.121% for 

B18CuO61 at 40% load, and 0.31 kg/kWh and 0.11% for 

B18CuO65 at 80% load, respectively. On the other hand, HC 

values had a diminishing effect at B20CuO76 at 20% load, 

B20Cu60 at 40% load, and B18CuO61 at 60% load with 70, 
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66, and 57 ppm, except for B18CuO65 at 80% load, which 

showed a considerable rise with 67 ppm.  

 

The influences of performance and exhaust emissions 

parameters via the different blends of conventional diesel 

[97, 95, 92.5, and 90%] with various percentages of 

ammonium hydroxide [N2.5, N5, 7.5, and N10%] on PCCI 

engine were illustrated [60]. While ammonium hydroxide 

percentages were incremental, there was a considerable rise 

in the values of BTE, HC, and CO, whereas there was a 

noticeable decline in BSFC, EGT, NOx, and smoke emission 

as compared to conventional diesel [53, 60, 61]. 

 

This paper was explained in great detail about using 

ammonia as a fuel for premixed charge compression ignition 

engine [62]. Despite the obstacles in manufacturing, storage, 

and transportation, lowering carbon levels is a key priority 

for power generation and engine companies that work with 

zero-carbon sources like ammonia and hydrogen. One of the 

most significant study ideas with the aim of lowering carbon 

and other pollutants by making small adjustments to internal 

combustion engines is the use of one of the latest injection 

systems, such as premixed charge compression ignition and 

homogeneous charge compression ignition. Although 

ammonia is widely considered a viable substitute for 

conventional diesel fuel in applications that are not limited to 

large regions, like marine and heavy-duty applications, it's 

presently challenged by high levels of NOx emissions [62, 

63]. This is because ammonia can be burned in the dual fuel 

system by injecting diesel into it. Further, the additional 

experimentation will have been performed lately about the 

utilisation of ammonia and the strategies to apply it within 

various engines of internal combustion modes because of its 

advantages of not having carbon atoms in it as well as the 

modern injection methods will be integrated with the 

research [64, 65]. 

 

The aim of this research is to study the effects of PCCI 

engine on engine characteristics such as performance, 

combustion, and exhaust emissions through an experiment 

when added to 1) various percentages of biodiesel and diesel 

blend and 2) various percentages of biodiesel and diesel 

blend with three different flow rates of HHO gas. 

 

II. THE EXPERIMENTAL METHODOLOGY 

AND PROCEDURE 

A. Experimental test setup  

 

The operating machine schematic diagram as shown in the 

figure [1][53]. Figure [2] shows the back view of the 

operating machine, the driving motor, high-pressure pump, 

and premixing chamber are the three instruments that may be 

seen next to each other at the bottom of the machine, 

respectively. Both the driving motor and high-pressure pump 

are located below the both return fuel tank [tank 2] and first 

pressure gauge regulator, whereas the three electric variac 

instruments and the vaporizer fuel control unit are placed 

above the both return fuel tank [tank 2] and first pressure 

gauge regulator. The air heater, air boiler, and temperature 

digital display, respectively, are all positioned above the 

premixing chamber, along with the exhaust gas recirculation 

[EGR] valve, exhaust valve, exhaust gas outlet, and exhaust 

tube. A second pressure gauge regulator can be found next to 

the air heater. The temperature digital display instrument is 

divided into three thermocouples of type K, including 

exhaust gases, a mixing chamber, and inlet air to monitor the 

temperature. Finally, they have an air tank on top of them, 

with a load panel in front of it.  

 

Figure [3] shows the front view of the operating machine, 

there are three instruments beside each other at the bottom: a 

diesel [compression ignition] engine, a hydraulic 

dynamometer [generator], and a 3-phase electrical generator, 

as well as a CNG tank in front of the diesel engine. Above 

the diesel engine is an inclined manometer, alongside a fuel 

flow meter, graduated cylinders with stopcocks, respectively, 

and finally, an air tank on top of them. The first side view of 

the operating machine includes a side view of the vaporizer 

fuel control unit, air tank, load panel, diesel engine 

[compression ignition engine], driving motor, and return fuel 

tank [tank 2], as well as the front view of the load control 

unit, combustion analyzer data acquisition system, charge 

amplifier, and 3-phase variable transformer as shown in the 

figure [4][66]. The second side view of the operating 

machine will connect with the two exhaust measurement 

instruments: the exhaust gas analyzer and the smoke meter, 

by using each hose and inserting each hose of them into the 

exhaust gas outlet to record the exhaust emissions 

parameters as HC, CO, CO2, O2, and NOx emissions by the 

exhaust gas analyzer, but smoke opacity emissions by the 

smoke meter as shown in the figure [5]. 

 

The engine features a specialized electronic control unit 

[ECU] that adjusts the quantity of fuel pumped directly into 

the engine to maintain the engine speed at 1500 rpm. The 

operating machine had two fuel tanks[67]. The main tank 

[tank 1] is attached to a graduated cylinder to measure the 

amount of used fuel that is pumped directly to the engine per 

second, and the external tank [tank 2] is utilized to deliver 

the fuel to the external mixture. An eddy current 

dynamometer was used to load the engine. The 

dynamometer includes a 5 kW A.C. synchronous generator 

attached to the crank shaft, and the generator is linked to six 

lamps [each with 1 kW of power] and an electric voltage 

Variac instrument to adjust its output power [68-70]. 
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Figure 1: The operating machine schematic diagram [53]. 

 

Figure 2: Back view of the operating machine. 
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Figure 3: Front view of the operating 

machine. 

 

Figure 4: First side view of the operating 

machine. 

 

Figure 5: Second side view of the 

operating machine. 

