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Abstract: Approximately one-third of the energy supplied to the cylinder of an internal comb ¢ is trans®rmed into effective work
while the remaining energy is dissipated in multiple ways. Offering solutions that can recup engine wastes is important
and beneficial. This research examines how the timing of injection start influences aste heat in a reactive control
compression ignition engine. Following the validation, the diesel fuel injection t eir effects on exergy destruction
productivity coefficient, engine output power, and produced pollutants have been s . sults showed that by advancing the start time of
fuel 1nJect10n parameters such as the efﬁmency of the ﬁrst law of thermodyn; such as unburned hydrocarbons and carbon

1 has increased due to the high heat transfer
has caused the irreversibility to increase due to the
vanced fuel injection start time.

due to the high temperature of the load inside the cylinder. Therefore, the
increase in the number of chemical reactions. The efficiency of the system

Keywords: Injection Start Time, Compression Ignition Engine,

of a trigeneration system driven by a diesel-gas engine. It was
found in the study that the combustion chamber, high-pressure
steam turbine, and condenser can greatly benefit from reduced
exergy usage due to their high cost of exergy destruction [15].
With the rise of low-temperature combustion (LTC), the
concept of employing these engines was also contemplated in
! ! concurrent production processes [16]-[18]. Using the heat
tion engines from the exhaust of a homogeneous mixture compression
Ive energy ignition engine, Sarabchi et al. powered a steam-driven power
management [2]-[4]. ) cycle, an air conditioning system and a desalination system

A team of researchg : ) gases from diesel [19]. In their study, Khaljani and the research group used the
engines to operatcdgi® al ration unit. From the waste heat from the cooling water and the exhaust gases of
findings, it is e ent of the cycle and the their engine to operate two Rankine cycles [20]. It is an internal
parameters of y a role in both fuel combustion engine based on the concept of low-temperature
consumption and efﬁ01ency of the system. [S]-[7]. reactions. In this process, two different fuels are used together.
Abusoglu et al. anal}@d a system that produces heat and The first test has a low reactivity value, while the second has a

1. Introduction

Internal combustion engines are commo
generating power as well as for heating ai
[1]. A big part of the energy derived
not used to create work. It is instea
through cold air and exh
transforming the waste heat fi
into valuable work

electricity simultaneously; utilizing a diesel engine by. the first high reactivity. The low reactivity fuel is added in a predictable
and second laws of thermodynamics. They determined the way into the engine combustion chamber together with the air
exergy loss associated with each component of the system [&]. from the inlet, while the high reactivity fuel gets injected by
Srinivasan and colleagues explored the possibilities of the injector into the chamber [21]-[23].

recovering waste heat from the emissions of a highly efficient In the past few years, researchers have shown increasing
dual combustion engine through the use of a Rankine cycle interest in reactive control compression combustion engines,

[9]. Several groups have reported their findings on using ORC
to recover waste heat from diesel engines that are powered by
various fuels and under different conditions [10]-[13]. of reactive control combustion engines influence the
Furthermore, other researchers performed a similar analysis performance of refiners [21]-[23]. Since the reactive control
using a submarine diesel engine [12], [14]. Emin Agikkalp and compression combustion engine has the advantage of low
his colleagues performed a progressed exergoeconomic study emissions and high fuel consumption efficiency, this engine

leading to numerous studies aimed at enhancing these engines.
Several investigations have explored how different parameters
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can be used in simultaneous production cycles [21]. In the by Bosch (CRDI). Table 1 provides the specifications for both

research performed by Liu et al., an analysis based on the first the engine and the injector.

and second laws was conducted for three combustion modes

of a conventional diesel engine: homogeneous mixture Table 1. Specifications of engine [27] and injector [28].
compression }'gn.it.ion, combustion, and reactiye cqntrol Title Engine Tifle Injector
compression ignition [24]. Factors such as in-cylinder Characteristics i Characteristics
temperature, the extent of chemical reactions, combustion Model VolkTs ]v)vlagen T};ﬁjlézgr(’f CRDI
temperature, reaction rates, and duration of combustion have Engine _ _

been found to be key contributors to such loss of exergy. Based Displacement 1900 €€ Injector spray  Conical form
on the results, the highest level of exergy destruction was Number of 4 Spraying angle 144°
found in the conventional diesel engine [25]. In a different cCyli?;i;;:

study carried out by Li et al., the influence of methanol and Di};meter 79.5mm Dressure 400/bar
gasoline on the exergy loss in a reactive control compression Compression 171 P
combustion engine was examined utilizing a multidimensional ratio

model along with a simplified chemical kinetics mechanism. Stroke 60°
The findings from this research indicated that the use of diesel-

