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Abstract: The problem of global warming and environmentally
polluting emissions has become the call of the times. To solve this
problem the trend to change or share new types of fuel has
become a new way to solve this problem. One of the most
promising future fuel types is ammonia, as it is a carbon-free fuel,
unlike traditional fossil fuels. Because of the danger of using
ammonia as a gas, it was safer to use ammonia as a liquid. This
study used ammonia hydroxide as a proportion of diesel fuel in a
PCCI diesel engine. The diesel engine is a single-cylinder, four-
stroke engine. Ammonia hydroxide fuel with a 33% ammonia
water ratio by volume is used with diesel fuel. The experiment was
carried out with ammonia hydroxide ratios of 2.5%, 5%, 7.5%,
and 10%, respectively. The emissions, thermal efficiency (BTE),
fuel consumption (BSFC) and exhaust temperatures were
compared. It was concluded that using ammonia hydroxide ratios
to diesel led to an increase in thermal efficiency by 23.5%
compared to diesel-only by 20.5% and fuel consumption was
reduced. 391.083g/Kw.h compared to diesel is only 455.56 g/Kw.h.
Because of ammonia hydroxide, exhaust temperatures are lower
than when using diesel only. Therefore, this study discusses with
practical experience the effect of using ammonia hydroxide with
diesel on the performance and efficiency of the engine and fuel
emissions characteristics.

Keywords: PCCI engine, NOx emissions, Ammonia
Hydroxide, Diesel engine
1. INTRODUCTION

The topic of global warming, its detrimental
impacts on the environment, the significance of lowering it,
and the emissions that cause it have attracted a great deal of
attention in recent decades [1-7]. In terms of our field,
research has recently been focused on reducing emissions
caused by fuel burning in internal combustion engines, and
one approach to achieve this was to utilize carbon-free fuel;
thus the optimum choice was to use ammonia [8-12]. Due to
their lack of dependence on carbon and the absence of
carbon dioxide (CO2) and hydrocarbons (HC) in their
emissions, hydrogen and ammonia (NH3) are regarded as
laboratory-successful alternatives to diesel at this time[13-
16]. Fast combustion, a high calorific value, and a low
minimum ignition energy are all benefits of hydrogen. Its
sole combustion byproduct is water, making it the ideal fuel
for IC engines that require carbon-free combustion [17-19].
Ammonia, hydrogen, natural gas, and others are considered
alternative fuels with high reactivity compared to diesel [20-
23]. The function of such alternatives is to improve
combustion rates and reduce ignition delay in diesel engines.
The combustion of ammonia alone is currently challenging

to implement because it requires specialized injection
methods and modifications to the internal engine designs.
Therefore, the trend was to inject ammonia with diesel. In
the gaseous case, such as mixing ammonia with air in the
intake manifold. That is a flammable mixture, or mixing
liquid ammonia with diesel and injecting it directly into the
accumulator. After that, the fuel is injected before entering
the combustion chamber. This double injection method has
achieved impressive results in reducing carbon emissions
[28-24].