A diesel [CI] engine that has been modified to function 

as a PCCI engine is used to investigate the operating 

characteristics of a PCCI engine that is fueled using a 

variety of blends of conventional diesel and biodiesel 

derived from sunflower and soybean oil. The diesel engine 

employed in this study has the following technical 

specifications: DEUTZ FL 511/W engine model, single 

cylinder, four strokes cycle, air-cooled system, direct 

injection mode, direct injection pressure fuel with 220 bar 

at a 32 CA before TDC, 10cm bore, 10.5 cm stroke, 825 

cm3, 17 compression ratio, an operating rate power of 5 

KW at 1500 rpm of constant speed, and 90 °C lubricating 

oil temperature. Further, the engine has an inlet valve that 

opens and closes at 32 ⁰CA before TDC and 59 ⁰CA after 

BDC, whereas the exhaust valve opens and closes at 71 

⁰CA before BDC and 32 ⁰CA after TDC, respectively. 

Table [1] lists the technical specifications of used engine. 

Table 1: Technical specifications of diesel [CI] engine 

Technical specifications of diesel [CI] engine 

Engine mode DEUTZ FL 511/W 

No. of Cylinders Single cylinder 

Cycle Four strokes 

Cooling System Air Cooled 

Bore 10 cm 

Stroke 10.5 cm 

 

Table 1: cont… 

Technical specifications of diesel [CI] engine 

Displacement 825 cm3 

Compression ratio 17 

Rated Power 5 kW at 1500 rpm 

Injection Mode Direct injection 

Inlet valve opens 32 ⁰CA Before TDC 

Inlet valve closes 59 ⁰CA After BDC 

Exhaust valve opens 71 ⁰CA Before BDC 

Exhaust valve closes 32 ⁰CA After TDC 

Direct injection pressure fuel at 220 bar at a 32 CA Before TDC 

Lubricating oil temperature 90 ⁰C 

B. Measurements & Error analysis 

In this study, the engine's crank shaft was installed with 

a speed sensor that recorded its speed. Three 

thermocouples of type K were used in a temperature 

digital display instrument that was divided into three 

sections: the inlet air, the exhaust gases, and the mixing 

chamber to record the temperature. Further, the inlet air 

part was positioned at the entrance of the air and the 

exhaust gases part was positioned at the outlet of exhaust 

emissions, while the mixing chamber part was used to 
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measure the temperature of the premixed mixture and was 

located between the inlet air and the exhaust gases. HC, 

CO2, CO, O2, and NOx readings were taken using the 

GASBOARD-5020 emission gas analyzer. While HC and 

NOx were measured by the measured unit of parts per 

million [ppm] and CO2, CO, and O2 were determined by 

the measured unit of percentage volume [%Vol], on the 

other hand, smoke opacity [soot] emissions were recorded 

with a GASBOARD-6010 opacity meter by the measured 

unit of percentage volume [%Vol]. To measure various 

parameters, it requires several tools and equipment.  

The accuracy of this equipment can be impacted by the 

working environment and conditions since it impacts the 

limiting measurement errors. In this investigation, the 

root-sum-squared [RSS] approach was employed to 

calculate the uncertainty of the errors' independent 

variables related to the observed values. The mean value 

and standard deviation of the data were estimated using 

Equations 1 and 2, respectively, which X  refer to the mean 

value, Xirefer to the variable's average [𝑥], n refer to the 

number of times the experiment may be repeated for 

measured data, and σ refer to the standard deviation, as 

well as equation 3 was used to compute the uncertainty 

equation for independent variables, which WX refer to the 

uncertainty equation, meanwhile the overall uncertainty of 

dependent variable was showed in equation 4, which WR 

refer to the overall uncertainty of dependent variable, R 

refer to the function uncertainty, and WX1,WX2,….., 

WXnrefer to the independent variables uncertainties that 

represent the measured experimental operational factors 

X1, X2,….., Xn as shown below[4, 71-74]. 

Eqn. ①: mean value: X =
1

n
∗  ∑ Xi

n

i=1

 

Eqn. ②: standarad deviation: σ =  √
1

[n − 1]
∗ ∑[Xi − X]

2
n

i=1

 

Eqn. ③: uncertainly equation: WX =  ± 
2 σ

X
∗ 100 

Eqn. ④: overall uncertainly: WR = 

√[
∂R

∂X1
WX1

]
2

+ [
∂R

∂X2
WX2

]
2

+ ⋯ ⋯ + [
∂R

∂Xn
WXn

]
2

 

The accuracy and range of the exhaust gas analyzer 

instrument were ± 5% and 0-9999 ppm for HC, ± 4% and 

0-20% for CO2, ± 1% and 0-20% for CO, ± 3% and 0-25% 

for O2, and ± 5% and 0-5000 ppm for NOx, as well as 

observed for the smoke meter instrument, which found ± 

0.01% and 0-100% for smoke opacity. In addition, the 

accuracy and range recorded at the K-type thermocouple 

instrument were ±1% and 0 to 800 ◦C to measure the 

exhaust gas temperature parameter, and the speed by the 

shaft encoder instrument was observed at ±0.2% for 

accuracy and 0–720 ⁰CA for range. Inclined manometer, 

graduated cylinder/stopwatch, and load indicator 

instruments had an accuracy measurement of ±2%, ±1%, 

and ±0.2%, while the range measurement was 0–2.99 

m3/h, 1 to 30 cm3, and 1 to 1000 W, which recorded the 

values of airflow rate, diesel flow meter, and load 

parameters, respectively. Table [2] shows the accuracy and 

range analysis for various types of equipment. 

