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a b s t r a c t

The ever-increasing need for energy, along with diminishing petroleum supplies, has prompted the quest
for renewable and sustainable alternative fuels. The goal of this research is to investigate theoretically the
impact of using HHO gas on single-cylinder diesel engine characteristics using the simulation software
diesel-RK model. Diesel fuel blended with 10% HHO gas is used and tested under different engine speeds.
When 10% HHO gas was put into the engine, the thermal efficiency climbed to 31.5 percent and conse-
quently, fuel consumption is reduced by up to 20 percent. The maximum reduction in BSN is 25% which is
witnessed at 3500 rpm. The findings are corroborated by the findings of other studies. Among the most
important outcomes that were obtained the peak combustion pressure was raised by 10% as compared to
diesel fuel without HHO and the brake power enhances from (9% to 16%) when the engine speed is
increased from (1500 to 3500) rpm.

� 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

1.1. Motivation

Growing energy demand, hazardous pollutants, and oil short-
ages all led to the hunt for a cost-effective alternative fuel. Petro-
leum fuels play a pivotal role in this kind of advance in order to
expand main industries such as agriculture, transportation, and
industry, as well as to fulfill other significant human requirements
[1]. Advancement of diesel injection time is a viable strategy to
reduce unburned methane and green house gas emission of natural
gas or diesel dual-fuel engines at reduced engine loads, according
to prior study. Under circumstances of medium to high load-low
speed, this improvement could not last though. Every year, around
11,000 million tons of fossil fuels are utilized worldwide. Such
usage would quickly deplete the resources. As demand for energy
rises, so does the environmental effect of its expansion. As diesel
fuel, vegetable oils (castor oil, cottonseed oil, Jatropha, etc.) offer
low sulfur, high flash, and lubricity. Their main drawbacks are their
extremely high viscid and decreased cetane level, calorific value,
and volatility [2]. Despite cotton ethyl ester having a lower calorie
content, low sulfur level, and higher moisture absorption than
crude petroleum, it has worse thermal performance, output power,
and higher volumetric efficiency. Because of the oxygen levels and
cetane number of biodiesel, CO emissions decreased while NOx
emissions increased when compared to fossil diesel. Increasing
environmental pollution and depletion of fossil fuels have necessi-
tated a strong interest in the research of alternative fuel sources.
Air pollution is not only considered a nuisance, but also a threat
to public health. In general, air pollution has a detrimental impact
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Nomenclature

A0;A1;A2;A3 constants
BSN Bosch smoke number
BSFC brake specific fuel consuming
½C� cylinder concentricity soot
oC degrees centigrade
oCA crank angle degrees
CN cetane number of fuel
DF diesel fuel
l spraying length
lm penetrable distance
mf fuel mass
NOx nitrogen oxides
p cylinder pressure (Pa)

ps fuel saturating vapor pressure
PM particulate material
rpm revolutions/minute
rps revolutions/second
T temperature in the cylinder
t time
TDC top dead center
V instantaneous fuel velocity
V0 spray Initial velocity
Vm velocity of the spray’s front
Vc cylindrical volume
x heat release proportion
x0 fuel fractional vapor formed in delay period
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on people’s health, drives up living expenses, damages the environ-
ment, and hurts the economy. Additionally, traditional fuels made
of petroleum have a finite amount of resources. Another issue is
the daily rise in gasoline prices brought on by the dearth of petro-
leum supplies. As a result, researchers and engine manufacturers
are under pressure to come up with a fresh plan for increasing fuel
economy and reducing emissions from internal combustion
engines.

