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Abstract

In the present work, the influence of nozzle hole diameter is studied on the first and second law balance in
a DI Diesel engine. To this end, first law analysis is done by using the results of a three dimensional CFD
model. The results show good agreement with the previous experimental data. For second law analysis,
a computational code developed in house is applied. Behaviors of the results have good accordance with the
literature. The results show that an increase in nozzle hole diameter increases both the indicated work and
heat loss to walls. Also with regard to second law terms, the results show that an increase in nozzle hole
diameter leads to an increase in indicated work availability, heat loss availability, and entropy generation per
cycle and a decrease in combustion irreversibility and exhaust gas availability.
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1. Introduction

The compression ignition (Diesel) engine is now the
preferred prime mover in many applications, ow-
ing to its reliability and excellent fuel efficiency [1].
Diesel engine simulation is a very effective tool to
approximate and improve engine performance. First
law analysis is a good method for predicting engine
performance and the influence of its various opera-
tive parameters [2–4]. On the other hand it has long
been understood that traditional first law analysis,
which is needed for modeling engine processes, of-
ten fails to give the engineer the best insight into the
engine’s operation. In order to analyze engine per-
formance, that is to evaluate the inefficiencies associ-
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ated with the various processes, second law analysis
must be applied [5, 6]. For second law analysis, the
key concept is “availability or exergy”.
The availability of a matter refers its potential to pro-
duce useful work. Unlike energy, availability can be
destroyed, which is a result of some phenomena such
as combustion, friction, mixing, throttling etc. The
destruction of availability is a source for insufficient
use of fuel availability to produce useful mechani-
cal work in an internal combustion engine. The re-
duction of irreversibilities can lead to better engine
performance through a more efficient exploitation of
fuel [1, 7]. Many studies have been published in the
past few decades (the majority in the last 20 years)
concerning the application of second law to internal
combustion engines.
The first studies in to the operation of internal com-
bustion engines that included exergy balance in the
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calculations were done around 1960, the works of
Traupel [8] and Patterson and Van Wylen [9]. Flynn
et al [10], explained a new observation in internal
combustion engine studies. They applied a method
based on the second law of thermodynamics for en-
gine analysis. A review paper written by Caton [11]
explains previous studies into engine operation from
the perspective of second law observation. One of
the most important sections in Diesel engines is the
injection system. Injection system characteristics
such as injection pressure, number of nozzle hole
and nozzle holes diameter directly affect on com-
bustion process and thereby directly impact the en-
gine performance. In the case of some processes
dependent on the injection system such as mixture
formation, the numerical simulation is becoming in-
creasingly important. One advantage of using simu-
lation models is that, in contrast to experiments, re-
sults can often be achieved faster and more cheaply.
More importantly still despite the higher uncertainty
compared to experiments, the numerical simulation
of mixture formation and combustion processes can
give much more extensive information about com-
plex in-cylinder processes than experiments could
ever provide. Using numerical simulations, it is pos-
sible to calculate the temporal behavior of every vari-
able of interest at any place inside the computational
domain. This makes it possible to obtain detailed
knowledge of the relevant processes and is a pre-
requisite for improvement. Furthermore, numerical
simulation can be used to investigate processes that
take place on time and length scales or in places
that are not accessible and thus cannot be investi-
gated using experimental techniques. In the case of
high-pressure diesel injection for example, the spray
break-up near the nozzle is mainly influenced by the
flow conditions inside the injection holes. Due to the
small hole diameters (less than 200 µm for passen-
ger cars) and high flow velocities (about 600 m/s and
more), the three-dimensional turbulent and cavitat-
ing two-phase flow is not accessible by measurement
techniques. One very costly and time-consuming
possibility of gaining insight into these processes
is to manufacture a glass nozzle in real-size geom-
etry and use laser-optical measurement techniques.
Outside the nozzle, in the very dense spray mea-
surements of the three-dimensional spray structure