Table 2: The accuracy and range analysis for various types of 

equipment 

Instrument Parameters Accuracy Range 

Exhaust gas 

analyzer 

HC ± 5% 0-9999 ppm 

CO2 ± 4% 0-20% 

CO ± 1% 0-20% 

O2 ± 3% 0-25% 

NOx ± 5% 0-5000 ppm 

Smoke meter Smoke opacity ± 0.01% 0-100% 

K-type 

thermocouple 

Exhaust gas 

Temperature 
±1% 0 to 800 ◦C 

Shaft encoder Speed ±0.2% 0–720 ⁰CA 

Inclined manometer Airflow rate ±2% 
0–2.99 m3 

/h 

Graduated 

cylinder/stopwatch 
Diesel flow meter ± 1 % 1 to 30 cm3 

Load indicator Load ±0.2% 1 to 1000 W 

C. Biodiesel production 

C.1. Step 1.The alcohol and catalyst mixture are prepared as 

follows 

The alcohol and catalyst mixture are prepared in the fuel 

laboratory at the Faculty of Engineering at Tanta 

University. Methanol is utilized as an alcohol that is 

purchased from laboratory chemicals, El-NAGAR for 

trading chemicals in Tanta, Egypt, while sodium 

hydroxide [NaOH] is used as a catalyst, which is bought 

from Tanta, Egypt, from Al-Pharaohs company for trade 

and import at laboratory chemicals. In the beginning, take 

a quantity of NaOH and weigh it on an electronic balance 

to estimate the weight required. For example, in this paper, 

we need 60 gm for every 6 liters of oil, then grind the parts 

of NaOH till they turn into a powder [for every 1 liter of 

oil, use 10 gm of NaOH, then for every 6 liters of oil, use 

60 gm of NaOH]. After that, fill an empty beaker with 

1500 milliliters, which is equal to 1.5 liters of methanol 

with 60 gm of NaOH [for every 1 liter of oil, use 250 
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milliliters [0.25 liters] of methanol, then for every 6 liters 

of oil, use 1500 milliliters [1.5 liters] of methanol]. 

Finally, place the beaker of NaOH with methanol mixtures 

on a mixer instrument for 10 minutes to obtain the mixture 

of alcohol and catalyst [NaOH + Methanol], as shown in 

figure [6]. 

 

Step 1: prepration of an alcohol and catalyst mixture 

[Methanol + NaOH] 

 

Figure 6: Methanol and NaOH mixture on mixer 

instrument:  

[a] In the beginning of mix, [b] During the mix 

C.2. Step 2.  The biodiesel is prepared as follows in two stages 

Biodiesel is prepared at the fuel laboratory at the 

Faculty of Engineering at Tanta University. Table [3] 

contains the list of used components during the 

experiment, such as stirring machine components, electric 

heater, mixer instrument, electric kettle, 2 liters [2000 

milliliters] beaker, and 1-liter [1000 milliliters] beaker. 

Use sunflower and soybean oil mixture in biodiesel 

production in two stages: 2.1. Separation process stage; 

2.2. washing process stage by transesterification process. 

Moreover, the total quantity of usage oil is 12 liters, which 

is divided on the experiment into two phases, including the 

first phase for the first 6 liters and the second phase for the 

remaining 6 liters, while the washing process is done three 

times in phase 1 and twice in phase 2. Furthermore, the 

biodiesel yield is about 72.5%, which is a result of the sum 

of the biodiesel production quantities at phase 1 [4.2 liters] 

and phase 2 [4.5 liters], respectively, with the overall 

biodiesel production quantity equal to 8.7 liters as shown 

in the below sample calculation and table [6]. 

Total used oil = 12 liters, ①  

1st six liters of biodiesel = 4.2 liters [phase 1], 

2nd remaining six liters of biodiesel = 4.5 liters [phase2], 

Overall biodiesel = 4.2 + 4.5 = 8.7 liters, ② 

Then from ① and ②, 

Biodiesel yield = 8.7 liters of total biodiesel / 12 liters of 

used oil = 0.725 *100 = 72.5%. ③ 

 

Table 3: Names of experimental items 

 

  

 
 

Experiment components: 

 

1. Stirring machine 
1.1 Temperature control board 

1.2 Stirring tank [production tank] 

1.3 Hot water tank 
1.4 Stirring tank valve 

1.5 Separatory funnel 

1.6 Stopcock 
1.7 Electric heater 

 

2. 1 liter beaker [1000 milliliters beaker] 
3. 2 liters beaker [2000 milliliters beaker] 

4. Mixer instrument 

5. Electric kettle 
 

C.2.1. Separation process stage 

In a stirring tank, add 6 liters of sunflower and soybean 

oil mix, 1.5 liters of methanol, and 60 gm of NaOH. Then 

switch on the stirring machine at a temperature of 60 to 65 

°C and a stirring speed of 500 to 700 rpm. After then, 

switch off the stirring machine, open the stirring machine 

valves, and close the stopcock of every separatory funnel 

to completely fill each separatory funnel with the output 

a b 

1.1 

1.2 

1 

1.3 

1.4 

1.5 

1.6 

2 3 

5 

4 

1.7 
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mixture, then leave them for 24 hours as shown in table 

[4] for phases 1 and 2. After 24 hours, the output mixture 

[biodiesel and glycerin] forms three layers in the 

separatory funnel [top layer, middle layer, and bottom 

layer]. The top layer is biodiesel oil, the middle layer is 

biodiesel plus glycerin blend, and the bottom layer is 

glycerin, as shown in table [4] for phases 1 and 2. This is 

the time to prepare for the first stage of the separation 

process, which separates biodiesel oil and glycerin. Open 

the separatory funnel stopcock until the glycerin layer is 

removed into the 20-liters plastic jerry can, then close it to 

keep the biodiesel oil layer in the separatory funnel, as 

well as repeat it for the other remaining reparatory funnels. 

Now, open the stopcock of the separatory funnel to collect 

a pure biodiesel oil layer free of glycerin in a sterile 20-

liters plastic jerry can. Finally, once the separating process 

stage is complete, the next stage will begin, which is 

called the washing process stage. 

C.2.2. washing process stage 

The washing process stage is the following step after the 

separation process stage. The goal of the washing process 

stage is to clean up the generated biodiesel from any 

impurities, dirt, and unresolved fatty acid residues via 

water at a specific temperature and mixing conditions. 

Boil the water to a temperature of 100°C in an electric 

kettle. Fill an empty beaker with 1 liter of hot water plus 1 

liter of biodiesel from a sterile 20-liters plastic jerry can, 

then set them on the mixer instrument for 30 seconds. 

