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Abstract: Researchers have recently moved on in their studies to
find a solution to prevent or reduce this problem. There have been
directions taken by researchers to solve the problem, including,
replacing fossil fuels with environmentally friendly types or by
combining two or more types of fuel. This is by modifying fuel
injection systems as appears in the PCCI, RCCI, or HCCI systems,
or working to integrate the two trends by using new injection
systems and burning alternative fuels with fossil fuels. Therefore,
the trend has good results on the specific consumption of fuel,
raising thermal efficiency, and working to reduce
environmentally polluting emissions. This study employed
ammonia hydroxide and diesel as a green fuel, with volume ratios
of 7.5% to 92.5%, respectively. By adding a variable percentage of
compressed natural gas (CNG) (1.5 litres/min - 2.5liters/min)
using the PCCI system in a four-stroke single-cylinder diesel
engine the experimental studies will performed on the engine
thermal efficiency (BTE) and emissions polluting the
environment. The change in specific fuel consumption (BSFC)
will be discussed and the results will be compared with their
counterparts in the case of using diesel only and using diesel with
ammonia hydroxide of the mentioned percentage only. The
vibration analysis system has been employed to evaluate the
actual performance of the engine by measuring the vibration
using the Fast Fourier Transform (FFT) approach. Moreover,
after practical experiments, we concluded that using ammonia
hydroxide with diesel in volume proportions of 7.5% - 92.5%,
when compared to diesel only worked to improve thermal
efficiency by 20.98%, and 23.95%, respectively. When natural gas
is added by 1.5 litres per minute, the thermal efficiency increases
to 26.83%, but when it is added at a rate of 2.5 litres per minute,
the thermal efficiency increases to 27.45%. The exhaust
temperature, specific fuel consumption, emissions species, and
soot opacity will record in the study.

Keywords: Diesel engine; Ammonia Hydroxide; PCCI
system; compressed natural gas (CNG); NOx emissions;
vibration analysis.

l. INTRODUCTION

Lately, scientists have been working to discover
answers to three major global issues that have caught the
attention of the whole world: industry waste that harms the
environment, toxic exhaust emissions, and global
warming[1-5]. Researchers have discovered solutions to
combat global warming, one of which is attempting to lessen
internal combustion engine emissions [6-10]. Internal
combustion engines have undergone several advancements
over the previous few decades and are still undergoing

ongoing research to lower the resultant emissions, improve
thermal efficiency, and lower fuel-specific consumption[11-
14]. Scientists have used a few strategies to implement these
techniques as the use of green fuel [7, 15-18]. In our present
study, we will address adding carbon-free fuel or using one
of the more contemporary fuel injection systems, such as
premixed charge compression ignition(PCCI), Homogeneous
charge compression ignition(HCCI), or attempt to blend the
two trends[19-23]. Using a single-cylinder, four-stroke,
intercooler compression engine, we will investigate the
effects of adding compressed natural gas (CNG) fuel in
varying volumes (1.5L/min-2.5L/min) using an advanced
PCCI injection system to a mixture of ammonia hydroxide
and diesel fuel with a volume ratio of 7.5% - 92.5%,
respectively, using a direct injection system using the
atmosphere[13]. Thermal efficiency, specific  fuel
consumption, and emissions that pollute the environment are
all measured for the "DEUTZ FL 511/W" model[12, 24-26].
The use of the previously described blend was
selected due to studies conducted by Elkelawy and associates,
which demonstrated a roughly 23.5% rise in thermal
efficiency[6]. However, in the case of using diesel only, the
thermal efficiency reached 20.47%. Specific fuel
consumption, exhaust temperature, and polluting emissions
Such as nitrogen oxides and soot are decreased. In the cases
of developments, it was chosen to equip the engine with a
new injection system (PCCI)[27], which is a modern
technology of low-temperature combustion (LTC). its
primary purpose is to reduce exhaust emissions in the event
of increased or constant efficiency by keeping the
temperature inside the cylinder low[28]. This will cause a
reduction in the percentage of nitrogen oxide emissions and
soot production[28-33]. PCCI technology is considered an
intermediate technology between HCCI and the traditional
system, as part of the fuel is used to provide a homogeneous
mixture of air and fuel, but it is not as homogeneous as the
mixture used in HCCI[34, 35]. Compared to HCCI
technology, PCCI technology has produced higher nitrogen
oxide, HC, and CO emissions [36-39]. In addition, we can
control the internal conditions of the cylinder by controlling
the proportion of pre-mixed fuel in addition to controlling
the main injection fuel[40]. PCCI technology is considered a
mixture of the traditional pressure system and the spark
ignition system (S1)[41-43]. This is the reason we chose it to
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be the path of discussion in the research. It reduces
emissions such as NOX, CO, HC, and soot while
maintaining the thermal efficiency value compared to the
traditional mode (Cl)[44, 45]. Natural gas was added in
different proportions due to its good combustion properties
and high-octane number, making it available on the market,
which makes the economic feasibility of its use great, in
addition to its burning, which reduces the emission of
greenhouse gases, nitrogen oxides, and soot[46, 47]. It was
chosen to mix with the air in the PCCI system because of its
chemical composition, as methane is the main component of
natural gas, and the ease of mixing it with air makes the
mixture homogeneous of air and fuel, and this is what we
mentioned in the benefits of the PCCI system[48-50].