(droplet sizes, velocities etc.) become even more
complicated, because the dense spray does not al-
low sufficient optical access of the inner spray core.
In these and other similar cases numerical simula-
tions can give valuable information and help to im-
prove and optimize the processes of interest [12].
A. Abassi and et al. [13] explained the influence
of the injection system characteristics on first and
second law terms in high speed DI Diesel engines.
They carried out an overall study, not going into de-
tail. Most previous investigations relevant to noz-
zle hole (nozzle hole diameter and number of noz-
zle holes) restrict themselves to focusing on first
law analysis and emission formation. For exam-
ple, set against this background, Akira Numata and
Yashinori Nagae [14] studied the simultaneous effect
of nozzle hole diameter and injection pressure on
engine performance and emissions to increase ther-
mal efficiency and reduce NOx emission in a station-
ary Diesel engine. Byong Seok Kim et al. [15] ex-
plained the effect of the injector nozzle hole diame-
ter and number of holes on combustion performance
in a medium speed marine Diesel engine. They ap-
plied an experimental scheme and a numerical sim-
ulation to investigate NOx formation and fuel con-
sumption according to various fuel injection nozzle
geometries in medium speed marine Diesel engines.
Gao Jian et al [16] worked on the effect of injection
pressure and nozzle hole diameter on mixture prop-
erties of DI Diesel spray. They applied the laser ab-
sorption scattering (LAS) technique to quantitatively
and simultaneously measure the concentration distri-
butions of both the liquid and vapor phases in the fuel
spray injected by the common rail hole-type injector
for DI Diesel engines. N.Tamaki et al. [17] utilized
an experimental scheme and explained the influence
of nozzle hole diameter, number of nozzle holes and
pitch circle diameter of nozzle holes on atomization
of spray and break up length to invent high efficiency
atomization enhancement nozzle. However, it is ex-
ploring the effect of nozzle parameters on first and
second law terms together that gives the engineer the
best insight into the engine’s operation and thereby
leads to the best engine design.
The present work attempts to analyze the influence
of nozzle hole diameter on first and second law bal-
ance in a DI Diesel engine. First law analysis is
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done by using the results of a three dimensional AVL
Fire software. For second law analysis, a computa-
tional code developed in house is applied. Second
law terms such as burnt fuel availability, indicated
work availability, availability loss associated with
heat transfer to walls (heat loss availability), com-
bustion irreversibility, exhaust gas availability and
entropy generation per cycle are evaluated with this
code.
Eight nozzle hole diameter are studied and their re-
sults are compared to gauge how first and second law
terms change when increasing or decreasing the noz-
zle hole diameter.
The results of the analysis are given in a series of
diagrams, which plot interesting first and second law
values.

2. Model description

In the present study, Diesel engine operation is ana-
lyzed from perspective of the first and second laws
of thermodynamics and the various terms of the first
and second laws are evaluated.

2.1. First law analysis

Figure 1: 3D moving mesh at 40◦ BTDC

In this study, first law analysis is done by using AVL
Fire software which uses a 3D moving mesh to sim-
ulate combustion chamber. A scheme of 3D moving
mesh at 40◦ CAD before TDC is shown in Fig. 1.

With the applied code, the compressible, turbulent,
three dimensional transient conservation equations
are solved for reacting multi-component gas mix-
tures with the flow dynamics of an evaporating liq-
uid spray by Amsden A. A et al, [18]. The turbulent
flows within the combustion chamber are simulated
using the RNG κ − ε turbulence model which is pre-
sented by Han, Z and Reitz, R. D [19], modified for
variable-density engine flows. The combustion pro-
cess is modeled by the Eddy Breakup model. The
Eddy Breakup model was developed as a combus-
tion model with active turbulence controlled com-
bustion model based on the Magnussen [20] formu-
lation. This model assumes that in premixed turbu-
lent flames, the reactants (fuel and oxygen) are con-
tained in the same eddies and are separated from ed-
dies containing hot combustion products. The rate
of dissipation of these eddies determines the rate of
combustion as follows:

ρṙ f u =
C f u

τR
ρmin

(
y f u,

yox

S
,
Cpr · ypr

1 + S

)
(1)