1.2. Literature review

Survey [3] demonstrated the engine efficiency and fuel proper-
ties while utilizing biofuels and alcohol as renewable fuels. The
impacts of alternative fuels on emission characteristics including
NOx, CO, and HC are also described. A single cylinder diesel engine
is being tested with Gas-to-Liquid (GTL) and an ethanol-RME-
Diesel combination as alternative fuels [4]. Combustion engines
that run on acetylene have had their efficiency, emissions, and
combustors investigations thoroughly reviewed. It has been deter-
mined that these engines can run on acetylene without undergoing
significant changes in [5]. Therefore, an increase in interest in low-
carbon alternative fuels is adopted. Energy-efficient, available, high
octane number, powerful flame speed, greater heating value than
fossil fuels, and low-polluting are among the factors that made
hydrogen (H2) the best candidate for fossil fuels [6,7]. However,
the difficulty of liquefaction and the prevention of leaks made
the storage of pure hydrogen extremely difficult and dangerous
which increased the cost of hydrogen to be used as fuel in IC engi-
nes [8]. Therefore, the most commonly applicable way to bring
hydrogen and IC engines together is the electrolysis of pure water
through an HHO system [9]. The HHO, also known as Brown’s gas,
is a gaseous fuel produced from the electrolysis of pure water and
consists of a combination of hydrogen (66.7%) and oxygen (33.3%)
gases. HHO is completely safe, eco-friendly, has high fire spread
rates, and has high specific energy per unit weight, Because of its
oxygen component, it has superior combustion properties to pure
hydrogen, and has much more flammability compared to diesel
[10,11]. The higher calorific value of hydrogen content in HHO
gas led to the introduction of HHO to improve the engine output
brake power from 5.07 to 11.5% [12,13]. Moreover, the impacts
of hydrogen and oxygen content on complete combustion improve
thermal efficiency and decrease specific fuel consumption by 6 to
12% [14].

The understanding of HHO addition effect on IC engine was the
attention of many researchers and a significant amount of work
has been devoted to this field Yilmaz et al. [15] informed that
the usage of HHO improved the torque of CI engine by an average
2

of 19.1%; on the other hand, the specific fuel consumption, carbon
monoxide, and hydrocarbon emissions were reduced by an average
of 14%, 13.5%, and 5% respectively. Engineers working in the area of
power system have focused in particular to the energy manage-
ment system for homes (HEMS), which is dependent on cutting-
edge intelligent devices and controls the adequacy between con-
sumption and power supply [16,17]. Arat et al. [18] examined
the impact of using Hydroxy - CNG (25% HHO-75% CNG) fuel mix-
tures on the performance of 3.6 L, 4- cylinders, 4-stroke diesel
engine and obtained improvements of 4.75% in brake torque and
6.85% in brake power, whereas the brake specific fuel consumption
(BSFC) decreased by about 27.2% compared to the neat diesel oper-
ation. EL-Kassaby et al. [19] showed that the thermal efficiency of a
1.3 GLXi Skoda Felicia gasoline engine improved by about 10%,
whereas the fuel consumption, HC, CO, and NOx emissions
decreased by (34, 18, 14, and 15) % respectively with the induced
of HHO in the intake manifold. Gohar and Hassan [20] compared
the performance characteristics of a 232 cm3 CI engine with and
without hydroxy (HHO) gas addition. They found an increment of
about 22% in brake power, 47% in thermal efficiency, and 24%, in
mechanical efficiency, and also they found there is a decrement
of 35% in BSFC. Matienzo [21] performed experimentation on a
930 CC diesel engine and reported that with the addition of HHO
With an average of 3.81 percent and 2.79 percent improvement
in BSFC and thermal efficiency, also the engine vibrations level
was reduced HHO. Rimkus et al. [22] noticed that the addition of
HHO has an adverse effect on the performance of the 1896CC �4
cylinders CI engine where the brake torque decreased by 2.6%
and specific fuel consumption increased by 2%. This can be attrib-
uted to the pre-ignition of the fuel mixture at the end of compres-
sion due to the presence of small fractions of monoatomic
hydrogen and oxygen which ignite spontaneously before the
autoignition temperature of the fuel mixture was achieved. Nabil
[23] performed experiments on two engines; 150CC and 1300CC
and found a reduction in fuel consumption by about 14.8 % and
16.3 % for the two engines through the addition of HHO. Also, a
reduction in CO of about 33 % and 24.5 %, as well as a reduction
in HC emission gases of about 27.4 % and 21 % were found for
the two engines respectively. Kazim et al. [24] scrutinized the
influences of the addition of HHO on a 315CC- CI engine perfor-
mance and recorded a maximum enhancement in engine perfor-
mance where torque and power both increased by 22.4 percent.
Moreover a 19.4% increase in efficiency with 10 ft3/hr flow rates
of HHO. Najafi et al. [25] indicated that the introduced HHO at a
flow rate of 5CC/s as a low-level gaseous additive via the inlet mul-
tifarious of a single-cylinder, constant speed, the dual-fueled diesel
engine can enhance break power by about 2.5% compared with



Fig. 1. Generating system of the HHO gas [19].
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Diesel fuel. Moreover, the brake-specific fuel consuming, CO2, and
CO emissions decreased by around 11%, 7 %, and 6 % associated
with diesel, correspondingly. Dahake et al. [26] compared the per-
formance of the VCR engine with a constant flow of hydroxyl
(HHO) gas in the intake manifold and with the baseline diesel fuel.
They indicated a maximum performance improvement at 18 CR,
where the BTE increased by 9.25 percent, BSFC diminished by
15%, HC emissions reduced, and CO emissions reduced by 23% at
full load conditions respectively.