As a result of the above, the experiment was carried
out at a fixed speed of 1500 rpm for a diesel engine, as
previously mentioned, under standard weather conditions. It
was found that in the case of 1.5L/min, the thermal
efficiency increased to 26.83%.In addition, the specific fuel
consumption was 341.87g/kw.h, as in the case of 2.5L/min
The thermal efficiency increased to 27.45% and the specific
fuel consumption was 333.64g/kw.h, compared to the case of
diesel only, so the thermal efficiency was 20.98% and the
specific fuel consumption was 440.79g/kw.h. Based on the
previous results, the combustion engines can operate stably
and efficiently in the case of the previous system leads us to
future studies in this field.

Il. EXPERIMENTAL METHODOLOGY AND PROCEDURE:
A. TESTRIG SETUP:

An internal combustion engine was modified to operate
with a PCCI injection system, and a homogeneous mixture
of air and natural gas was injected to improve the
combustion characteristics of polluted emissions, thermal
efficiency, and qualitative fuel consumption. The engine
previously operated with diesel fuel and liquid ammonia
hydroxide with a traditional injection system. An operational

internal combustion engine was used for this experiment.
The single-cylinder quadruple engine "Deutz F 511/W" is
cooled with air as illustrated in figures 2 and 3, which
represent an illustration of the engine and its contents,
respectively. This engine works at a constant speed of about
1500 rpm, with a temperature of 90 ° C, direct pressure of
220 bar at 32 degrees below the dead upper centre of the
cylinder, and a compression ratio of about 17. The technical
properties of the engine are displayed in Table 1. To keep the
engine at a constant speed of 1500 rpm with the change in
the amount of fuel injected, an electronic console was added
to control speed. The engine contains a fuel consumption
system, which includes a tank in which diesel is placed in the
event of operation and a gradual test in which the mixture or
any other fuel used is placed, which will be injected into the
engine according to the volumetric ratio -used engine. Using
a dynamic scale of a vortex, the engine is loaded. The
Dynamometer scale contains a simultaneous generator of 5
kW connected to the elbow column and the generator is
connected to 6 lamps (for each cap power block 1 kW) and a
variable voltage device to control the output energy as
shown in Figure 1
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Figure 1: Load and dynamometer circuit schematic diagram
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Figure 2: Schematic diagram of the PCCI engine setup with fuel vaporizer
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Figure 3: Actual image of the experimental setup of the engine with fuel vaporizer

Table 1: technical characteristics of the engine [51, 52]

Parameters Dimensions Parameters Dimensions
No. of cylinder Single Injection system Direct in injection
Engine version DEUTZ FL500/W Rated power 5KW at 1500rpm
Displacement 825 cm® Compression ratio 17
Bore 10cm Inlet valve opening 32 CABTDC
Cooling system Air-cooled Inlet valve closing 59 CA ABDC
Stroke 10.5cm Exhaust valve opening 71 CABBDC
Power cycle Four strokes Exhaust valve closing 32 CABTDC
B. FUEL PREPARATION:
Two tests of fuel (diesel - ammonia hydroxide) with volume Table 2: devices and sensors utilization
ratios of 7.5% - 92.5%, respectively, will be carried out in . a—
this study. Natural gas will be added to the fuel and injected AR E2EERENS Utilization |

using the PCCI system in amounts ranging from 1.5L/min to 1:]‘dthermocouple To measure air temperature
2.5L/min. Diesel is combined with ammonia hydroxide ata 2 thermocouple | To measure exhaust temperature

volume ratio of 92.5% and a concentration of 33% (NH3 -  Speed sensor To measure engine speed, attach to
HOH) to create the combination. To make sure there is no the engine’s crankshaft.
fuel separation, the mixture is put in a bowl beneath the ~ DASHBOARD-  Measure the values of [CO, Oz, and
mixer and mixed for an hour at a speed of around 550 rpm. 5020 emission gas  CO] in (% vol) and [HC, NOx] in

C. MEASUREMENT  AND  UNCERTAINTY | analyzer (ppm).

(ERROR ANALYSIS): Orifice system Measure the volume of air flowing

The Following Table shows the Emission Analyzer and into the engine
Sensors Used inthetestTable2. In Figure5 we find actual GASBOARD- Used to measure soot opacity
pictures of the measuring devices used to measure polluting 6010 opacity
emissions and soot resulting from the engine[53, 54] meter

3
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Figure 4: emission gas and opacity analyzers

Because of the use of many devices, equipment, and
optical measurement methods, each of them has an error rate
that makes the results of the studied research need to be
reviewed. Therefore, the total error rate resulting from the
research must be studied by using Equation 1[55-57] .
aw_ (o)

w = X,
Aw is a total uncertainty rate of the experimental
w

results, AX is an error of the equipment,

Where;

AX, is an
X

n

uncertainty of each device used.