The first two terms of the “minimum value of” op-
erator determine whether fuel or oxygen is present
in limiting quantity, and the third term is a reaction
probability which ensures that the flame is not spread
in the absence of hot products. The above equation
includes three constant coefficients (C f u, τR, Cpr) and
C f u ranges from 3 to 25 in diesel engines. An opti-
mum value was selected according to the experimen-
tal data.
Spray breakup and droplet distribution is modeled
by the advanced Wave Standard, developed by Re-
itz [21]. In this model the growth of an initial pertur-
bation on a liquid surface is linked to its wave length
and to other physical and dynamic parameters of the
injected fuel and the domain fluid. Drop parcels are
injected with a characteristic size equal to the noz-
zle exit diameter (blob injection). The Dukowicz
model [22] is used for treating the heat-up and evap-
oration of the droplets.

2.2. Effect of nozzle hole diameter on the combus-
tion process

When fuel is injected into the combustion chamber,
the droplets of fuel enter into direct contact with the
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gas which is in the combustion chamber. The in-
teraction between the droplets and the gas creates
and conducts the combustion process. Droplet size
which is directly related to the nozzle hole diame-
ter, plays a significant role in interaction between the
droplets and the in cylinder gas. Small droplets lead
to better mixture formation and reduce ignition de-
lay and vice versa. On the other hand, to produce
small size droplets a small nozzle hole diameter is
required. However, reducing the diameter of noz-
zle holes (when injection pressure is kept constant)
causes the injecting fuel mass flow rate to decrease
and injection duration to increase, which reduces the
intensity of the combustion process and vice versa.
Therefore, as regards the combustion process, reduc-
ing nozzle hole diameter has a desired effect (to pro-
duce better mixture formation and to decrease igni-
tion delay) and an undesired effect (to reduce the in-
tensity of the combustion process).
The differential equations for the momentum and
evaporation of spray particles are as follows:

2.2.1. Momentum
Momentum equation of a droplet is given as follow:

md
dud

dt
= Fdr + Fg + FP + Fb (2)

Where Fdr is the drag force, given by:

Fdr = DP · urel (3)

DP is the drag function, defined as:

DP =
1
2
ρg
π · D2

d

4
CD |urel| (4)

CD is the drag coefficient which generally is a func-
tion of the droplet Reynolds number Red.
From the various formulations in the literature for the
drag coefficient of a single sphere, FIRE uses the fol-
lowing formulation from Schiller and Naumann [23]:

CD =

{ 24
Red

(1 + 0.15 Re0.687
d ) Red < 103

0.44 Red ≥ 103 (5)

The droplet Reynolds Number is shown in the fol-
lowing equation where µg is the domain fluid viscos-
ity.

Red =
ρg |urel|Dd

µg
(6)

Fg is a force including the effects of gravity and
buoyancy:

Fg = Vd (ρd − ρg) g (7)

FP is the pressure force, given by

FP = Vd · ∇P (8)

Fb summarizes other external forces like the so-
called virtual mass force, magnetic or electrostatic
forces, Magnus force or others.

2.2.2. Evaporation
In this study, the Dukowicz model [22] is applied for
treating the heat-up and evaporation of the droplets
during the interaction between the droplets and the
gas. This model assumes a uniform droplet tem-
perature. In addition, the rate of droplet tempera-
ture change is determined by the heat balance, which
states that the heat convection from the gas to the
droplet either heats up the droplet or supplies heat
for vaporization.

md cpd
dTd

dt
= l

dmd

dt
+ Q̇ (9)

The convective heat flux Q̇ supplied from the gas to
the droplet surface is:

Q̇ = αAs(T∞ − Ts) (10)

Where α is the convective heat transfer coefficient
through the film surrounding the droplet in the ab-
sence of mass-transfer and As is the droplet surface
area. T∞ is gas temperature and Ts is the droplet tem-
perature.
With the convective heat transfer coefficient in equa-
tion (10) replaced by the Nusselt number the convec-
tive heat flux Q̇ supplied from the gas to the droplet
surface is:

Q̇ = DdπλNu (T∞ − Ts) (11)

For spherical droplets the heat flux Q̇ can be obtained
from heat transfer coefficient correlations.
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The Nusselt number Nu is obtained from the follow-
ing correlation proposed by Ranz and Marshall [24]
for single droplets and confirmed to apply to certain
types of sprays by Bose and Pei [25].