Repeat this procedure for every 1 liter of biodiesel from a 

sterile 20-liters plastic jerry can and add 1 liter of hot 

water to it until the output production amount of biodiesel 

is finished. The washing steps are repeated several times 

till the lower layer becomes like water color, which is only 

done three times for phase 1 and twice times for phase 2 in 

this paper, as shown in table [5] for phase 1 and phase 2. 

Finally, at the end of each phase, the biodiesel 

manufacturing outputs will be mixed with a chemical 

product known as calcium chloride dihydrate extra pure. 

Table [6] demonstrate the value of biodiesel produced, 

which is 4.2 liters and 4.5 liters, respectively, so the total 

quantity of biodiesel produced is equal to 8.7 liters. 

Table 4: Separation process at phase1 and phase 2 

Separation process stage at Phase 1 

Before 24 hours  After 24 hours  

Separation process stage at Phase 2 

Before 24 hours  After 24 hours  
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Table 5: Washing process stage for phase 1 and phase 2 

I. Biodiesel plus hot water on mixer instrument 

    

2.The three times of biodiesel washing process stage at phase 1 

[2.1] 1sttime [2.2] 2ndtime [2.3] 3rdtime 

 

 
 

 

   

3. The two times of biodiesel washing process stage at phase 2 

[3.1] 1sttime [3.2] 2ndtime 

  

3 2 1 

 

4 
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Table 6: Biodiesel yields at phase 1 and phase 2 

Phase1: first 6 liters biodiesel yield [4.5 liters] Phase 2: second 6 liters biodiesel yield [4.2 liters] Total = 8.7 liters 

 
  

C.3. Step 3: Prepare four various biodiesel and diesel blends 

After the biodiesel manufacturing process is completed, 

the preparation of biodiesel and diesel blends will begin in 

this paper. Furthermore, employ a variety of biodiesel and 

diesel percentages mixed, such as 20% biodiesel plus 80% 

diesel, 40% biodiesel plus 60% diesel, 60% biodiesel plus 

40% diesel, and 80% biodiesel plus 20% diesel. Fill an 

empty 1 liter [1000 milliliters] beaker with an 

experimental concentration of biodiesel and diesel blend, 

then transfer the blend to an empty 2 liters [2000 

milliliters] beaker to ensure that the blend does not come 

out of the beaker during the mixing process, and finally set 

it on the mixer instrument for 1 hour to create the blend. 

The above steps should be repeated for each concentration. 

The outcomes of blends are clarified further in figure [7]. 

 

Figure 7: Four biodiesel/diesel blends. 

C.4. Step 4: Prepare the blend of 40% biodiesel plus 60% diesel 

again 

The mix of 40% biodiesel and 60% diesel was chosen to 

be prepared again for addition to the HHO gas instrument 

to acquire the result of concentration with the effect of 

HHO gas. To obtain the blend, fill an empty 1 liter [1000 

milliliters] beaker with 40% biodiesel and 60% diesel, 

then transfer it to an empty 2 liters [2000 milliliters] 

beaker and place it on the mixer instrument for 1 hour. 

This step should be done four times to output 4 liters of a 

40% biodiesel and 60% diesel blend, as shown in figure 

[8]. 

C.5. Step 5: Introduction before starting work on the PCCI 

engine machine 

After completing steps 3 and 4, proceed to the internal 

combustion laboratory to begin the paper's research on 

PCCI engine characteristics  such as 

performance,combustion, and exhaust emissions by using 

eight various blends, including conventional diesel only, 

four blends of biodiesel and diesel mix, and three 

concentrations of HHO gas with the addition of 40% 

biodiesel and 60% diesel blend. Further, all usage fuels or 

blends are listed in table [7]. 

Table 7: Used fuel/blend names 

Used fuel/blend names Abbreviations 

conventional diesel D100 

20% biodiesel and 80% diesel blend B20D80 

40% biodiesel and 60% diesel blend B40D60 

60% biodiesel and 40% diesel blend B60D40 

80% biodiesel and 20% diesel blend B80D20 

40% biodiesel and 60% diesel blend + 

HHO [5 LPM] 

B40D60 + HHO 

[5 LPM] 

40% biodiesel and 60% diesel blend + 

HHO [10 LPM] 

B40D60 + HHO 

[10 LPM] 

40% biodiesel and 60% diesel blend + 

HHO [15 LPM] 

B40D60 + HHO 

[15 LPM] 
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Figure 8: Prepare of 40% biodiesel and 60% diesel blend. 

III. RESULTS AND DISCUSSION 

A. Engine performance analysis 

In the first section shows the performance of engine 

such as BTE, BSFC, and EGT by the experimental of 

eight blends in PCCI engine.  

1. Brake thermal efficiency [BTE] 

BTE is the relationship between the power output of the 

brake shaft and the rate at which the fuel's thermal energy 

is consumed[75]. The relationship between BTE and 

engine brake power is directly proportional. The low heat 

loss in all experimental cases and the boost in output 

power owing to improved combustion quality led to a rise 

in BTE as the engine brake power increased. To determine 

the brake thermal efficiency value, use the form below. 

BTE [%]

= [
The power produced in kilowatt [kw]

[The fuel consumption rate in grams per second [g sec.⁄ ] ∗ 42600]
]

∗ 10 5 

The highest BTE is at 3.4866 KW with 26.8% of D100, 

but the lowest BTE is at 0.671775 with 8.5% of B60D40; 

therefore, both B20D80 and B40D60 blends have higher 

BTE values than conventional diesel fuel, whereas D100 is 

higher than B60D40 and B80D20. As biodiesel 

concentration increases, BTE recorder values decrease, 

owing to the fact that biodiesel has a lesser calorific value 

and a greater viscosity, density, and surface tension as 

compared to conventional diesel fuel. This results in low 

atomization and air mixing, resulting in poor combustion 

and minimal BTE.  

 Moreover, when HHO gas is added to 40% biodiesel 

and diesel blend with flow rates of 5, 10, and 15 LPM, 

there is a remarkable increase in BTE, due to the large 

heating value and fast flame speed of HHO.  The figures 

[9] and [10], which illustrate the findings with a simple 

graph that represents the noticeable increases in brake 

thermal efficiency for all test conditions. 