Dual injection of ammonia and diesel has been
proven to impact internal combustion engines in recent tests,
and this was the preferred approach of several researchers.
Unburned ammonia and nitrous oxide were the subject of
experimental research by Nikki et al.[29-31]. In a 1.083 L
four-stroke engine. Unburned ammonia and nitrous oxide
emissions have been observed to rise with increased RAE
and fall with higher torque levels. Experimental research on
(ammonia-diesel) combustion on a four-cylinder light-duty
diesel engine with a displacement of 4.5 litres was carried
out by Reiter et al. [32-34]. He pointed out that raising the
ammonia replacement ratio would slow overall combustion
rates and lengthen the ignition delay. This outcome is in line
with those from Rio.[35, 36]. Additionally, it was shown that
NOx emissions increased compared to those in diesel-only
mode when the RAE was above 40%, primarily because of
fuel-dependent NOx production [37-40]. New investigated
how diesel injection time and RAE affected combustion and
emissions in a four-stroke engine with a 16.25 compression
ratio. They discovered that, in comparison to diesel-only
mode, increasing diesel injection timing could lower NOx
emissions and produce a 12% decrease in greenhouse gas
emissions. This has become clear in new research about the
future outlook for diesel engines and convection ovens that
use diesel fuel and other types of fuel, such as biodiesel, to
work on reducing fuel emissions and working to raise the
thermal efficiency of the engine and reduce specific fuel
consumption[41-43]. The research has made clear how to
use new injection systems that did not exist previously.
Before such as PCCI, HCCI, RCCI and their effects in
raising thermal efficiency and reducing emissions [27, 39, 44,
45]. Most research has also turned to the use of other types
of fuel and additives improving the fuel combustion process,
which in turn has confirmed an increase in the thermal
efficiency of diesel engines and convection ovens and a
reduction in emissions and soot[38, 46-49].
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As a result, the aforementioned studies have
demonstrated that current research into engines that use both
ammonia and diesel as dual injection concentrates mainly on
parametric evaluations under particular operating conditions
and lacks a systematic examination of performance and
emissions characteristics across the board. The combustion
properties, engine performance efficiency, and emissions for
a diesel engine at a constant speed of 1500 rpm under typical
weather circumstances with varying loads are discussed in
this study work using a realistic experimental approach[50-
53]. Diesel alone and the results of incremental volumetric
additions of ammonia to diesel are contrasted. By integrating
dual injection technology and ammonia fuel with diesel, the
study showed that internal combustion engines can run
steadily and efficiently.

II. EXPERIMENTAL METHODOLOGY AND PROCEDURE:
A. TESTRIGSETUP:

To study the combustion characteristics of a diesel
engine, this is fueled by a binary system (diesel-liquid
ammonia hydroxide). Laboratory experiments were carried
out using a single-cylinder, four-stroke, air-cooled diesel
engine, "DEUTZ FL 511/W"[10]. Modifications were made
to it to operate in PCCI combustion mode, as shown in
Figures 2 and 3, which are an illustration and an actual
drawing of the engine with its contents, respectively[54-56].
This engine operates at a constant speed of about 1500 rpm,
with an oil temperature of 90 °C, a direct pressure of 220 bar
at 32 degrees below the top dead centre of the cylinder, and a
compression ratio of about 17. The technical characteristics
of the engine are shown in Table 1[57]. To maintain the

Exhaust Gas

Elec.

Heater

engine at a constant speed of 1500 rpm. With the change in
the amount of fuel injected, an electronic control unit was
added to control the rate [58]. The engine contains a system
for measuring fuel consumption, which includes a tank in
which the diesel is placed in the operating state and a
graduated tester in which the mixture or any other fuel used
is placed, which will be injected into the engine according to
The volumetric ratio used. The motor is loaded using an
eddy current dynamometer [59, 60]. The dynamometer has a
5 kW synchronous generator connected to the crankshatft,.
The generator is associated to 6 lamps (each block has 1 kW
power) and a variable voltage device to control the output
power, as shown in Figure 1[61].
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Figure 1 :Load and dynamometer circuit schematic diagram

Figure 2 :Actual image of the experimental setup of the engine with fuel vaporizer
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Figure 3 :Schematic diagram of the PCCI engine setup with fuel vaporizer
Table 1: technical characteristics of the engine
No.of cylinder Single Engine version DEUTZ FL500/W
Displacement 825 cm? Bore 10cm
Cooling system Air-cooled Stroke 10.5cm
Power cycle Four strokes Injection system Direct in injection
Rated Power SKW at 1500rpm Compression ratio 17
Inlet valve opening 32 CABTDC Inlet valve closing 59 CA ABDC
Exhaust valve opening 71 CA BBDC Exhaust valve closing 32 CA BTDC