Nu = 2 + 0.6 Re1/2
d Pr1/3 (12)

Here, the droplet Reynolds number (Red) is obtained
from equation (6) and Prandtl (Pr) numbers is evalu-
ated from the usual expressions. The reference tem-
perature for evaluating transport properties like va-
por viscosity, specific heat, thermal conductivity etc,
is the average temperature between the local domain
fluid temperature and the droplet surface temperature
as follows:

T̄ =
T∞ + Ts

2
(13)

Figure 2: Increasing ignition delay by increasing the nozzle
hole diameter

With the above explanations in sections 2.2.1 and
2.2.2, it is revealed that the nozzle hole diameter
which is equal to the primary diameter of droplets,
affects the momentum equations of droplets and the
heat transfer between droplets and the gas when the
droplets are injected in to the combustion chamber.
Hence nozzle hole diameter directly influences the
motion and evaporation of spray droplets and conse-
quently affects the combustion process.
Fig. 2 depicts an increase in nozzle hole diameter
disturbing good mixture formation and leading to in-
creased ignition delay. Indeed, increasing the noz-
zle hole diameter increases the primary diameter of

droplets which must mix with gas until ignition hap-
pens. Big droplets can not mix with gas as well as
small droplets and increasing the nozzle hole diame-
ter postpones the initiation of ignition.

Figure 3: Combustion progress and spray penetration at +13
CAD after start of injection at nozzle hole diameter 0.12 mm

Figure 4: Combustion progress and spray penetration at +13
CAD after start of injection at nozzle hole diameter 0.14 mm

Figure 5: Combustion progress and spray penetration at +13
CAD after start of injection at nozzle hole diameter 0.16 mm

On the other hand increasing the diameter of noz-
zle holes (when injection pressure is kept constant)
causes the injecting fuel mass flow rate to increase
and injection duration to decrease, which increases
the intensity of the combustion process. Figs. 3...6
confirm the above explanation and illustrate that in-
creasing nozzle hole diameter, increases the intensity
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Figure 6: Combustion progress and spray penetration at +13
CAD after start of injection at nozzle hole diameter 0.18 mm

of the combustion process and causes the combus-
tion process to happen in a more intense fashion and
to complete faster.

2.3. Second law analysis
The cylinder availability balance can be formulated
as follows [2]:

dAcyl

dΦ
=

ṁinbin − ṁoutbout

N
−

dAw

dΦ
−

dAl

dΦ
+

dA f

dΦ
−

dI
dΦ

(14)
Where ṁin is the inlet mass flow from the inlet mani-
fold, ṁout is the outlet mass flow from the outlet man-
ifold and b represents flow availability as follows [2]:

b = (h − ho) − To (s − so) (15)

dAw/dΦ represents indicated work transfer. In fact it
can be known as the value of output availability from
the cylinder associated with the indicated work [2]:

dAw

dΦ
=

(
Pcyl − Po

) dV
dΦ

(16)

Where dV/dΦ states the rate of change of cylinder vol-
ume based on crank angle degree and Pcyl is the in-
stantaneous cylinder pressure, which are both com-
puted by first law analysis about the engine pro-
cesses. Po represents the ambient pressure.
dAl/dΦ is the rate of availability loss associated with
heat transfer to the cylinder walls on the basis of the
crank angle degree. It can be given as follows [2]:

dAl

dΦ
=

dQl

dΦ

(
1 −

To

Tcyl

)
(17)

dQl/dΦ is the rate of heat transfer to the cylinder walls
on the basis of the crank angle degree and Tcyl is