 

 

Figure 9: BTE values vs Engine brake power. 
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Figure 10: BTE values vs Engine brake power. 

2. Brake specific fuel consumption [BSFC] 

It is a gauge of a prime mover's fuel efficiency when it 

burns fuel to generate rotational or shaft power[75]. The 

relationship between BTE and BSFC is inversely 

proportional, so if the relation between BSFC and engine 

brake power is inversely proportional, then BSFC 

decreases as engine brake power increases owing to 

improved combustion quality and increased energy 

controllability. To determine the brake specific fuel 

consumption values, use the form below. 

BSFC [g kw. hr⁄ ]

=  
The fuel consumption rate in grams per second [g sec.⁄ ]

The power produced in kilowatt [kw]
∗ 3600  

The highest BSFC is at 0.671775 KW with 996 g/kw.hr 

of B60D40, but the lowest BSFC is at 3.4866 with 316 

g/kw.hr of D100; therefore, both B20D80 and B40D60 

blends have lesser BSFC values than conventional diesel 

fuel, whereas D100 is higher than B60D40 and B80D20. 

As biodiesel concentration increases, BSFC recorder 

values increase, except for the B80D20 blend, which has 

unstable values because of the lesser heating fuel of 

biodiesel fuel and its greater viscosity, low spray 

generation occurs, resulting in poor combustion quality.  

Moreover, when HHO gas is added to 40% biodiesel 

and diesel blend with flow rates of 5, 10, and 15 LPM, 

there is a remarkable lower BSFC record than both 

conventional diesel fuel and various biodiesel/diesel 

blends.HHO improves full combustion due to its elevated 

flame speed and high octane rating. Further, the use of 

HHO gas improves combustion efficiency, especially at 

high speeds when bio-fuel blends are difficult to totally 

burn due to greater residual gas and a lack of mixing in 

lean cases. Figures [11] and [12] illustrate the findings 

with a simple graph that represents the noticeable 

decreases in brake specific fuel consumption for all test 

conditions. 

 

 

Figure 11: BSFC values vs Engine brake power. 

 

Figure 12: BSFC values vs Engine brake power. 
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3. Exhaust gas temperature [EGT] 

It is a temperature measurement recorded at the engine's 

back end[34]. The relationship between EGT and engine 

brake power is directly proportional, so EGT increases as 

engine brake power increases because of increased 

consumption of fuel, which raises energy release as a 

result of a greater rate of combustion.  

The highest EGT is at 3.4866 KW with 311 °C of D100, 

but the lowest EGT is at zero Kw with 106 °C of B40D60 

+ HHO [15 LPM]; therefore, the various biodiesel blends 

have lesser EGT values than conventional diesel fuel. As 

biodiesel concentration increases, EGT recorder values 

decrease due to the fact that biodiesel has a smaller 

heating value and a greater viscosity value. 

Moreover, when HHO gas is added to 40% biodiesel 

and diesel blend with flow rates of 5, 10, and 15 LPM, 

there is a remarkable lower EGT record than both 

conventional diesel fuel and various biodiesel/diesel 

blends.  

Figures [13] and [14] illustrate the findings with a 

simple graph that represents the noticeable increases in 

exhaust gas temperature for all test conditions. 

 

Figure 13: EGT values vs Engine brake power. 

 

Figure 14: EGT values vs Engine brake power. 

B. Engine exhaust emissions analysis 

In the second section illustrates the levels of exhaust 

emission [as: HC, CO, CO2, O2, NOx, and SOOT] that get 

out from experimental for eight blends in PCCI engine.  

1. Hydrocarbon [HC] 

Hydrocarbon emissions are created as the outcome of 

incomplete combustion of the fuel confined in the slit 

volumes, a mixture that is either extremely lean or 

excessively rich, and wetting of the liquid wall. 

Additionally, the two most common contributing factors to 

HC emissions are the incomplete evaporation of fuel and a 

small distance to extinguish the flame[75]. The 

relationship between HC and engine brake power is 

directly proportional, so HC increases as engine brake 

power increases because of the full combustion, which 

enhances both combustion temperature and efficiency.  

At 3.4866 KW, there is the highest HC with 36 PPM of 

D100, but the lowest HC is at zero Kw with 8 PPM of 

B40D60 + HHO [15 LPM]; therefore, the various 

biodiesel blends have lesser HC values than conventional 

diesel fuel. As biodiesel concentration increases, CO 

recorder values decrease due to full combustion that 

occurs from the oxygen content of biodiesel blends.  

Moreover, when HHO gas is added to 40% biodiesel 

and diesel blend with flow rates of 5, 10, and 15 LPM, 

there is a remarkable lower CO record than both 

conventional diesel fuel and various biodiesel/diesel 

blends due to more diffusivity and minimal igniting 

energy. The hydrocarbon oxidation occurred as a result of 

the existence of hydrogen and oxygen atoms in the 

experimental fuel when hydrogen was added to the 

system.  Figures [15] and [16] illustrate the findings with a 
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simple graph that represents the noticeable increases in 

hydrocarbon emissions for all test conditions.  

 

Figure 15: HC values vs Engine brake power. 

 

Figure 16: HC values vs Engine brake power. 

2. Carbon dioxide [CO2] 

Once all of the carbon that exists in the fuel is fully 

burned, carbon dioxide emissions are produced.The 

conversion of oxygen molecules results in a decrease in 

CO2 production when CO levels rise. The carbon 

balancing phenomenon is used to improve the generation 

of CO and CO2 in exhaust gases[75]. The relationship 

between CO2 and engine brake power is directly 

proportional, so CO2 increases as engine brake power 

increases owing to the elevated rate of full combustion. 