methanol fuel leads to elevated combustion temperatures, Before top

resulting in greater exergy destruction during the chemical d?%dT ggt)ef

reactions [24]. Mohebbi and colleagues examined how exhaust
gas recirculation and the incorporation of normal heptane into
low reactivity fuel influence a reactive control compression
combustion engine [26]. In this research, it was observed that
as the recirculation of exhaust gases increased, the total exergy
destruction also rose, and as a result of the lowered combustion
temperature linked to the high heat absorption capability of the
recirculated gases, thermomechanical exergy was reduced
[26]. By raising the proportion of normal heptane a
isooctane, known for its low reactivity as a fuel, the exergy
heat transfer has significantly improved. This enhancement 1

verge software Wits utilized to model the fluid dynamics
d combusi@n phenomena taking place within the cylinder.
cycle of the engine was represented as a closed
n the intake valve was shut, the mixture within
r was regarded as entirely homogenecous and
Additionally, a simplified chemical mechanism
comprising 76 species and 464 reactions was employed to
replicate the combustion process [29].

The patterns used, such as droplet breaking, turbulence, heat
transfer, etc., are shown in Table 2. In order to validate the
simulation results, two operating modes for the engine have
been considered according to Table 3.

diesel, influences the capacity fo
accomplish this aim, the engingg
three-dimensional model, an
validated using experi
injection timings have bee
and the impacts o
capacity have beg

2.3. Prediction of Cylinder Pressure and Heat Release Rate

The in-cylinder pressure and heat release rate were predicted
using the Converge code and compared against experimental
values collected for the Volkswagen engine at Michigan
Technological University Fig. 1. The operating conditions are
outlined in Table 3. The results from the numerical method
2. Materials 3 aligq Well with the experimental dqta. Additiqnally, the
predictions of pollutants and their comparison with
In this study, a three-S@ensional engine model was employed experimental data are shown in Table 4. All conclusions are
for simulation. The mo&s accuracy was confirmed through drawn for mode a.
experimental data, after which the timing of diesel fuel
injection was modified to examine its impacts on exergy
destruction, waste heat recovery potential, and exhaust power When temperature, mechanical, and chemical equilibrium with
output. the environment are reached in a system, the highest amount
of useful work it can produce is known as efficiency [30].
Usually, the exergy of a closed system is found using equation

2.4. Analysis of the Second Law of Thermodynamics

2.1. Specifications of Selected Engine and Injector

The researchers used a 1.9-liter light engine from Volkswagen (1). Equation (2) is used to calculate the lost exergy because of
which is available at the Advanced Power Systems Research heat transfer. 7 in this equation refers to the average
Center at Michigan Technological University. It runs on a 4- temperature of air inside the chamber and the temperature
cylinder diesel, with the variable geometry turbo feature. Each outside. The amount of heat loss is obtained by solving the
cylinder was equipped with a diesel fuel injector manufactured governing equations.
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Table 2. Utilized model in documented simulations.

Method Name Method Type Reference
Kelvin-Helmholtz
Rayleigh-Taylor
(KHRT) spray breakup [30]
Dynamlilcoztgtchmg Dynamic stretching 31]
. igniti lay ti
Negative temperature 1ent i\(:irihdfisai}rll 1mes (32]
coefficient (NTC) 2
temperature
penetration rates and
O’Rourke the drop size [33]
distributions
Wall film formation and ~
vaporization _ Spray wall [34]
P 1impingement
RNG k-epsilon model turbulence [35]
Han and Reitz model Temperature Wall [36]
Function
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1A % B .
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CAD

Parameters

Engine speed 1500
Brake Mean Effective Pressure 5
Diesel fuel flow rate(gr/s) 0.107
Natural gas flow rate(gr/s) 56%
Inlet airflow rate(kg/h) 59.95
Before top dead centg -55,20
IVC temperature (k 378
Diesel spray pres 400
Blend Ratio: Natural 89 85
Refed gas 0 20%

Table 4. Compression and Wi

idation of pollutions in two tested forms.

Kinds of A Form B Form
Pollution Simulatio  Experiment Simulati  Experiment
n al on al
Nitrogen 721 860 1738 680
oxides (ppm)
Hydrocarbon 4, 5 7800 3317 5300
(ppm)
Carbon
monoxide 636 1370 564 1100
(ppm)

Vol. 8, No. 1, 2025

dA _ dA, dAq dI dAg 1
0-d6 do do ao M)
dA T,\ dQ
q 0
a —_ )= 2
do (1 T) do &Y

Equation (3) is used to calculate work exergy. Exergy of
work is equal to the net work done, so it is obtained from the
difference between the work done on the system and the work
done on the environment.