Measuring fuel consumption is one of the methods used
to measure specific fuel consumption (SFC) [58-60], in
which the measurement is done using a stopwatch and
looking to determine the scale on the burette for its range.
Where 10 cubic millilitres are measured during the time
measured on the stopwatch, and we find the percentage of

error in the measured volume AX =+0.1cm, x =10cm the
AX
uncertainty value (accuracy) will be — ==+0.01=+1%
X

Table 3 shows the devices used, their range, and the
measurement accuracy of each device.

Table 3: Device characteristics and accuracy

Instrument Parameters Range Accurac
GASBOARD- Soot opacity = 0-100% +2%, -2%
6010 opacity
meter
Shaft encoder = Speed 0-720°CA  +0.2%, -
0.2%
K- Exhaustgas 0-800°C  +1%, -1%
thermocouple temp.
GASBOARD- | CO 0-20% +0.06%, -
5020 emission 0.06%
gas analyzer HC 0- +0.12%, -
9999ppm  0.12%
Co2 0-20% +0.4%, -
0.4%
NO 0- +0.5%, -
5000ppm  0.5%
02 0-25% +0.1%, -
0.1%
Graduated Fuel flow 1-30cm®  +1%, -1%
cylinder/stop  meter
watch

From the above, the total uncertainty includes many
factors in the experiment, as appeared in the accuracy of the
devices used and the accuracy of the methods used[61, 62].
Thus, by applying Equation 1 to the coefficients, it becomes
clear that the accuracy of the results in the experiment is as
follows.

A—V‘VN (1) (20 +(02) +(1) +(008) +(0.12)" (04 +(05) +(01) +(1) *%

AW _ 5 73506 |
w

Aw=10.02735

D. EXPERIMENTAL METHODOLOGY:

the total error value will be

In this study, the experiment was conducted on a single-
cylinder, four-stroke diesel engine operating at a constant
speed of 1500 rpm under different load conditions [63, 64].
The experiments begin at no load and partial load and reach
full load[64-66]. The experiments were carried out using a
mixture of traditional direct injection technology, and dual
fuel was used, including diesel, ammonia hydroxide, and
PCCI technology, in which natural gas fuel was used. The
effect of the combustion of the mixture on the combustion
characteristics, engine performance, and the value of the
resulting emissions was studied[67]. This mixture includes a
volume percentage of ammonia hydroxide and diesel 7.5% -
92.5%, respectively, and compares it with its values for pure
diesel in direct injection mode and the effect of adding
natural gas with values (1.5L/min-2.5L/min) to study the
effect of adding natural gas to the diesel mixture[68-70].

https://digitalcommons.aaru.edu.jo/erjeng/vol7/iss6/11



Elkelawy et al.: Diesel/Ammonia Dual Fuel by Adding CNG as Partially Premixed Charge J

Journal of Engineering Research (ERJ
©Tanta University, Faculty of Engineering

ISSN: 2356-9441 Vol. 7 — No. 6, 2023

AR
O, j’ﬁ\.w

€ I1DDIN. £132-4015

And ammonia hydroxide and choose the best ratio between
them.

1. RESULTS AND DISCUSSION:

The use of a mixture (ammonia hydroxide - diesel) with the
addition of compressed natural gas will improve the
combustion characteristics, and thermal efficiency of the
engine and will reduce emissions resulting from combustion.

A. BRAKE THERMAL EFFICIENCY-BTE:

The thermal efficiency of brakes is defined as the
percentage of chemical energy produced by the fuel that is
converted into usable work. we can evaluate its value from
Equation 2,3.

BTE = P2 10006 — ——— —— (€q.2) [71].
m**Cv
m"=p*V°*, ————(eq.3)

where; m®is defined as mass flow rate, CVis defined as
the calorific value of each fuel, p is defined as the density

of each fuel, v o is defined as volume flow rate.