B. FUEL PREPARATION:

In this research, five fuel experiments will be conducted,
includ ingD100, D97.5N2.5, D95NS, D92.5N7.5, and
DI90ON10. D100 is a mineral diesel used in internal
combustion engines. D97.5N2.5 is a mixture of diesel and
ammonia hydroxide with a volume ratio of 97.5% and 2.5%,
respectively, and so on, with the other volumetric
percentages mentioned [41, 62-65]. To prepare the mixture,
ammonia hydroxide with a concentration of 33% (NH3 -
HOH) with a volume ratio of 2.5% is mixed with diesel with
a volume ratio of 97.5% in a bowl placed under a mixer for
one hour to ensure that it does not separate at a speed of

about 550rpm. Figure 4: hydroxide ammonia solution
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C. MEASUREMENTS AND
ACCURACY ANALYSIS:

The uncertainties of the used devices of the emission
analyzer and sensors used are listed in Table 2[66, 67].

THE SYSTEM

Table 2: devices and sensors utilization

Utilization
Attach to the engine’s crankshaft to
measure engine speed
At the inlet of the air to measure air
temp.
At the outlet of the exhaust to
measure exhaust temp.
Measure the volume of air flowing
into the engine

Device/sensor
Speed sensor

1% thermocouple
2™ thermocouple

Orifice system

GASBOARD- Measure the values of [HC, NOx] in
5020 emission (ppm) and [CO, O, and CO;] in (%
gas analyzer vol).

GASBOARD- Used to measure soot

6010 opacity

meter

Figure 5: emission gas and opacity analyzers

There are many tools and devices used to measure
different variables. The difference in tools used and the
difference in surrounding conditions may affect the accuracy
of measurement and thus affect the accuracy of the research
results of this study[68, 69]. Therefore, the error rate can be
estimated using the following equations: 1 and 2 for the
equipment and devices used. The calculated percentages for
each device are listed in Table 4[70 ,44].

COV:%*IOO% ———————————— eq.1

Where O is the standard deviation, /3 is the average of the
variable (x), n is the number of samples cycle.

Table 3: Device characteristics and accuracy

Instrument Parameters range Accuracy
Shaft encoder = Speed 0-720°CA | +0.2%, -
0.2%
K- Exhaust gas | 0-800°C | +1%, -1%
thermocouple = temperature.
Graduated Fuel flow 1-30cm®  +1%, -1%
cylinder/stopw = meter
atch
GASBOARD- NO 0- +5%, -5%
5020 emission 5000ppm
gas analyzer 02 0-25% +3%, -3%
CcO 0-20% +1%, -1%
HC 0- +5%, -5%
9999ppm
CcO2 0-20% +4%, -4%
GASBOARD- = Soot opacity  0-100% +0.01%, -
6010 opacity 0.01%
meter

D. EXPERIMENTAL METHODOLOGY:

Parametric experiments in this study are conducted on a
single-cylinder, four-stroke diesel engine operating at a
constant speed of 1500 rpm under different load conditions,
where the experiments begin at no load and partial load and
reach full load[48, 71-73]. The following experiments were
conducted in direct injection mode, and the effect of the
combustion of the mixture on the combustion characteristics
and performance of the engine and the resulting emissions
value was studied[49, 74-76]. This mixture includes different
volumetric ratios of ammonia hydroxide and diesel and is
compared to their values for pure diesel in direct injection
mode to study the effect of adding ammonia to diesel and
choose the best ratio. Available for use[77].

I1I. RESULTS AND DISCUSSION:

According to our findings, the use of a mixture
(ammonia hydroxide - diesel) improves combustion
characteristics and reduces emissions resulting from
combustion .

A. BRAKE THERMAL EFFICIENCY-BTE:

The amount of chemical energy from fuel that is
transformed into practical work is known as brake thermal
efficiency, and it is regarded as one of the most important
engine factors. The amount of chemical energy generated by
the fuel that is converted into useful work is known as brake
thermal efficiency and is considered one of the most
important factors of the engine.