)

Equation (4) is used ta
changes of the mixture ggsi

g the fuel and converting it into
products, including carbon dioxide and
ed are as follows [37]-[39].

is called the total exergy of a system.
ical exergy is the useful work of the system
es the ambient temperature and pressure from the
ting temperature and pressure. This state is called a
dead state. Chemical exergy is the useful work of the
system when the system reaches the common composition in
the environment from its basic composition [37], [39].

dAch dmch dmc h16
= Xa + (7 Xa ) 4
ot = (g apuons) + (Toa e X apcme) ()
afv = afv,thermomechanical + afv,chemical (5)
Afy thermomechanical — hfv - _TO Sty - g})u (6)

afv,thermomechanical
— 50 0
=9y — AYGco2

elert-ha 7
— RTgIn(z

gL
aa(j)z 56

Z= 5 (®)
O_O_(a+E_Z)( 4) 2
B v
(a tg- 7) 9)
E=——>=
0.21
B

0=079% +a+s (10)
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Equation (11) was used to calculate thermomechanical
exergy.

Agn = U =U") + Py(V =V = To(S — S°) an

3. Results and Discussion

Fig. 2 shows the average pressure (Fig. 2A) and temperature
(Fig. 2B) of the fluid inside the combustion chamber for
different injection times. According to Fig. 2, it is clear that in
the case that the injection start time is 25 degrees before the
top dead point, the highest pressure and temperature are
obtained inside the combustion chamber, and this result can be
seen that by choosing the diesel fuel injection start time at 5
degrees Before the top dead point, the lowest temperature is
created inside the combustion chamber. These results are
caused by the temperature inside the cylinder at the time of
combustion due to the different durations of mixing fuel with
air in different conditions .Furthermore, the temperature at the
injection start time, 25, 35 and 20 before the dead point has
reached the maximum, and the reason for this occurrence is
that there is more time for fuel and air to mix as well as
possible at the early fuel injection start time, which causes
combustion with high temperature. Increased and as a result
the fuel burns more completely, these results are shown in Fig.
3. In addition, by delaying the fuel injection because the fuel-
air mixing time is reduced, the fuel is incompletely burne

shown in Fig. 3 and finally the combustion temperatur

reduced.
[
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Figure 2. Illustration of t
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Figure 3. Illustration of the effects of start of injection timing on Integrated
Heat Release Rate (IHRR).
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Fig. 4A shows the exergy resulting from heat transfer. Based
on the graph, the higher the maximum temperature of the
combustion chamber, the more heat is transferred to the walls.
Exergy heat loss also increases. Fig. 4B shows the temperature
of exhaust gases from the engine at different injection times. It
is clear that if the injection starts 5 degrees before the top dead
point, due to the short heat transfer time and the delay in
starting the combustion, the temperature of the exhaust gases
has increased significantly. As the ignition start time advances,
the time for heat transfer also increases, and the temperature of
exhaust gases decreases.

Fig. 4C shows the irreversibilit
During combustion, due to
production  increases,
significantly. The menti

e for different samples.

before the top dead -center.
f fuel injection to 25 degrees before the
Ited in a decrease in this exergy.
an injection start time of 35 degrees before the
r, the exergy of the exhaust gas increased,
¢ delayed initiation of the combustion process

influenced by the temperature of the exhaust gases from
ine, as represented in Fig. 4C.

Fig. 5 shows the changes in the ignition start time for
different injection times. As mentioned, the figure shows that
at the injection angle of 35 degrees, the ignition started later,
which is the reason for the transfer of heat to the outside. It is
worth noting that in this figure, the angle at which 10% of the
total cumulative chemical energy of the fuel is released is
considered as the ignition start time.
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Figure 4. An illustration demonstrating how the timing of the start of injection
influences Heat Transfer Exergy (HTE) (A), Exhaust Gas Temperature (EGT)
(B), Irreversibility (C), and Exhaust Gas Exergy (EGE) (D).
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r the start of injection timing

Fig. 6 shows the effect of injection time on the production
work of the reactive control compression ignition engine. As it 2s
is clear in the figure, although the changes in the fuel injection
time have led to visible changes in the maximum temperature
and pressure inside the chamber, it does not have much effect
on the production work of the engine and only in case of
injection with a long delay due to incomplete combustion, it
causes a reduction in the engine production power. o

The outcomes of the first and second laws of ° s L° 15 =0 == =2 =3 o
thermodynamics are illustrated in Fig. 7. The figure shows that SOI (deg)
the lowest efficiency of the first and second laws occurred in =
the case where the fuel injection start time is 5 degrees before
the top dead point, which is the reason for the emergence of
incomplete combustion.