Figure 5 shows the difference in BTE for pure diesel and a
mixture (diesel - ammonia hydroxide) with a volumetric
ratio (7.5% - 92.5%) and another with the addition of
compressed natural gas in  volumetric  quantities
(L5L/min=2*10"°g/sec—2.5L/min=3.33*10"g/sec),
respectively. It is clear from the figure that thermal
efficiency increases with increasing load under all operating
conditions due to decreased heat loss. The resulting energy
increases because of the quality of combustion, and with the
increase in the percentage of ammonia in the mixture, the
thermal efficiency of the brakes increases. Adding natural
gas and injecting it into the PCCI system works to increase
therrggl efficiency.

BTE(%)

—————— —@— 100%Diesel/0%NH30H
—Q— 97.5%Diesel/2.5%NH30H
N 92.5%diesel/7.5%NH30H/1.5-CNG

= 92.5%diesel/7T.5%NH30H/2.5-CNG

L] Ll L] L] L L] L]
1.2 1.6 2 2.4 2.8 3.2 3.6
Engine Brake Power [kW]

Figure 5: Brake Thermal Efficiency- BTE under Various Loads
Conditions.

B. BRAKE SPECIFIC FUEL CONSUMPTION- BSFC:
Brake-specific fuel consumption, or BSFC, is the
amount of fuel required to produce one unit of braking
power and is determined by the calorific value of the fuel.
Diesel and ammonia hydroxide mixtures have variable
calorific values; hence they are not a reliable indicator of
engine performance. Brake-specific energy consumption

(BSEC) should be utilized as the benchmark when using a
variety of fuels with different calorific values. By dividing
the overall energy used by the braking force produced, the
BSEC is determined. To get the BSEC value in MJ/kWh, use
equation 4[6, 72-74].

BSEC = [(M"*LHV) g +(M"*LHV) 46 + (M *LHV) ]*3600 ———eq4
power

Where, BSEC in (MJ/kW.hr), m° in (kg/sec), LHV in
(MJ/kg), and Power in (KW).

Figure 6 shows that in the case of pure diesel, the
average fuel consumption was 440.79 [g/kWh]. By adding
ammonia hydroxide to diesel at a rate of 7.5% by volume,
the average fuel consumption value decreased to 384.78
[o/kwh]. By adding compressed natural gas at a rate of
1.5L/min, the average fuel consumption value decreased to
341.87 [g/kwh], and the average fuel consumption value in
the case of compressed natural gas by 2.5 L/min is reduced
to its lowest value, which is 333.64 [g/kWh]. It is clear from
the figure that at the same loads, the consumption rates in the
presence of ammonia hydroxide are lower than in pure diesel,
and in the case of adding natural gas, the consumption rate

decreases further.
1000

—@— 100%Diesel/0%NH3OH
—©— 97.5%Diesel/2.5%NH30H
. 92.5%diesel/7.5%NH30H/1.5-CNG

950
900 -
850 -

800 & 92.5%diesel/7.5%NH30H/2.5-CNG

750 -
700

650 -
600 -
550 =
500 -
450 -
400
350 o
300

BSFC [g/kw.h]

250
200

] [}

A T v L] v L] L] v L] v

05 075 1 125 15 175 2 225 25 2,75 3 3.25 35 375
Engine Brake Power [kW]

Figure 6: Brake-Specific Fuel Consumption Under Variation of
Load Conditions

C. EXHAUST GAS TEMPERATURE-EGT:

The measurement of exhaust gas temperature is crucial
because it serves as a gauge for the combustion temperature
and heat loss from the exhaust gases, which are related to the
thermal efficiency of the engine. Figure 7 provides an
example of the fluctuation in exhaust temperatures under
different loads. The presence of a percentage of water in the
mixture may be the reason for the apparent difference in
results when adding ammonia hydroxide to diesel. The
thermal properties of natural gas and their effect on
combustion make it burn more slowly, which leads to higher
exhaust temperatures. In contrast to what we see when using
pure diesel, adding natural gas to ammonia and diesel
increases the exhaust temperature or reduces the effect of
additional ammonia on the exhaust temperature. However,
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since the PCCI injection system is in use and natural gas
helps increase the overall thermal efficiency, it does not
affect the exhaust temperature. The data clearly show that
although the average temperature rises to 204 degrees
Celsius in the case of pure diesel. it decreases to 7.5% with
the addition of ammonia hydroxide to 196 degrees Celsius.
In the case of compressed natural gas at a rate of 1.5
litres/minute, the average exhaust temperature reaches 196
degrees Celsius, while in the case of compressed natural gas
at a rate of 2.5 litres/minute it reaches 203 degrees Celsius.
From the previous results, it is clear that there is no
clear change in exhaust temperatures despite the clear
change in specific fuel consumption and thermal efficiency.