Figure 6 shows the difference in BTE for pure diesel
and the mixtures used: D97.5 N2.5, D95 NS5, D92.5 N7.5,
D90 N10. It is clear from the statement shown in the figure
that the thermal efficiency increases with increasing load in
all operating conditions due to the decrease in heat loss. The
resulting energy increases due to the quality of combustion,
and with the increase in the percentage of ammonia in the
mixture, the thermal efficiency of the brakes increases.
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Figure 6: Brake Thermal Efficiency- BTE Under Various Loads
Conditions.

B. BRAKE SPECIFIC FUEL CONSUMPTION- BSFC:

The quantity of fuel needed to create one unit of
braking power is known as brake specific fuel consumption,
or BSFC, and it depends on the fuel's calorific value. The
calorific value of diesel and ammonia hydroxide mixes
varies; hence it is not a useful measure to represent engine
performance. When employing a variety of fuels with
various calorific values, brake-specific energy consumption
(BSEC) should be used as the standard. The BSEC is
calculated by dividing the total energy used by the braking
force generated. Equation 3 is used to obtain the BSEC value
in MJ/kWh.

[(m"*LHV) 10y + (m" * LHV ) 1y 401, 13600
power

BSEC =

———eq.3

Where BSEC in (MJ/kW.hr), m’
(MJ/kg), and Power in (kW).

It was shown in Figure 7 that in the case of pure
diesel, the fuel consumption rate was 455.5 [g/kw.h]. By
adding ammonia hydroxide to the diesel at a rate of 2.5% by
volume, the consumption rate was reduced to 434.29

in (kg/sec), LHV in

[g/kw.h], reaching a percentage of 10 % ammonia hydroxide,

the consumption rate reached the lowest value, which is
391.08 [g/kw.h]. The figure, it shows that at the same loads,
the consumption rates in the presence of ammonia hydroxide
are lower than in pure diesel.

100%diesel/0%NH30H w97, 5%diesel/2.5%NH30H
wli5%diesel/5%NH3OH =92.5%diesel/7.5%NH30H
wem90%diesel/10%NH3OH
1100
000 ——
z 0
E 800
~ 700
& g0
U
'Y
wn
o
00 ! : ;
0.50 1.00 150 200 250 3.00 350 400
Engine Brake power [kW]

Figure 7:Brake Specific Fuel Consumption Under Variation of
Loads Conditions

C. EXHAUST GAS TEMPERATURE-EGT:

Exhaust gas temperature is an essential measurement
since it is a gauge for combustion temperature and heat loss
from the exhaust gases, corresponding to the engine's
thermal stresses. Figure 8 illustrates the variation of exhaust
temperatures with different loads. As the load increases, the
exhaust temperature rises, which may cause increased fuel
consumption, releasing more energy. However, this
conclusion differs with adding ammonia hydroxide to diesel,
as the presence of a percentage of water in the mixture may
be the reason.

The exhaust temperature decreases, and thus, the engine
temperature decreases, increasing the engine's thermal
efficiency. Therefore, adding ammonia hydroxide at a higher
percentage reduces the exhaust temperature when compared
to the clear results with pure diesel. As is clear in the results,
the temperature in the case of pure diesel reaches 204 °C,
while with the addition of ammonia hydroxide, it was
reduced to reach a percentage of 2.5%. To be 200 °C, while
in the case of 10% ammonia hydroxide, we find it reaching
196 °C.

llll%dlesellﬂ%NHSOH

*W.ﬂdleul]Z.S%NHSOH

Tex [°c]
ExZ BEEEBEE

120

0.5 15 2 25

Engine Brake power [kW]

Figure 8: exhaust gas temperature under variation of load
conditions

D. OXIDES OF NITROGEN — NOx:

The availability of oxygen, the duration of combustion,
and the temperature of the combustion chamber are basic
factors on which the emission of nitrogen oxides depends.
Figure 9 shows the variation of the nitrogen oxide emission
values with the braking force for pure diesel and a mixture of
ammonia hydroxide and diesel in the previously mentioned
volumetric proportions.