Fig. 8 demonstrates when the spray is applied during
cycle can affect how much unburned hydrocarbons and carb
monoxide are released. The highest levels o

CO & HC (zr/Kw.h

HC

ct of injection timing on the efficiency factor of the reactive
n ignition engine.

g time too much and by spraying too early, the
productivity coefficient decreases. The best efficiency
coefficient is observed at the injection angle of 20 degrees
before the top dead point. The point to consider in the
combustion of compression ignition is reactive control, paying
attention to the existing chemical reactions. The engine’s
emission and performance are mainly controlled through
chemical reactions which also play a role in how waste heat is
recycled. Table 5 demonstrates the significant chemical events
that take place in the combustion chamber at the start of
combustion, depending upon the injection time. To investigate
the effects of changing the injection time on the chemical
processes performed in the reaction control compression
combustion engines, the output data from the Converge
software was read by a Fortran code, and important reactions
were identified using sub-models of the Chem. Kin program.
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Figure 9. Utilization factors under start of injection timing (case-a).
Figure 6. Illustration of the effects of start of injection timing.
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Table 5. Important reactions inside the combustion chamber at the start of
combustion for different injection times.

Injection time -5 Injection time -20 Injection time -35

Methane+ Hydroxide Methane+ Hydroxide+
<=> Methyl +Water Hydroxide <= > Methane<= >
Methyl +Water Methyl +Water
Oxygent Methane<=>  Hydrogen Oxygen+ Methane<=>
Hydroxide+ methyl +Oxygent Nitrogen Hydroxidet+ Methyl
<= >Hydrogen
superoxide
+Nitrogen
Hydroxide+ Oxygen+ Hydrogen+2
Formaldehyde<= Methane<= > Oxygen<=> Hydrogen
>Bicarbonate +Water Hydroxidet Methyl  superoxide+ Oxygen
Hydrogen +Oxygen+ Hydrogen +2  Hydroxide+
Nitrogen <= Oxygen<= > Formaldehyde<= >
>Hydrogen superoxide Hydrogen Bicarbonate+ Water
+Nitrogen superoxide+ Oxygen

Table 6 shows the important reactions when 50% of the total
chemical energy has been released. According to Table 6, it is
clear that the ranking of important reactions for the two
samples of spraying time -20 and -35 is very similar. While
more different results have been obtained for spraying time -5.
The reason for this is the temperature difference of the
discussed samples, which has changed the reaction process,
and in the -5-degree spray sample, due to the lower
temperature, it has been drawn towards reactions with less
temperature dependence.

Table 6. Important reactions during the release at crank angle of 50% chemi
energy for different spraying times (SOI).

Injection time -5 Injection time -20

Methane+ Hydroxide+ Methane

Hydroxide <= > <=> Methyl+ Water

Methyl +Water

Hydroxide+ Oxygen+Hydrogen+2

Formaldehyde<=  Hydroxide<=

>Hydrogen Hydroxide + Hydro

carbonate +Water

Methyl+ Hydroxide+

Bicarbonate peroxide<:

=Formaldehyde >Hydrop

+Methylene

Methanol=Metho droxide+

xide+ Hydroxide Formaldehyde<=>Bicar
bonate+ Water

Oxygen Hydrogen+  Oxygen+

+Methane<= > = Water<=>

Hydroxide+ operoxyl+ Water Hydroperoxyl+Water

Methyl

It is worth mentioning that the ranking of the reactions has
been done according to the progress rate of the reactions in
terms of moles per cubic centimeter per second. According to
the two mentioned tables, it can be concluded that time
changes the course of reactions.

In this study, a valid computational fluid dynamics model
was used to investigate the effect of injection start time in a
reactive control compression ignition engine on the capacity of
recycled wasted heat. The data calculated by the computational
fluid dynamics model were called by a mathematical model
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and used to calculate different exergy values. The results
obtained indicate that initiating fuel injection earlier allows for
a longer period for fuel and air to mix, resulting in more
complete combustion and a reduction in the emissions of
unburned hydrocarbons and carbon monoxide. Moreover, with
earlier injection start times, the higher temperatures in the
combustion chamber lead to greater exergy in heat transfer due
to enhanced heat exchange, which also contributes to a
decrease in the exhaust gas temperature from the engine.
Additionally, the elevated temperature associated with earlier
injection timing increases the irreversibility owing to a rise in
chemical reaction rates. Additiona the findings indicated

the second law of thermod
system efficiency. This agj

injection angles earlier than this
reased heat transfer leads to higher
levels, ple later injection timings result in
ixing of the fuel and air, causing higher emissions
iciency ratios.

clusion, based on the current research, the high
tempCrature has caused the irreversibility to increase due to the
increase in the number of chemical reactions. Furthermore, the
efficiency of the system increased with advanced fuel injection
start time.
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