1.3. Novelty

Extensive experimental research works have been carried out to
find alternate fuels for internal combustion (IC) engines, with a dis-
tinct absence of numerical investigation. In this work, a computa-
tional reproduction by the diesel-RK program was used to estimate
the effect of inducing 10% HHO to diesel on the performance, emis-
sions, and combustion characteristics of diesel engines running at
diverse speeds. The purpose of this study is to use the simulation
program diesel-RK model to theoretically analyze the effects of
employing HHO gas on single-cylinder diesel engine
characteristics.

2. Theoretical analysis

2.1. Fundamental HHO technology

The HHO technology is defined as a system that is connected to
a sparking ignition or compression ignition engine and delivers a
stoichiometric hydroxide mixture known as HHO gas to the intake
system [19,27]. Electrolysis is the furthermost public process uti-
lized to split H2 from H2O under applied power, using a unique cell
design consisting of an anode and cathode inside aqueous conduc-
tive media. The basics of water splitting are explained by the fol-
lowing equations.

2H2Oþ 2e� ! H2 þ 2OH ðCathodeÞ ð1Þ

2OH ! H2Oþ 1
2
O2 þ 2e� ðAnodeÞ ð2Þ

H2Oþ 286kJ ! H2 þ 1
2
O2 ðTotalÞ ð3Þ

Fig. 1 shows the HHO generator diagram. It comprises a water
supply tank (1) that provides a steady water flow to the HHO cell
(2) to prevent the cell from overheating and to supply hydrogen
generation continuously. A separator tank (3) is used to separate
water droplets from HHO, eliminate the introduction of elec-
trolytes and water into the induction system of the IC engine,
and return them to the bottom of the HHO cell. The engine intake
manifold is fed with hydrogen and oxygen gases. Safety valve on
separator tank used to control the pressure inside HHO generator.
Bubbler (4) is also used after the separation tank as a flame
arrestor. To calculate the HHO gas generation rate, the gas goes
into the open pool of water, causing the water to drop down from
the inverted graded cylinder after leaving the separation tank. The
amount of water over time was utilized to calculate the HHO flow-
ing rate. HHO flow rate was calculated as the accumulated cylinder
gas volume per time. The cell productivity is computed from the
equation below (4):

HHOproductivity ! Volume
time

ð4Þ

The electrolysis cell in the HHO generator constructed from the
electrode stack consists of two types of electrodes, anode, and
cathode. The anode and cathode are placed sequentially with a
3

gap of 3 mm between them. HHO gas production primarily
depends on the gap between these electrodes, directly propor-
tional to the surface area of the anode and cathode electrodes,
the type and concentration of the aqueous solution, and the volt-
age difference between the anode and cathode electrodes applied.
When an electrical potential is applied between the electrolyzer’s
electrodes, HHO gas is directly transported. There are two kinds
of HHO cells: dry and wet. In this work, HHO-dried cell is
considered.

In contrast to a wet cell, a dry structure produces no free liquid
and may function in any direction without leaking, which makes it
suitable for lifting devices. As opposed to the early wet cells, which
were often delicate glass jars with lead rods dangling from the
open top, they required to be handled carefully to prevent spills.
There are many advantages of the dried cell compared to the wet-
ted cell for HHO production. Wet cells are less dependable and sui-
ted than dry cells. The electric connection in the wet cell corroded
severely due to direct exposure to the electrolyte that needs main-
tenance, increase cost, and reduced production. The dry cell’s
safety characteristics are more hopeful than the wet cells., since
starting the cell works by sparking the connections under the elec-
trolyte exposure.
2.2. HHO cell (Dry)

The electrodes were steel (stainless) tumbler plates. The elec-
trodes are 16 � 20 � 0.2 cm thick, and they are arranged as indi-
cated in Fig. 2, where ðþ;�;NÞ denote positive, negative, and
neutral electrodes respectively. The current goes from the negative
battery connection to the positive terminal via the neutral plates.
For HHO production, neutrals decrease the plate’s voltage and
enhance the surface area. Rubber gaskets were used to keep the
space between neighboring tumblers to 1 mm. In addition, acrylic
cover plates measuring 20� 24 � 1 cm in thickness were produced
to provide a visual indicator of electrolyte level. The engine’s bat-



Fig. 2. (a) Schematic diagram of HHO cell, (b) Arrangement of 2-neutral plates, and (c) Real dry cell [19].