At 3.4866 KW, there is the highest CO2 with 5.77% of 

D100, but the lowest CO2is at zero Kw with 1.02% of 

B40D60 + HHO [15 LPM]; therefore, the various 

biodiesel blends have lesser CO2 values than conventional 

diesel fuel. As biodiesel concentration increases, CO2 

recorder values decrease because biodiesel has a greater 

H/C ratio and blends of biodiesel do not combust 

completely.  

Moreover, when HHO gas is added to 40% biodiesel 

and diesel blend with flow rates of 5, 10, and 15 LPM, 

there is a remarkable lower CO2 record than both 

conventional diesel fuel and various biodiesel/diesel 

blends due to the fact that HHO does not contain any 

carbon and the presence of oxygen and hydrogen in HHO 

boosts combustion. 

Figures [17] and [18] illustrate the findings with a 

simple graph that represents the noticeable increases in 

carbon dioxide emissions for all test conditions.  

 

Figure 17: CO2 values vs Engine brake power. 
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Figure 18: CO2values vs Engine brake power. 

3. Carbon monoxide [CO] 

CO is produced in the cylinders at uncomplete 

combustion and an overabundance of fuel; likewise, the 

creation of CO results from a rich fuel combination and 

not enough quantity of oxygen in the fuel. The CO level is 

determined by uncompleted combustion, which results in a 

partial oxidation of carbon owing to poor combustion 

temperature and an absence of oxygen[75]. The 

relationship between CO and engine brake power is 

directly proportional, so CO increases as engine brake 

power increases because the temperature of combustion 

rises and combustion time becomes smaller. 

 

At 3.4866 KW, there is the highest CO with 0.53% of 

D100, but the lowest CO is at zero Kw with 0.03% of 

B40D60 + HHO [15 LPM]; therefore, the various 

biodiesel blends have lesser CO values than conventional 

diesel fuel. As biodiesel concentration increases, CO 

recorder values decrease due to full combustion that 

occurs from the oxygen content of biodiesel blends.  

 

Moreover, when HHO gas is added to 40% biodiesel 

and diesel blend with flow rates of 5, 10, and 15 LPM, 

there is a remarkable lower CO record than both 

conventional diesel fuel and various biodiesel/diesel 

blends because of the high air/fuel mix.  

 

Figures [19] and [20] illustrate the findings with a 

simple graph that represents the noticeable increases in 

carbon monoxide emissions for all test conditions. 

 

Figure 19: CO values vs Engine brake power. 

 

Figure 20: CO values vs Engine brake power. 
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4. Oxygen rate [O2] 

Oxygen rate is the quantity of oxygen that remains when 

there is no combustion. Additionally, while there is an 

overabundance of air in the mixture, free O2 is formed in 

the exhaust[75]. The relationship between O2 and engine 

brake power is inversely proportional, so O2 decreases as 

engine brake power increases owing to more fuel being 

supplied and more oxygen being needed for combustion to 

be performed.  At zero KW, there is the highest O2 with 

18.8% of D100, but the lowest O2is at 3.4866 Kw with 

11.13% of B40D60 + HHO [15 LPM]; therefore, the 

various biodiesel blends have lesser O2 values than 

conventional diesel fuel. As biodiesel concentration 

increases, O2 recorder values decrease because of 

incomplete fuel combustion, exhaust system, and 

infiltration in the manifold. 

 

Moreover, when HHO gas is added to 40% biodiesel 

and diesel blend with flow rates of 5, 10, and 15 LPM, 

there is a remarkable lower O2 record than both 

conventional diesel fuel and various biodiesel/diesel 

blends. Figures [21] and [22] illustrate the findings with a 

simple graph that represents the noticeable decreases in 

oxygen rate emissions for all test conditions. 

 

Figure 21: O2 values vs Engine brake power. 

 

Figure 22: O2 values vs Engine brake power. 

5. Nitrogen oxide [NOx] 

Both nitric oxide [NO] and nitrogen dioxide [NO2] are 

the two major components of nitrogen oxide [NOx], which 

are hazardous for humans, the ecosystem [as acid rain, 

smog, and ground-level ozone generation], and limiting 

engine development. The higher amount of oxygen 

available, the rising temperature of the combustion 

chamber, and the longer the combustion residence 

duration are the factors that affect NOx levels. So, the 

better the combustion quality and the higher the 

temperature, that cause more NOx to be generated[75]. 

The relationship between NOx and engine brake power is 

directly proportional, so NOx increases as engine brake 

power increases due to raising the temperature of the 

combustion chamber. 

At 3.4866 KW, there is the highest NOx with 725 PPM 

of D100, but the lowest NOx is at zero Kw with 97 PPM 

of B40D60 + HHO [15 LPM]; therefore, the various 

biodiesel blends have lesser NOx values than conventional 

diesel fuel. As biodiesel concentration increases, NOx 

recorder values decrease because biodiesel blends include 

more oxygen concentration, they have a leaner air-fuel 

combination, which accelerates the interaction between 

oxygen and nitrogen, resulting in NOx emissions.  

Moreover, when HHO gas is added to 40% biodiesel 

and diesel blend with flow rates of 5, 10, and 15 LPM, 

there is a remarkable lower NOx record than both 

conventional diesel fuel and various biodiesel/diesel 

blends because of the oxygen content of the fuel.  

Figures [23] and [24] illustrate the findings with a 

simple graph that represents the noticeable increases in 

nitrogen oxide emissions for all test conditions. 
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Figure 23: NOx values vs Engine brake power. 

 

Figure 24: NOx values vs Engine brake power. 

6. Smoke intensity [Soot] 

Smoke intensity means a pollutant generated by 

combustion in a flare and occurring immediately 

downstream of the flame[34]. The relationship between 

soot and engine brake power is directly proportional, so 

soot increases as engine brake power increases owing to 

incomplete combustion, this happens at high loads because 

there is an injection of high fuel, resulting in increased 

smoke levels. At 3.4866 KW, there is the highest soot with 

86.9% of D100, but the lowest soot is at zero Kw with 2% 

of B40D60 + HHO [15 LPM]; therefore, the various 

biodiesel blends have lesser soot values than conventional 

diesel fuel. As biodiesel concentration increases, soot 

recorder values decrease because biodiesel has a greater 

viscosity and more cetane number, which reduces the 

possibility of fuel-rich zones forming. Also, biodiesel-

based fuels have more oxygen and less carbon than diesel 

fuel.  Moreover, when HHO gas is added to 40% biodiesel 

and diesel blend with flow rates of 5, 10, and 15 LPM, 

there is a remarkable lower soot record than both 

conventional diesel fuel and various biodiesel/diesel 

blends because the addition of the hydroxyl raises the 

oxygen content, hence improving full combustion.  