the instantaneous temperature of the cylinder gases,
which are both available from the first law analysis.
To represents the ambient temperature.
dA f/dΦ is the burned fuel availability based on the
crank angle degree, which can be given as fol-
lows [2]:

dA f

dΦ
=

dm f b

dΦ
a f ch (18)

a f ch represents the chemical fuel availability. The
chemical exergy (availability) for a substance not
present in the environment (e.g. fuel, sulfur, com-
bustion products such as NO or OH, etc) can be eval-
uated by considering an idealized reaction of the sub-
stance with other substances for which the chemical
exergies are known [26]. This chemical exergy of
the fuel can be expressed as follows on a molar ba-
sis [6, 26]:

ā f ch(To, Po) = ḡ f (To, Po) −

∑
P

xPµ̄
o
P −

∑
r

xrµ̄
o
r


(19)

Where index P denotes products (CO2, H2O, CO,
etc) and index r the reactants (fuel and O2) of the
(stoichiometric) combustion process, To and Po are
the dead state temperature and pressure, and the over
bar denotes properties on a per mole basis.
For hydrocarbon fuels of the type CzHy which are of
special interest to internal combustion engines appli-
cations, Eq. (19) becomes [26]:

ā f ch = HHV(To, Po)
−To

[
s̄ f +

(
z +

y
4

)
s̄o2 − z s̄co2 −

y
2 s̄H2O(l)

]
(To, Po)

+
{
z āCO2, ch +

y
2 āH2O (l), ch −

(
z +

y
2

)
āO2, ch

}
(20)

The above relation is often approximated for liquid
fuels (on a kg basis now) by (Ref. [6]):

a f ch = LHV
(
1.04224 + 0.011925

y
z

)
−

0.042
z

(21)

dI/dΦ states the rate of irreversibility production in the
cylinder which involves combustion, viscous loss,
turbulence, mixing and etc. Since combustion has
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the maximum contribution (more than 90%) [7, 27–
29], in the present work, only the combustion irre-
versibility is taken into account to evaluate the in
cylinder irreversibilities. However dI/dΦ can be eval-
uated as follows [30]:

dI
dΦ

= −
To

Tcyl

∑
j

µ j
dm j

dΦ
(22)

The subscript j involves all the reactants and prod-
ucts. For ideal gasses µ j = g jand for fuel µ f = a f ch.
S gen is the entropy generation per a cycle which can
be given as follows [2]:

S gen = (S out − S in) +
Qloss

To
+

Itotal

To
(23)

Where S states gas entropy, Qloss states the heat
transfer to the cylinder walls, Itotal is the total irre-
versibilities and To is the ambient temperature.
The above equations can be solved by numerical
methods so the second law terms can be evaluated
during a cycle. In this study, a computational code
developed in house is applied to evaluate the second
law terms.

3. Results and discussion

Table 1: Engine characteristics

Bore×Stroke 82.5×82 mm
Conrod 130 mm
Compression ratio 19.5
Swirl ratio IVC 3
Number of
injection nozzle
holes

5×0.15 mm

Rail pressure 540 to 1255 bar,
dependent on speed

Engine speed 3500 rev/min

In the present investigation, a Ford Diesel 1.8 L en-
gine was used to evaluate the first and second law
terms. Table 1 shows the engine characteristics.
To show model validation from the first law perspec-
tive, diagrams of the cylinder pressure and cumula-
tive heat release are compared with the previous ex-
perimental data [31] at two engine speeds (Figs. 7
and 8) and a good agreement is seen.