Table 1
Engine dimensions [28].

Engine Brand Kirloskar TAF-1

Type of engine 4-Stroke, Diesel Engine
Bore 80 mm
stroke 110 mm
The cylinder capacity 0.553 L
The compression ratio 15.5
Rated power 3.7 kW, 1500 rpm
Orifice diameter 0.15 mm
Injection pressure 220 bar
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tery supplies electrical energy to the HHO cell, which is then
recharged by the alternator. The calculation is done based on the
following equations mentioned in [19]:

mH2 ¼ Vh

Vkmol
Mw: ð5Þ

Where Vh is the volume of collected hydrogen = 0.11 cylinder’s
volume; V=kmole: occupied volume per 1 kmol ¼ 0:224 � 102m3;
Mw signifies hydrogen’s molecular weight

Gained energy ¼ mH2 � LCVH2 ð6Þ

Table 2
Physiochemical properties of fuels under investigation.
Energy consumption ¼ V :A:T ð7Þ
Property Diesel HHO 10%HHO

C% 87 0 78.30
H% 12.6 100 21.34
O% 0.004 0 0.0036
gHHO ¼ Gained energy
Energy consumption

ð8Þ

Density (kg=m3) 830 83.764 755.37
Viscosity (cst) 3.0 0.009 2.701
Calorific value (MJ=kg) 42.5 120,000 50.25
Flash point (oC) 76 – 68.4
Cetane number 48 53.3 48.53
Molecular weight 190 2 171.2
3. Numerical analysis

The numerical simulation is done with the aid of Diesel-RK soft-
ware and is used to examine the performance, emissions, and com-
bustion characteristics of a single-cylinder, 4-stroke, DI diesel
engine powered by 10% HHO + 90% Diesel [28,29]. The details of
the individual equations used in the simulation are taken from
[30–32].

The numerical analysis is performed on a single-cylinder diesel
engine. Table 1 displays the engine’s specifications. All the calcula-
tions were carried out under full load with constant compression
ratio and variable engine speed ranges from (1500–3500) rpm.
10% of HHO gas is inducted theoretically with air in the induction
system. The properties of diesel and HHO gas are listed in Table 2.

The properties of HHO gas are admitted to the software’s fuel
library along with the properties of diesel fuel.
4

3.1. Spraying paradigm

Equation (1) illustrates the velocity of an elementary fuel mass
(EFM) that is transported among the injector and targeted to the
spraying nozzle in a microsecond time unit, as shown below
U
U0

� �3
2

¼ 1� l=lm ð9Þ

The history of spray evolution is illustrated in Fig. 3.



Fig. 3. Spray development v=s time [28].
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3.2. Heat releasing paradigm

The burning procedure is separated into four stages, each with
its characteristics that restrict the burn-up rate. The stages are
listed underneath:

1. Inflammation lateness:

s ¼
ffiffiffi
T
P

r
� e Ea

8:312T� 70
CNþ25ð Þ � 3:8� 10�6 � n� 1� 1:6� 10�4

� �
ð10Þ

2. Blended burning stage: (The burning of a blend of air and fuel
vapor that is prepared early in the ignition delay).

dx
dt

¼ u1
dru

ds

� �
þu0 � rud � x0ð Þ 0:1rud þ xoð ÞA0

mf

Vi

� �� �
ð11Þ

3. Combustion diffusion (direct combustion of fuel after
injection):

dx
ds

¼ u2 ru � xð Þ U� xð Þ � A2
mf

Vc

� �� �
þu1

dru

ds

� �
ð12Þ

4. Combustion tail (injection completes and combustion stops)

dx
ds

¼ 1� xð Þ ebU� xð Þ �u3KTA3 ð13Þ

u discusses the completion of combustion in zones:

/ ¼ 1� ðA1=ebU� xÞdx
dt

rv þ
Xmw

i¼1
rwi � 300 � e

�16000
2500þrwi

� � !( )

ð14Þ
3.3. Performance calculations

a. Brake Thermal Efficiency ðBTEÞ
It can be calculated easily from the equation below.