Figures [25] and [26] illustrate the findings with a 

simple graph that represents the noticeable increases in 

smoke intensity [soot] emissions for all test conditions. 

 

Figure 25: Soot values vs Engine brake power. 
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Figure 26: Soot values vs Engine brake power. 

C. Weighted Average 

The weighted average findings will be discussed below, 

as well as the outcomes that will be compared between 

conventional diesel fuel, various biodiesel and diesel 

blends, and oxyhydrogen gas with a B40D60 blend, to 

obtain an ideal mixing ratio with which we may later work 

and incorporate into future studies. The weighted average 

results will be estimated via the following equation: 

W =  
∑  [ωi ∗ Xi] n

i=1

∑ ωi
n
i=1

 

where W refers to weight average, n refers to the number 

of terms to be averaged,  ωi refers to weights applied to x 

values, and Xi refers to data values to be averaged.  

1. Weighted average of performance characteristics 

1.1 Weighted average of BTE 

As shown in the figure [27], the most weighted average 

value of BTE at B40D60 + HHO [15 LPM] is 21.8%, 

whereas the least value is found with 20.7% of B80D20 as 

compared to other used mixtures, so the 40% biodiesel and 

diesel blend plus oxyhydrogen gas with a flow rate of 15 

LPM is the best weighted average record to use. As 

various biodiesel and diesel blends rise, the weighted 

averages of BTE drop. In contrast, if HHO gas flow rates 

increase and are then added to the B40D60 blend, it results 

in a considerable increment in BTE values. While the BTE 

records the value of conventional diesel fuel by 21.72%, 

which is lower than B20D80 and B40D60 + HHO [15 

LPM] but higher than all remaining other test blends. 

1.2 Weighted average of BSFC 

As shown in the figure [28], the most weighted average 

value of BSFC at B60D40 is 444.1536677 g/kw.h, 

whereas the least value is found with 417.7914504 g/kw.h 

of B40D60 + HHO [15 LPM] as compared to other used 

mixtures, so the 40% biodiesel and diesel blend plus 

oxyhydrogen gas with a flow rate of 15 LPM is the best 

weighted average record to use. As various biodiesel and 

diesel blends rise, the weighted averages of BSFC 

increase, except for the blend B80D20, which is less by 

442.7057058 g/kw.h than B60D40. In contrast, if HHO 

gas flow rates increase and are then added to the B40D60 

blend, it results in a considerable reduction in BSFC 

values. While the BSFC records the value of conventional 

diesel fuel at 424.4661904 g/kw.h, which is higher than 

B20D80, B40D60, and B40D60 + HHO [15 LPM] but 

lower than all remaining other test blends. 

1.3 Weighted average of EGT 

As shown in the figure [29], the most weighted average 

value of EGT at D100 is 264.9 °C, whereas the least value 

is found with 167.8 °C of B40D60 + HHO [15 LPM] as 

compared to other used mixtures, so conventional diesel 

fuel is the best weighted average record to use. 

Furthermore, B20D80 outcomes are better than all 

oxyhydrogen results using three flow rates [5, 10, and 15 

LPM] when added to a 40% biodiesel and diesel blend at 

253 °C. As various biodiesel and diesel blends rise, the 

weighted averages of EGT drop. On the other hand, if 

HHO gas flow rates increase and are then added to the 

B40D60 blend, it results in a considerable reduction in 

EGT values. 

2. Weighted average of exhaust emissions characteristics 

2.1 Weighted average of HC 

As shown in the figure [30], the most weighted average 

value of HC at D100 is 29.62 PPM, whereas the least 

value is found with 17.01 PPM of B40D60 + HHO [15 

LPM] as compared to other used mixtures, so the 40% 

biodiesel and diesel blend plus oxyhydrogen gas with a 

flow rate of 15 LPM is the best weighted average record to 

use. As various biodiesel and diesel blends rise, the 

weighted averages of HC drop. On the other hand, if HHO 

gas flow rates increase and are then added to the B40D60 

blend, it results in a considerable reduction in HC values. 

2.2 Weighted average of CO2 

As shown in the figure [31], the most weighted average 

value of CO2 at D100 is 4.7204%, whereas the least value 

is found with 2.5097% of B40D60 + HHO [15 LPM] as 

compared to other used mixtures, so the 40% biodiesel and 

diesel blend plus oxyhydrogen gas with a flow rate of 15 

LPM is the best weighted average record to use. As 

various biodiesel and diesel blends rise, the weighted 

averages of CO2 drop. On the other hand, if HHO gas flow 
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rates increase and are then added to the B40D60 blend, it 

results in a considerable reduction in CO2 values. 

2.3 Weighted average of CO 

As shown in the figure [32], the most weighted average 

value of CO at D100 is 0.384%, whereas the least value is 

found with 0.152% of B40D60 + HHO [15 LPM] as 

compared to other used mixtures, so the 40% biodiesel and 

diesel blend plus oxyhydrogen gas with a flow rate of 15 

LPM is the best weighted average record to use. As 

various biodiesel and diesel blends rise, the weighted 

averages of CO drop. On the other hand, if HHO gas flow 

rates increase and are then added to the B40D60 blend, it 

results in a considerable reduction in CO values. 