Figure 7: Model validation at engine speed 3000 rpm

To show model validation from the second law per-
spective, diagrams of heat loss availability Fig. 9,
combustion irreversibility Fig. 10 and exhaust gas
availability Fig. 11, which are computed by the de-
veloped in house code, are compared with the work
of C. D. Rakopoulos and E. G. Giakoumis [7]. It is
necessary to note that the operating speeds of the en-
gine, which are used by the latter authors, are much
lower than the operating speeds of the engine in the
present study. Nevertheless, the behaviors of the di-
agrams confirm each other.
Figs. 9, 10 and 11 also state that an increase in
speed causes a decrease in cylinder heat loss and
an increase in combustion irreversibilities (although
at a lower rate after the mid engine speed range)
and exhaust gas availability, (all reduced to the in-
jected fuel availability). A detailed study done by
C. D. Rakopoulos and E. G. Giakoumis [32] clearly
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Figure 8: Model validation at engine speed 3500 rpm

explains engine speed effects on the availability bal-
ance in the Diesel engine. For more on the reasons
of the above figures procedure, see Ref. [32].
The results of this study are given in a series of dia-
grams which show various first and second law terms
based on eight nozzle hole diameters as presented in
the Figs. 9...11.

The first law terms are presented in the
Figs. 12...14.
Second law terms are shown in Figs. 15...17. It
is known from the work of W. R. Dunbar and
N. Lior [33], that about 80% of the combustion ir-
reversibilities occur during the heat transfer process
between the reacting gas and the as yet unburned
mixture and it is also known that increasing the
gas temperature reduces the relative amount of heat
transfer from the reacting gas to the as yet unburned
mixture. Since an increase in nozzle hole diameter

Figure 9: Model validation, Heat loss availability

leads to an increase in combustion temperature (or
gas temperature), this eventually decreases the com-
bustion irreversibilities reduced to the fuel availabil-
ity.

Fig. 18 shows that increasing the nozzle hole diam-
eter decreases the exhaust gas availability reduced
to the injected fuel availability. Increasing the noz-
zle hole diameter leads to increased the indicated
work availability (see Fig. 15), increased heat loss
availability (see Fig. 16) and decreased combustion
irreversibilities (see Fig. 17). However the ensem-
ble of the increase in indicated work availability and
the increase in heat loss availability is bigger than
the decrease in combustion irreversibilities, therefore
the part of the injected fuel availability which can
be consumed by in cylinder processes (such as in-
dicated work, heat loss availability and combustion
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Figure 10: Model validation, Combustion irreversibility

irreversibilities) is increased and hence the amount
of injected fuel availability which goes out in the ex-
haust gas from the cylinder, is reduced by increasing
the nozzle hole diameter.
The above interpretation shows that an increase in
nozzle hole diameter reduces exhaust gas availabil-
ity.
Fig. 19: This figure reveals that an increase in the
nozzle hole diameter leads to an increase in the en-
tropy generation per cycle. This result can be ex-
plained by referring to equation (23). When the noz-
zle hole diameter is increased, the temperature level
of the combustion process increases which raises the
entropy of the outlet gas (S out) and the heat loss to
walls (refer to Fig. 14) and reduces the combustion
irreversibilities (see Fig. 17). However, the ensemble
of the increase in entropy of the outlet gas and the in-

Figure 11: Model validation, Exhaust gas availability

crease of heat loss to walls, which are both due to the
increase in the nozzle hole diameter, is greater than
the reduction in combustion irreversibilities. Hence
by referring to equation (23), it is explained that an
increase in the nozzle hole diameter leads to a de-
crease in the amount of entropy generation per cycle.

4. Conclusions

A numerical investigation was used to study the in-
fluence of the nozzle hole diameter on the first and
second law balance in a DI Diesel engine. The re-
sults show that an increase in the nozzle hole diame-
ter causes an increase in the indicated work and heat
loss to walls. With regard to second law terms, the
results show that an increase in nozzle holes diame-
ter leads to an increase in indicated work availability,
heat loss availability and entropy generation per cy-
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Figure 12: Increase in intensity of combustion and decrease
in combustion duration by increasing the nozzle hole diame-
ter. This figure reveals that increasing the nozzle hole diam-
eter leads to increased combustion intensity and a shortened
combustion process. It is owing to this fact that increasing the
diameter of nozzle holes (when injection pressure is constant)
causes the injecting fuel mass flow rate to increase and injection
duration to decrease, which increase combustion intensity and
reduce combustion duration