BTE ¼ BP= _mf �LCV ð15Þ
5

b. Brake Specific Fuel Consumption (BSFC)

It is determined from the equation below.

BSFC ¼ _mf

BP

� �
� 3600 ð16Þ
3.4. Modeling of pollutant emissions

3.4.1. Nox formation modeling
The reaction of nitrogen oxides is:

N þ O2 $ NOþ O ð17Þ
The reaction’s rate is determined by the amount of oxygen pre-

sent. The volumetric of NO concentration is calculated as follows [33]

d NO½ �
dh

¼
2:33 � 107p� e�

38020
TZ N2½ �e O½ �e 1� NO½ �= NO½ �e

	 
2� �
RTZ 1þ 2365=TZð Þ � e

3365
TZ : NO½ �= O2½ �e

� � :
1
rps

� �

ð18Þ
3.4.2. Soot model
Comprehensive research on soot modelling is published in [29]

The soot concentricity in the exhauster associated with regular
constraints can be specified as

C½ � ¼
Z 480

hB

d C½ �
ds

dh
6n

0:1
P

� �c
ð19Þ

The Bosch smoke number (BSN) was acquired from Hartridge’s
equation presented underneath [34]:

Hartidge ¼ 100 1� 0:9545� e �24226 C½ �ð Þ� � ð20Þ
The relation between PM and BSN is shown below:

PM½ � ¼ 565 ln
10

10� Bosch

� �1:206
ð21Þ
4. Validation

The purpose of this section is to compare some of the numerical
study outcomes with those of other researchers’ work under simi-



Fig. 4. Validation of brake power over various range engine speeds.

Fig. 5. Validation of BSFC over various range engine speeds.
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lar operating situations. Fig. 4 explains the full load history of brake
power for baseline diesel at variable speeds. It can be seen that a
slight difference is detected compared to the results of Masjuki
et al. [35].

Fig. 5 shows the comparison of BSFC with engine speed between
the present study and the results of Talibi et al. [36]. The difference
between the two is around 5%, indicating that the current study’s
6

accuracy is acceptable. The detailed validation results per engine
speed listed in Table 3.

5. Simulation results

HHO gas served as a supplemental fuel in the diesel engine. A
summary of test conditions is arranged in Table 4. Several variables



Table 3
Comparison of validation results for diesel.

Brake power (kW) BSFC (g/kWh)

Engine Speed (rpm) Present work Masjuki et al. [35] Present work Talibi et al. [36]

1200 5.099 5.6 234 215
1400 5.710 6 245 220
1600 6.377 6.7 252 230
1800 7.057 7.25 257 235
2000 7.351 7.5 276 260

Table 4
Summary of Test conditions.

Engine Speed (pm) % HHO % Diesel Injection time Diesel BTDC deg. Compression ratio

1500 0 100 20 15.5
1500 10 90 20 15.5
2000 0 100 20 15.5
2000 10 90 20 15.5
2500 0 100 20 15.5
2500 10 90 20 15.5
3000 0 100 20 15.5
3000 10 90 20 15.5
3500 0 100 20 15.5
3500 10 90 20 15.5

Table 5
Summary of simulation results at different speeds for pure diesel fuel.

Engine Speed (rpm) Brake power (kW) BSFC (g/kWh) BTE (%) BSN NOx (ppm) Pmax (bar)

1500 4.90E + 00 2.51E-01 2.69E + 01 1.39E + 00 2.17E + 03 9.40E + 01
2000 6.29E + 00 2.58E-01 2.62E + 01 9.38E-01 2.59E + 03 1.02E + 02
2500 7.51E + 00 2.66E-01 2.54E + 01 7.38E-01 2.24E + 03 9.94E + 01
3000 8.23E + 00 2.83E-01 2.39E + 01 6.38E-01 1.87E + 03 9.56E + 01
3500 8.20E + 00 3.13E-01 2.16E + 01 7.03E-01 1.44E + 03 8.91E + 01

Table 6
Summary of simulation results at different speeds for 90% diesel + 10% HHO.