2.4 Weighted average of O2 

As shown in the figure [33], the most weighted average 

value of O2 at D100 is 16.17%, whereas the least value is 

found with 12.07% of B40D60 + HHO [15 LPM] as 

compared to other used mixtures, so the 40% biodiesel and 

diesel blend plus oxyhydrogen gas with a flow rate of 15 

LPM is the best weighted average record to use. As 

various biodiesel and diesel blends rise, the weighted 

averages of O2 drop. On the other hand, if HHO gas flow 

rates increase and are then added to the B40D60 blend, it 

results in a considerable reduction in O2 values. 

2.5 Weighted average of NOx 

As shown in the figure [34], the most weighted average 

value of NOx at D100 is 549.5 PPM, whereas the least 

value is found with 371.5 PPM of B40D60 + HHO [15 

LPM] as compared to other used mixtures, so the 40% 

biodiesel and diesel blend plus oxyhydrogen gas with a 

flow rate of 15 LPM is the best weighted average record to 

use. As various biodiesel and diesel blends rise, the 

weighted averages of NOx drop. On the other hand, if 

HHO gas flow rates increase and are then added to the 

B40D60 blend, it results in a considerable reduction in 

NOx values. 

2.6 Weighted average of soot 

As shown in the figure [35], the most weighted average 

value of soot at D100 is 53.4885%, whereas the least value 

is found with 26.7266% of B40D60 + HHO [15 LPM] as 

compared to other used mixtures, so the 40% biodiesel and 

diesel blend plus oxyhydrogen gas with a flow rate of 15 

LPM is the best weighted average record to use. As 

various biodiesel and diesel blends rise, the weighted 

averages of soot drop. On the other hand, if HHO gas flow 

rates increase and are then added to the B40D60 blend, it 

results in a considerable reduction in soot values.

 

 

Figure 27: BTE weighted average values. 
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Figure 28: BSFC weighted average values. 

 

Figure 29: EGT weighted average values. 
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Figure 30: HC weighted average values.  

 

Figure 31: CO2 weighted average values.  
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Figure 32: CO weighted average values.  

 

Figure 33: O2 weighted average values.  
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Figure 34: NOx weighted average values.  

 

Figure 35: Soot weighted average values.  
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IV. CONCLUSION  

This paper explains the impacts of the addition of 

different oxyhydrogen gas flow rates [5, 10, and 15%] 

with a 40% sunflower and soybean oil biodiesel and 

diesel blend on PCCI engine characteristics and 

compares the blends used by others. The conclusion 

from this investigation of this paper is that the 

experiment results observed that the parameters BTE, 

EGT, HC, CO2, CO, NOx, and soot rose, whereas there 

was a remarkable reduction in BSFC and O2 for all test 

conditions.  

• At 3.4866 KW of engine brake power, the 40% 

biodiesel/diesel blend has better performance 

characteristics than the addition of oxyhydrogen gas 

with 15 LPM of flow rate to the 40% biodiesel/diesel 

blend, which increases both BTE by 26.6% and EGT 

by 281%, but BSFC by 422.9145357 g/kw.h. 

• The best outcome for exhaust emissions occurs 

when 15 LPM of flow rate of oxyhydrogen is added to 

40% biodiesel and diesel blend by 23 PPM of HC, 

3.42% of CO2, 0.25% of CO, 11.13% of O2, 539 PPM 

of NOx, and 55% of soot, at 3.4866 KW as compared 

to other mixtures used. 

• The best weighted average outcome for BTE, 

BSFC, HC, CO2, CO, O2, NOx, and soot parameters is 

at B40D60 + HHO [15 LPM], whereas the worst value 

of them is at D100, so the 40% biodiesel and diesel 

blend plus oxyhydrogen gas with a flow rate of 15 

LPM will be a more ideal weighted average to use. On 

the contrary, the best of the weighted average EGT 

values is at both D100 and B20D80, but the worst at 

B40D60 + HHO [15 LPM]. 

• The maximum weighted average BTE result at 

B40D60 + HHO [15 LPM] is 21.8%, while the 

minimum recorded at B80D20 is 20.7% when 

compared to other mixtures used. 

• The maximum weighted average BSFC result at 

B60D40 is 444.1536677 g/kw.h, while the minimum 

recorded at of B40D60 + HHO [15 LPM] is 

417.7914504 g/kw.h when compared to other mixtures 

used. 

• The maximum weighted average EGT result at 

D100 is 264.9 °C, while the minimum recorded at of 

B40D60 + HHO [15 LPM] is 167.8 °C when compared 

to other mixtures used. However, the B20D80 

weighted average is greater than the other test 

biodiesel/diesel blends, and it is also greater than the 

addition of 40% biodiesel/diesel blend to three flow 

rates [5, 10, and 15 LPM] of HHO gas, which results in 

the best temperature of the exhaust gas temperature 

parameter being 20% biodiesel/diesel blend. 

• The maximum weighted average HC result at 

D100 is 29.62 PPM, while the minimum recorded at 

B40D60 + HHO [15 LPM] is 17.01 PPM when 

compared to other mixtures used. 

• The maximum weighted average CO2 result at 

D100 is 4.7204%, while the minimum recorded at 

B40D60 + HHO [15 LPM] is 2.5097 % when 

compared to other mixtures used. 

• The maximum weighted average CO result at 

D100 is 0.384%, while the minimum recorded at 

B40D60 + HHO [15 LPM] is 0.152 % when compared 

to other mixtures used. 

• The maximum weighted average O2 result at 

D100 is 16.17%, while the minimum recorded at 

B40D60 + HHO [15 LPM] is 12.07 % when compared 

to other mixtures used. 

• The maximum weighted average NOx result at 

D100 is 549.5 PPM while the minimum recorded at 

B40D60 + HHO [15 LPM] is 371.5 PPM when 

compared to other mixtures used. 

• The maximum weighted average soot result at 

D100 is 53.4885%, while the minimum recorded at 

B40D60 + HHO [15 LPM] is 26.7266% when 

compared to other mixtures used. 

• The previous authors offered many approaches 

for PCCI engines to improve the value of engine 

attributes such as performance and exhaust emissions. 

Future papers will employ technological approaches. 
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