250

240 4

230 + - || . g LT - - T - - - - - -
220 ==
2410 =

200 4

190 - o

texh (°C)

180 -
170 —

160 -4 ~

—@— 100%Diesel/0%NH30H
—— 97.5%Diesel/2.5%NH30H
4 92.5%diesel/7.5%NH30H/1.5-CNG

150

130 H 92.5%diesel/7.5%NH30H/2.5-CNG

I
120 ¢ 1 T ¥ T T ¥ ¥
o 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2
Engine Brake Power [kW]

Figure 7: exhaust gas temperature under variation of load
conditions

D. OXIDES OF NITROGEN — NO:

The availability of oxygen, the increasing combustion
period and the temperature of the combustion chamber are
the main factors on which the emission of NOx depends.
The figure shows the variation of nitrogen oxide emission
values with the braking power of pure diesel and a mixture
of ammonia hydroxide and diesel, and the effect of adding
natural gas in the PCCI system at its different values. It is
clear from the figure that as the load increases, the NOx
emission increases. This is due to an increase in the
temperature of the combustion chamber, but in the case of
the mixture, and as a result of the presence of water and
nitrogen in the mixture, which works to reduce the
temperature of the combustion chamber, the emission
percentage of nitrogen oxides in the mixture is lower than
the diesel, while by adding natural gas to the air in the PCCI
system is at the previously mentioned values, and as a result
of the higher temperatures and the increased duration of
combustion inside the cylinder, the values of nitrogen
oxides decrease in the case of natural gas compared to their
counterparts in the case of diesel and conventionally
injected mixtures.

E. UNBURNED HYDROCARBONS-UHC:

Unburned hydrocarbons are produced because of

wetting the liquid wall, abnormally lean or rich mixtures,

and incomplete combustion of fuel trapped in crack volumes.

The difference in engine HC emission values is shown in
Figure 9. In the case of pure diesel, it is evident that greater
temperatures and the consequence of full combustion inside
the engine cause hydrocarbon emissions levels to rise with
increasing loads. A drop in engine temperatures and a rise in

hydrocarbons result from the addition of ammonia
hydroxide and the impact of evaporated water. Because of
the combustion behaviour of compressed natural gas and the
long combustion period that natural gas takes to complete
combustion and be injected with air with the PCCI system,
this has led to an increase in the percentage of hydrocarbons
resulting from combustion. For example, we find that the
hydrocarbons in the case of diesel reach 14 ppm, and in the
case of the mixture they reach 18 ppm. However, by adding
natural gas at a value of 1.5 litres/minute to the mixture, the
value of the hydrocarbons reaches 54 ppm.

700
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100 1 } ¥

T
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Figure 8: Oxides of Nitrogen under Variation of Loads Conditions
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Figure 9: The variation of the unburned Hydrocarbon under
various load conditions

F. CARBON MONOXIDE-CO:

Carbon monoxide is one of the most dangerous engine
emissions because it is a toxic gas and has the potential to be
flammable. It is a product of incomplete combustion of
carbon dioxide, and due to the low combustion temperature
and low oxygen content, partial oxidation of carbon is
generated, forming carbon monoxide. In Figure 10 The
variation in carbon monoxide results is shown for pure diesel
fuel, a mixture of diesel, ammonia hydroxide, and the
mixture added to natural gas with a PCCI injection system. It
has been shown that as loads increase in the experiment and
because of increasing combustion temperature, carbon
monoxide emission decreases. In the case of adding
ammonia hydroxide, as we explained previously, and as is
clear in the graph, as the exhaust temperature decreases and
partial oxidation of carbon dioxide occurs, carbon monoxide
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is generated. We will find that by adding ammonia
hydroxide, the emission will increase compared to diesel,

and in the case of using PCCI, because of the longer duration.
When combustion occurs and incomplete combustion occurs,

the emission of carbon monoxide increases.
0.068
0.066 —
0.064 ==

/[ —~@— 100%Dieseli0%NH3OH
| @~ 97.5%Dieseli2.5%NH30H

H 92.5%diesel/7.5%NH30H/1.5-CNG
||~

|
i | 92.5%diesel/7.5%NH30H/1.5-CNG
B P : 5

o 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2
Engine Brake Power [kW]

Figure 10: The variation of the Carbon monoxide under various
load conditions

G. SMOKE OPACITY —SOQOT:

Figure 11 shows the variation in the results of soot
appearance in the engine with increasing engine load under
all operating conditions and based on the richness of the
fuel-air ratio. When comparing pure diesel, a mixture of
diesel, ammonia hydroxide, and the mixture with natural gas,
you will find that in the case of diesel, the opacity of the
smoke increases due to the richness of the air and fuel
mixture. The results shown in the case of the mixture show
that the soot value decreases at the same load, and in the case
of adding natural gas with the PCCI system, the SOOT
values decrease depending on the values of the injected
natural gas. This is evident from the values. We find that in
the case of diesel, the percentage of soot reaches 51.2%, and
in the case of the mixture reduces to 46.2%, and then by
adding natural gas with the PCCI injection system to the
mix;ch.Jre, the soot value reaches 39.6%.