Engine Speed (rpm) Brake power (kW) BSFC (g/kWh) BTE (%) BSN NOx (ppm) Pmax (bar)

1500 5.36E + 00 2.00E-01 3.38E + 01 1.41E + 00 1.94E + 03 1.01E + 02
2000 6.94E + 00 2.04E-01 3.32E + 01 9.19E-01 2.27E + 03 1.10E + 02
2500 8.42E + 00 2.08E-01 3.26E + 01 7.03E-01 1.95E + 03 1.08E + 02
3000 9.34E + 00 2.18E-01 3.10E + 01 5.79E-01 1.64E + 03 1.04E + 02
3500 9.46E + 00 2.38E-01 2.84E + 01 5.25E-01 1.28E + 03 9.78E + 01
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include performance parameters like brake power, BSFC, thermal
efficiency, emission parameters such as Bosch smoke number
(BSN), Nitrogen Oxides (NOx), and also the combustion parameters
such as maximum cylinder pressure are shown graphically with
variable rotational speeds. All simulation results are outlines per
engine speed for diesel and 10% HHO in Table 5 and 6
consequently.

Fig. 6 presents the brake power of diesel engines concerning
engine speed. The power is increased from (9% to 16%) when
engine speed is increased from 1500 to 3500 rpm respectively by
using HHO at constant load. With higher rpm, the engine runs effi-
ciently in comparison to the speed when HHO gas is supplied. Peak
power is noticed at 3500 rpm.

As found in Fig. 7, the decrease in BSFC is due to a homogenous
(air-HHO) mixture with higher HHO’s diffusivity in addition to
HHO gas’s oxygen index that aids diesel and improves combustion.
By employing 10% HHO gas, 20% reduction in BSFC is realized.
Same findings are shown in the study of [37].
7

As seen in Fig. 8, brake thermal efficiency increases by 28% at
2550 rpm, while the incremental trend follows the same pattern
where 30% increase is obtained at 3000 rpm as compared to the
case without HHO.; furthermore, 31.5 percent rise was observed
when the engine was accelerated to 3500 rpm. This demonstrates
that when HHO gas is admitted to the engine, it works more effi-
ciently at a constant load. The result of HHO induction on the pro-
file of BSN is clearly seen in Fig. 9. The case of using HHO indicates
a promising reduction in BSN. While the engine is operating at
1500 rpm, a 1.5% reduction is reported. The maximum reduction
in BSN is 25% which is witnessed at 3500 rpm. Due to the high dif-
fusion coefficient and increased accessibility of the fuel to oxygen,
either a rise in the H/C rate of the total fuel or an increase in the
homogeneity of the ignitable mixture minimizes the generation
of soot emissions [38–40].

High NOx emissions are frequently accompanied by a high
flame temperature and a large amount of air. When HHO is intro-
duced into the intake manifold, the amount of diesel is reduced,



Fig. 6. Effect of engine speed on the brake power.

Fig. 7. Effect of engine speed on the BSFC.
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resulting in a lean mixture and, as a result, a lower flame temper-
ature. As a result, NOx decreased as seen in Fig. 10. The presence of
HHO lowers emission profiles by improving combustion properties
and fuel economy. The outcomes of this investigation show similar
trends to those used as references [41–43].
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The combustion characteristics are studied in terms of maxi-
mum pressure. It can be observed from Fig. 11 that HHO has been
added along with air leading to an improvement in the rate of heat
released during the power cycle which consequently increased the
peak pressure in the cylinder. The rapid flame speed of hydrogen



Fig. 9. Effect of engine speed on the BSN.

Fig. 8. Effect of engine speed on the BTE.
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which is nine times faster than diesel [44] accelerates both the rate
of pressure rise and the peak pressure values attained after com-
bustion [45]. With respect to diesel feeding engine with 10%
HHO at 2500 rpm, around a 9% increase in the pressure is detected,
while it was 10% at 3500 rpm.
9

6. Conclusions

The impact of using HHO gas on single-cylinder diesel engine
characteristics using the simulation software diesel-RK model
has been deliberated. Diesel fuel blended with 10% HHO gas is used
and tested under different engine speeds. One of the most impor-
tant results reached through this careful study:

1. HHO cell is simple to integrate with the engine’s system.
2. The brake power is enhanced from (9% to 16%) when the engine

speed is increased from (1500 to 3500) rpm, respectively.
3. When 10% HHO gas was supplied, the engine’s thermal effi-

ciency raised to 31.5 percent.
4. Consequently, fuel consumption is reduced up to 20% as a result

of admitting 10% HHO.
5. The emissions of BSN and NOx have been reduced when HHO is

introduced into the system.
6. Peak combustion pressure raised by 10% as compared to diesel

fuel without HHO.
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Fig. 11. Effect of engine speed on the maximum cylinder pressure.

Fig. 10. Effect of engine speed on the NOx.
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