From the figure, it is clear that the emission of nitrogen
oxides increases with increasing load. This is due to the
increase in the temperature of the combustion chamber, but
in the case of the mixture, and because of the presence of
water and nitrogen in the mixture, which works to reduce the
temperature of the combustion chamber, the emission of
nitrogen oxides in the mix is less than their diesel
counterparts.
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Figure 9: Oxides of Nitrogen Under Variation of Loads
Conditions

E. UNBURNED HYDROCARBONS-HC:

Unburned hydrocarbons are formed due to incomplete
combustion of the fuel trapped in crevice volumes, an
excessively lean or excessively rich mixture, and wetting of
the liquid wall. In Figure 10, the variation in the engine HC
emission results is clear. It is clear that in the case of pure
diesel and with increasing loads, the hydrocarbon emissions
values increase due to higher temperatures and the effect of
complete combustion inside the engine. In the case of adding
ammonia hydroxide the effect of the presence of the
percentage of evaporated water, causes a decrease in engine

increasing loads in the experiment and as a result of an
increase in the combustion temperature, the emission of
carbon monoxide decreases. In the case of adding ammonia
hydroxide in different proportions as explained previously
and as is clear in The graph shows that as the exhaust
temperature decreases and partial oxidation of carbon
dioxide occurs, generating carbon monoxide, we will find
that by adding ammonia hydroxide, the emission of carbon
monoxide increases compared to diesel.

G. SMOKE OPACITY —SOOT:

Figure 12 shows the variation in the results of the
appearance of soot in the engine with increasing engine load
in all operating conditions and based on the richness of the
fuel-air ratio. When comparing pure diesel and a mixture of
diesel and ammonia hydroxide with the previously
mentioned volumetric ratios, you will find that in the case of
diesel, the opacity of the smoke increases due to the richness
of the air-fuel mixture. The results shown in the case of the
mixture show that at a rate of 2.5% ammonia hydroxide, the
value of soot decreases at the same load changes, and even a
further decrease appears until we reach a rate of 10%
ammonia hydroxide. The average values of smoke opacity
were calculated at the studied values and it was found that in
the case of pure diesel the value was 51.15%, the value of
2.5% ammonia hydroxide was 49.08%, and in the case of 10%
ammonia hydroxide the value of smoke opacity was 44.71%.

temperatures and thus, Hydrocarbons increase. For example, 100dissel/0%NH3OH =57 5%diesel/2.5%NH30H
at maximum load, diesel shows a value. At the same time, at —5-95%diesel/5%NH3O0H 92, 5%diesel/7.5%NH30H
a concentration of 5% ammonia hydroxide we find it 22, and ==00%diesel/10%NH30H
at a concentration of 10% ammonia hydroxide we find it .
reaches 26, and so on, as shown in the graph in the figure. 1 L\
7 .
—|16 -
100%diesel/0%NH3OH =97 5%diesel/2.5%NH30H & "
=l=95%diesel /5%NH30H ==92.5%diesel/7.5%NH30H 2 14
= 90%dliesel /LO%NH3OH Qs
0 J 12
25 / 1
o 10
E' 20 0 05 1 15 2 25 3 3.5
&5 |Engine Brake power [kW]‘
=
: 10 . . . J . .
Figure 11: The variation of the Carbon monoxide under various
g
5 loads conditions
0 1
0 05 1 15 2 25 3 3.5 4 100%diesel/0%NH30H =+=07.5%diesel/2.5%NH30H
Engine Brake power [kW] =B=05%diesel/5%NH30H =4=02.5%diesel/7.5%NH30H
#=00%diesel/10%NH30H
Figure 10 : The variation of the Hydrocarbon under various 100
loads conditions 0
80
70
F. CARBON MONOXIDE-CO: ¥ w0
Carbon monoxide is considered one of the important g w
emissions of the engine, as it is considered a toxic gas and &
has a high flammability. It is considered a product of .
incomplete combustion of carbon dioxide, and due to the low 10 |
temperature of combustion and the decrease in the oxygen o e . ! .

content, partial oxidation of carbon is generated, forming
carbon monoxide. In Figure 11, the variation in the results
for carbon monoxide for pure diesel fuel and the mixture of
diesel and hydroxide is shown. It has been shown that with

0 05 1 15 2

Engine Brake power [kW]

25 3

Figure 12: The variation of smoke opacity (SOOT) under various
loads conditions
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H. AVERAGE WEIGHTED:

Below, the average results will be clarified and a comparison
will be made between the results of diesel combustion and
their counterparts from mixtures of ammonia hydroxide and
diesel in order to reach the best mixture ratio that we can
later work with and include in future studies.