—@— 100%Diesel/0%NH30H
—©— 97.5%Diesel/2.5%NH30H
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Figure 11: The variation of smoke opacity (SOOT) under various
load conditions

H. AVERAGE WEIGHTED:

To determine the ideal mixture ratio that we may use
going forward and incorporate in future research, the
average findings will be explained below, along with
comparisons between the outcomes of diesel combustion
and those from combinations of ammonia hydroxide and
diesel. The following demonstrations will calculate average

values for the outcomes of our experiment using Equation
4.[75]

Where; W Is the Weighted Average, n is no. of terms to be
averaged, @ weights are applied to x values, and X, data
values are to be averaged.

1. WEIGHTED AVERAGE -BTE:

Figure 12 shows the average thermal efficiency values
of the engine in the case of using pure diesel and a mixture
of ammonia hydroxide, diesel, and the mixture with the
addition of natural gas with the PCCI injection system. It is
clear from the curves that the case of natural gas at a rate of
2.5 L/min gives the highest efficiency compared to the case
of mixture or diesel. Natural gas added to the mixture
achieves an average thermal efficiency of 27.45%, while
diesel achieves 20.98%.

30.00
25.00
5 20.00
=
B 15.00
S 10.00
2
&
-g 5.00
0.00
100%diesel 92.5%diesel | 92.5%diesel | 92.5%diesel
JO%NH30H /7.5%NH30 | /7.5%NH30 | /7.5%NH30
H H/L5-CNG | H/2.5-CNG
| H BTE 20.98 23.95 26.83 27.45

Figure 12: Weighted Average of BTE of the hydroxide ammonia
variation

2. WEIGHTED AVERAGE - BSFC:

Figure 13 shows the average values of the fuel
consumption rate injected into the engine in the case of using
pure diesel, a mixture of ammonia hydroxide, diesel, and the
mixture with the addition of natural gas injected with the
PCCI injection system. In the case of the mixture using
natural gas with a ratio of 2.5 L/min, the lowest fuel
consumption is recorded, with a value compared to diesel, at
333.34 g/kw.h while in the case of diesel only, a value of
441 g/kw.h was recorded.
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= 350.00
% 300.00
—  250.00
(=]
% 200.00
(=]
- 150.00
]
£ 100.00
=
2 50.00
=
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00%di -2 =2 .5
;O%N:I:;:: /7.5%NH30 | [7.5%NH30 | [7.5%NH30
H H/1.5-CNG H/2.5-CNG
[ m BSFC [g/low-h] 440.79 384.73 341.87 333.68

Figure 13: Weighted Average of BSFC of the Hydroxide Ammonia
Variation
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I.  VIBRATION ANALYSIS:

Vibration analysis is known as the practice of
monitoring vibration levels and patterns within a piece of
equipment, machinery, or a building to identify unusual
vibration occurrences and assess the general state of the test
object[76]. In addition to directly examining the vibration
signal's time waveforms, it is frequently performed on the
frequency spectrum, which is produced by applying the
Fourier Transform to the time waveform[77]. By extracting
and analyzing parameters such as root-mean-square (RMS),
standard deviation, peak amplitude, kurtosis, crest factor,
skewness, and many more, the time domain analysis on
chronologically recorded vibration waveforms reveals when
and how severe the abnormal vibration events occur. The
general state of the objectives under observation may be
accessed via time domain analysis[78]. It is extremely
desired to include frequency spectrum analysis in addition
to time domain analysis in real-world applications,
particularly in rotating equipment[79]. A complicated
machine made up of several parts will produce a mixture of
vibrations, which are the result of the rotation of each
component separately. As such, it is challenging to assess
the state of the crucial parts of a big rotating apparatus, such
as gears, bearings, and shafts, simply using time
waveforms[80]. To analyze the frequency components that
correlate to each component, frequency analysis breaks
down time waveforms and characterizes how repetitive
vibration patterns are. Furthermore, designing different
digital noise filters and conducting quick and effective
frequency analyses are made easier by the widely used Fast
Fourier Transform (FFT) approach[81]. Numerous kinds of
sensors may be used to monitor vibration. Sensors such as
piezoelectric (PZT) sensors, microelectromechanical sensors
(MEMS), proximity probes, laser Doppler micrometres, and
many more are used to detect displacement, velocity, and
acceleration based on various vibration types[82].