Figure 13: Increase in indicated work by increasing the noz-
zle hole diameter. This figure shows that increasing the nozzle
hole diameter leads to an increase in the indicated work reduced
to the fuel energy. Indeed increasing the nozzle hole diameter
increases the intensity of combustion, which causes the mean
pressure level of gas in the cylinder to rise. This raises the indi-
cated work

cle and a decrease in combustion irreversibility and
exhaust gas availability.
The results reveal that changes in indicated work
availability and exhaust gas availability are more se-

Figure 14: Increase in heat loss to walls by an increase in noz-
zle hole diameter. This figure shows that increasing the nozzle
hole diameter causes an increase in heat transfer to walls. The
increased combustion intensity caused by increased fuel mass
flow rate due to increased the nozzle hole diameter, raises the
mean temperature level of cylinder gas, which leads to an in-
crease in heat transfer to walls

Figure 15: Increase in indicated work availability by an increase
in nozzle hole diameter. This figure reveals that an increase in
the nozzle hole diameter leads to an increase in the indicated
work availability reduced to the injected fuel availability. It is
understood from Figs. 12...14 that an increase in nozzle hole
diameter increases the indicated work (see Figs. 12...14), which
increases indicated work availability

vere than changes in heat loss availability and com-
bustion irreversibility when the nozzle hole diame-
ter is altered. The combustion irreversibilities ex-
hibit the smallest rate of change. Therefore exhaust
gas availability and indicated work availability have
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Figure 16: Increase in heat loss availability by an increase in
nozzle hole diameter. This figure illustrates that an increase
in the nozzle hole diameter increases the heat loss availabil-
ity reduced to the injected fuel availability. It is known from
Figs. 12...14 that an increase in nozzle hole diameter raises
the mean temperature level of cylinder gas (see Figs. 12...14
), which leads to an increase in heat loss availability

Figure 17: Decrease in combustion irreversibility by an in-
crease in nozzle hole diameter. In this figure, it is shown that
an increase in the nozzle hole diameter reduces the amount of
combustion irreversibilities reduced to the injected fuel avail-
ability

the biggest sensitivity and combustion irreversibili-
ties have smallest sensitivity to changes in the nozzle
hole diameter.
The above results show that by finding the opti-
mum nozzle hole diameter it is possible to achieve
a good balance between the first and second law
terms, which leads to better engine design.

Figure 18: Decrease in exhaust gas availability by an increase
in nozzle hole diameter

Figure 19: Increase in entropy generation by an increase in noz-
zle hole diameter
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Nomenclature

α heat transfer coefficient, W/(m2K)

ṁ mass flow rate, kg/s

ṙ fuel consumption rate

∞ droplet far - field condition
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λ thermal conductivity, W/(m·K)

µ chemical potential, J/kg

Φ crank angle, deg

ρ density, kg/m3

τr time scale of turbulent mixing, s

A availability/ exergy, J

a specific availability/ exergy, J/kg

As droplet surface area, m2

b flow availability (flow exergy), J/kg

C carbon

CD drag coefficient, -

Cp specific heat, J/(kg·K)

ch chemical

cyl cylinder

D diameter, m

d droplet

Dp drag function, N·s/m

DI direct injection

dr drag

F force, N

f fuel

f u fuel

g gas

g gravity

g specific Gibbs free enthalpy, J/kg

gen generation

H hydrogen

h specific enthalpy, J/kg

HHV higher heating value

I irreversibility, J

IMEP indicated mean effective pressure

in inlet

IS FC indicated specific fuel consumption

j all reactants and products

l latent heat of evaporation, J/kg

l loss

LHV lower heating value

md droplet mass, kg

N engine speed, rpm

Nu Nusselt number

o ambient condition

P pressure, Pa

P pressure

P product

Pr Prandtl number

Q heat, J

r reactant

Re Reynolds number

rel relative

rpm revolutions per minute

S entropy

S stoichiometric oxygen requirement, source term

s droplet surface

s specific entropy, J/kg·K

u velocity, m/s

V volume, m3
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w work

y number of hydrogen atom

z number of carbon atom
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