Using Equation 4, average values for the results of our
experiment will be deduced and included in the following
illustrations.

n
>0
i=1 1

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

1. WEIGHTED AVERAGE -BTE:

Figure 13 shows the average values of the engine’s
thermal efficiency in the case of using pure diesel and the
four mixtures of ammonia hydroxide and diesel. It has
become clear that in the case of the mixture containing 7.5%
and 10% ammonia hydroxide, they are the two highest
percentages of the engine’s thermal efficiency, and because
the values are close between them, it will be preferable to
use a mixture of 7.5% hydroxide. Ammonia achieves an
average thermal efficiency of 23.4%, while diesel achieves
20.47%.

24.00
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g &8k
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100%diesel/0% | 97 S%diesel/2. | 95%diese|/5%N | 92.5%diesel/7. | S0%diesel/10%
NH3OH 5%NH30H H30H 5%NH30H NH3OH

|IBTE 2047 2106 2271 23.40 2350

Figure 13: Weighted Average of BTE of the hydroxide ammonia
variation

2. WEIGHTED AVERAGE — BSFC:

Figure 14 shows the average values of the fuel
consumption rate injected into the engine in the case of using
pure diesel and the four mixtures of ammonia hydroxide and

IV. CONCLUSIONS:

In this study, the effect of using pure diesel and
mixtures (ammonium hydroxide and diesel) in volume ratios
D97.5N2.5, D95NS, D92.5N7.5, DI9ONI10, respectively, was

diesel. It has become clear that in the case of the mixture
containing 7.5% and 10% ammonia hydroxide that was
considered as the two highest percentages of the fuel
consumption of the injected fuel into the engine. In addition,
because the values between them are close, it would be
preferable to using a mixture of 7.5% ammonia hydroxide
achieves an average fuel consumption rate of 393.84 g/kw.h,
while in diesel it is 455.57 g/kw.h.

480.00

460.00

440.00

420.00

400.00

380.00

360.00

Weighted BSFC [g/kw.h]

340.00

100%diesel /0 | 97.5%diesel/2 | 95%diesel/5% | 92.5%diesel/7 | 90%diesel/10
%NH30H .5%NH30H NH30H 5%NH30H %NH30H

[mBSFCIg/kw.hl|  455.57 234.29 205.76 393.84 391.09

Figure 14: Weighted Average of BSFC Of the Hydroxide
Ammonia Variation

3. WEIGHTED AVERAGE — EGT:

Figure 15 shows the average values of the exhaust
temperatures leaving the engine in the case of using pure
diesel and the four mixtures of ammonia hydroxide and
diesel. It has become clear that in the case of the mixture
containing 7.5% and 10% ammonia hydroxide, they are the
lowest temperatures of the exhaust leaving the engine, and
the values between them are close. It is preferable to use a
mixture of 7.5 % ammonia hydroxide, as it achieves an
average temperature of 196.9 °c, while in diesel it is 204.3 °c.

100%diesel /0 | 97.5%diesel/2. | 95%diesel/S% | 92.5%diesel/7. | 90%diesel/10
%NH30H 5%NH30H NH30H 5%NH30H %NH30H

| H Texh 204.3 200.1 197.0 196.9 195.6

Figure 15: Weighted Average of EGT of the hydroxide ammonia
variation

studied on thermal efficiency, fuel consumption rate, and
exhaust temperature leaving the engine, in addition to
studying the combustion characteristics. In addition, the
resulting emissions. The results showed that the use of
ammonia hydroxide to diesel was effective, but its only
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penalty appeared in the emission of hydrocarbons.

The
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