The most widely used type of sensor, PZT sensors,
produce voltages when they are distorted. The vibrations can
be represented by digitally digitizing and translating the
voltage signals[83]. The vibration levels/dynamic range,
maximum frequency range/bandwidth, and other working
environment factors like temperature, humidity, and pH level
should all be taken into account when choosing appropriate
vibration sensors[84]. Installing sensors is essential to
guarantee that high-quality data is captured. The best way to
install sensors on a machine is to stud mount them on a
smooth, clean surface[85]. This guarantees the capturing of a
wide and coherent frequency range. If stud mounting is not
an option, vibration levels and frequencies can be taken into
consideration when using magnet holders, wax, or glue as
replacements[86].

1-  VIBRATION CHARACTERISTICS:

Vibration can be described in terms of intensity by
amplitude or periodicity by frequency. Figure 15 shows the
vibration time waveform captured for a single-cylinder
diesel engine at different mechanical loads for the diesel fuel
type. The changing movement due to the four strokes of the
internal combustion engine complicates the waveform. It is
clear from the figure that in the no-load condition and at a
load of 1 kW, the maximum amplitude is about 0.017 mv,

and it appears in Figure 14 that it is at the frequency of 35
Hz after 0.06 seconds from the start. Operating, in the case
of load at 2 kW, the maximum capacity is about 0.015 mV,
and it is clear in Figure 14 that it is at a frequency of 45 Hz
after 0.17 seconds of operation, while in the case of
maximum load, the frequency is about 60 Hz after 0.3
seconds of operation startup.

Legend
Okw CDC
1kw CDC

2kw CDC
max kw CDC

Filter output

60 60Hz @ 0.33 sec

45 Hz @ 0.16 sec

40 35Hz@0.06 sec
20

(4]
-20

40 35 Hz@ 0.06 sec

-40
o] 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Figure 14: filter output for vibration analysis of diesel fuel only
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Figure 15: Amplitude vs Frequency for diesel in CDC
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As before, we find that using different types of fuel,
as we mentioned previously, but in the case of vibration
analysis, it becomes clear to us that in the case of using
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ammonia hydroxide with a volume ratio of 7.5% at no load,
we find that the frequency reached 35 Hz after 0.04 seconds,
and at 1 kW load it reaches 72 Hz. After 0.17 seconds,
reaching the maximum load, the frequency is at 62 Hz after
0.05 seconds. This is evident in Figure 16, while it is evident
in Figure 17 that the loads vary in the case of using a fuel
mixture of diesel and ammonia hydroxide. We find that in
the case of no load, the maximum capacity is 42 Hz, and in
the case of a 1-kW load, the maximum capacity is 30 Hz,
reaching the maximum load, the maximum capacity is at 35
Hz.

Legend
Okw NH3O0H 7.5
1kw NH30H 7.5

2kw NH3OH 7.5
max kw NH30H 7.5

Filter output
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Figure 16: filter output for vibration analysis of blend only
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Figure 17: Amplitude vs Frequency for Blend in CDC

In the case of using a fuel mixture of diesel and
ammonia hydroxide with the addition of CNG fuel with a
PCCI injection system at a volume ratio of 1.5 litres/second,
we find in Figure 18 that at no load the frequency is 75 Hz
after 0.065 seconds. Moreover, when 1 kW load the
frequency reaches 63Hz after 0.067 seconds, reaching the
maximum load. The frequency reaches 73 Hz after 0.26
seconds. In Figure 19, with different loads, the maximum
capacity at no load appears to be 25 Hertz, and with a 1 KW
load, the maximum capacity is at 10 Hertz, reaching the
maximum load. Maximum amplitude of 25 Hz

Legend
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1kw blend+CNG1.5

2kw blend+CNG1.5
max kw blend+CNG1.5

Filter output
80 73Hz @ 0.26sec

S50Hz @0.27 sec

60 63 Hz @0.067sec
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Figure 18: filter output for vibration analysis of blend + 1.5 CNG
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Figure 19: Amplitude vs Frequency for blend+ 1.5 CNG in PCCI
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In the case of using a fuel mixture of diesel and ammonia In Figures 22 and 23, the analysis of vibrations will
hydroxide with the addition of CNG fuel with a PCCI be illustrated in the case of maximum load depending on the
injection system with a volume ratio of 2.5 litres/second, we types of fuel used in the current study. We find in Figure 22
find in Figure 20 that at no load the frequency is 50 Hz after ~ that in the case of using only diesel fuel, the maximum
0.15 seconds and at 1 kW load the frequency reaches 49 Hz. frequency value is 60 after 0.33 seconds, and in the case of
After 0.015 seconds, reaching the maximum load, the using a mixture of diesel and ammonia hydroxide, the
frequency reaches 82 Hz after 0.09 seconds. In Figure 21, maximum frequency value reaches. 62 Hz after 0.05 seconds,
with different loads, the maximum capacity at no load and when adding CNG at a value of 1.5 litres/second, the
appears to be 36 Hz, and with a 1 KW load, the maximum maximum frequency value reaches 73 Hz after 0.26 seconds,
capacity is at 10 Hz, reaching the maximum load. The  while if the value of CNG is increased to 2.5 litres/second,

maximum recorded amplitude is 19 Hz. the maximum frequency value reaches 82 Hz after 0.05

seconds. 09 seconds, while in Figure 23 in the case of using

o e brondrener e blondcnars diesel only, the value of the maximum frequency at the

1 kw blend+CNG2.5 max kw blend+CNG2.5 maximum capacity reaches a value of 30 Hz. In the case of

50 Filter output adding ammonia hydroxide, the maximum frequency reaches

20 25 Hz. In the case of adding CNG at a value of 1.5

o W litres/second, the maximum frequency reaches 35 Hz.

a0 However, when adding CNG at a value of 2.5 litres/second,
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Figure 20: filter output for vibration analysis of blend + 2.5 CNG co — 60 Hz @ 0.33 sec
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Vibration analysis helps characterize the machine’s
performance and evaluate its efficiency. The vibration
analysis is based on the intensity of the vibration according
to the peak amplitude and the periodicity according to the
frequency. From the previously mentioned results, we find

I\VV. CONCLUSIONS:

Thermal efficiency, specific fuel consumption rate, and
environmental pollutant emissions were studied in the case
of using pure diesel fuel, in the case of using a mixture of
diesel and ammonia hydroxide, and in the case of adding
compressed natural gas injected with a PCCI injection
system to the mixture in varying volume ratios between
(1.5L/min - 2.5L/min). The results showed that using natural
gas in the mixture improves fire properties, emissions, and
thermal efficiency. The following results from the
experiments will be summarized:

e Inthe case of a 2.5L/min CNG mixture, the average
BTE value increases by about 23.5%, and the
average fuel consumption (BSFC) decreases by
about 24.3% compared to diesel.

e NOx emissions values decrease due to the lower
exhaust temperature when using compressed natural
gas with a PCCI injection system added to the
diesel and ammonia hydroxide mixture.

e The smoke opacity value decreases if a mixture of
(ammonia hydroxide and diesel) is used, and it also
decreases when compressed natural gas is added.
The average smoke opacity values were calculated
at the studied values, and it was found that in the
case of pure diesel, the value was 51.2%, and in the
case of compressed natural gas at a rate of 1.5
litres/min it was 39.6%.

e HC values increase if the mixture is used because of
lower exhaust temperatures and incomplete
combustion and increase at an average rate of about
54 ppm in the case of compressed natural gas at a
rate of 1.5 litres/minute, while in the case of pure
diesel, it is 14 ppm.

e The drop in combustion temperature causes a rise in
CO emission levels, which leads to the partial
oxidation of carbon dioxide and the formation of
carbon monoxide.

The study was confirmed by conducting vibration
analysis, and it became clear that by increasing the load at
the same type of fuel or stabilizing the load while changing
the type of fuel injected and changing the injection system
used, the value of the peak amplitude increases and the value
of the frequency increases, as the intensity of the vibration is
measured by the amplitude and the periodicity is measured
by the frequency, and the two values are determined. An
evaluation of vibration shows the actual performance of the
machine, and this was previously explained in the study.

In the end, it is recommended to use compressed natural
gas injected with the PCCI injection system, and a mixture
of diesel and ammonia hydroxide, injected with the
traditional system in compression internal combustion
engines, which works to improve the combustion properties
and raise the thermal efficiency of the engine.

that as the loads increase for the same type of fuel, the
amplitude increases and the frequency value increases, and
with the addition of several types of fuel, the results appear
as previously mentioned.

V. FUTURE RESEARCH DIRECTION

Because of discussing the impact of adding a mixture of
ammonia and diesel hydroxide and adding compressed
natural gas injected with the PCCI system on the engine
emissions characteristics, performance, and combustion
characteristics, which were previously mentioned, it is

advised to conduct future research on some interesting topics.

Among the most important recommended topics are:

e The application of innovative technology for
injection systems, including RCCI. Numerous
studies and research have endorsed the usage of the
technology due to its advantages in terms of
combustion, emissions, and engine performance.

e Looking for other fuel sources that can be blended
with diesel and ammonia hydroxide to create a
homogenous mixture and assessing the impact of
these additions on engine output, combustion
characteristics, and fuel emissions.

e To achieve good control, dependability, and the
potential to work in combustion, using an electric
injector is preferable to its mechanical counterpart
with fuel injection pressure because it allows it to
control the amount of fuel that is sent directly to the
injection in the cylinder to prevent knocking
accidents in the engine.
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