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Abstract. Performance analysis of a diesel engine in terms of Effective Power (EP),
Effective Power Density (EPD), and Effective Efficiency (EE) has been performed using
a novel realistic Finite-Time Thermodynamics (FTT) modeling approach. The effects of
design and operating parameters of the diesel cycle, such as bore-stroke length ratio (d/L),
Equivalence Ratio (ER), Compression Ratio (CR), Cycle Temperature Ratio (CTR), Cycle
Pressure Ratio (CPR), stroke Length (L), friction coefficient (FRC), engine speed (N),
mean piston speed, inlet pressure, and inlet temperature, on the engine performance have
been investigated. In addition, energy losses depending on Incomplete Combustion (IC),
friction losses (FRL), heat transfer losses (HTRL), and Exhaust Output Losses (EOL) have
been described as fuel input energy. In order to acquire reasonable results, variable specific
heats with respect to temperature for working fluid have been used. The results presented
could be an essential tool for diesel engine designers.
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1. Introduction Miller cycle application and steam injection method.
Gonca et al. [45-50] performed a couple of studies
on the Miller cycle diesel engines [45-49] and steam
injected diesel engines [49-50]. They proved that the
Miller cycle and steam injected diesel engines were
more advantageous than conventional diesel engine in
terms of NO formation. Gonca and Dobrucali [53-
54] analyzed the performance characteristics of a diesel
engine fueled with biodiesel. Gonca [55] also inves-
tigated the performance of a spark ignition engine
with different fuel types. Al-Hinti et al. [56] used an
alternative calculation for heat transfer loss to analyze
the performance of an air standard Diesel Cycle (DC).
Sakhrieh et al. [57] used a novel gas mixture model in
a zero-dimensional single zone combustion simulation
to examine the performance characteristics of a DC
engine. Durmayaz et al. [58] conducted a review study

Diesel engines are a type of internal combustion engines
and they are commonly used in transportation and
energy sectors. There are many optimization studies
conducted by engine designers to satisfy environmental
and economical demands. FEngine researchers have
studied the optimization of different cycles and dif-
ferent types of engines and energy generation sys-
tems [1-26]. In the literature, many studies have
been performed related to diesel engines and diesel
cycles [27-35]. Gonca [36-40], Gonca and Sahin [41-
44], and Gonca et al. [45-52] investigated the perfor-
mance characteristics and emission products of diesel
engines with different NOz reduction methods, such as

*. Corresponding author. Tel.: +90 212 383 2950;

Fax: +90 212 383 2941
E-mail address: ggonca@yildiz.edu.tr (G. Gonca)

doi: 10.24200/sci.2018.5164.1131

on the optimization of various thermal systems based
on thermoeconomics and finite-time thermodynamics.
Hou [59] examined the effects of HTRL loss on the
thermal performance of a reversible dual cycle diesel
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engine. Ust et al. [60] expanded the prior study to
the irreversible dual cycle diesel engine. Xia et al. [61]
examined the performance of a DC by considering
some irreversibilities originating from FRL and HTRL
losses. Basbous et al. [62] determined the optimum
operating parameters, which provided minimum fuel
consumption for a diesel engine. Fu et al. [63] ex-
perimentally showed that thermal efficiency of a diesel
engine could be improved by up to 6.3% by recovering
exhaust gas energy. Jain and Alleyne [64] presented
exergy based objective functions for the steady state
optimizations of combined energy generation plants.
Aydin [65] experimentally examined the possibility
of using pure vegetable oils blended petroleum based
diesel fuel in a zirconium oxide coating diesel engine. It
was shown that CO, HC, and smoke opacity decreased
with the combustion of diesel/vegetable oil mixtures.
Li et al. [66] decreased soot, NOz, and CO by using
premixed natural gas in a diesel engine. Sprouse and
Depcik [67] reviewed Organic Rankine Cycle (ORC)
applications to the internal combustion engines for
heat recovery using exhaust energy. Lee et al. [68]
optimized the performance and emission formations
of a diesel engine, which had common rail system,
by using analysis of variance and Taguchi methods.
They asserted that the optimized novel system pro-
vided higher efficiency and lower PM, NOz, and CO
emissions. Debnath et al. [69] researched the emission
formation and combustion characteristics of a diesel
engine fueled with emulsified biodiesel produced from
palm oil. Abedin et al. [70] performed a study on the
effects of piston coating material and thickness on the
emission formations and performance characteristics of
a low-heat rejection diesel engine running with different
vegetable oils and biodiesels. Chintala and Subrama-
nian [71] used exergy analysis to assess the maximum
useful work of a hydrogen fueled diesel engine. Ackkalp
et al. [72] investigated the performance of a diesel-gas
engine tri-generation system in Turkey using exergy
analysis. They claimed that condenser, high-pressure

steam turbine, and combustion chamber had high
exergy destruction, so their economic improvement
potential was higher than other components of the
system.

In this study, the effects of the operating and
design parameters on the performance characteristics,
such as Effective Power (EP), Effective Power Density
(EPD), and Effective Efficiency (EE) as well as en-
ergy losses of a DC engine have been parametrically
examined using an original realistic FTT model. The
presented results have scientific value and they could be
assessed by diesel engine designers to obtain optimized
conditions of the performance.

2. Theoretical model

This study presents a comprehensive analysis of diesel
cycle, which is depicted in Figure 1. Computational
simulation of EE, EP, and EPD is conducted. In
the analyses, a standard condition has been deter-
mined. At the standard condition, inlet pressure (P;)
is 100 kPa, inlet temperature (77) is 300 K, cylinder
wall temperature (T,) is 400 K, Residual Gas Fraction
(RGF) is 0.05, friction coefficient (u) is 12.9 Ns/m,
cycle temperature ratio (a) is 8, engine speed (N) is
3600 rpm, cylinder bore (d) is 0.072 m, and stroke (L)
is 0.062 m. The EP (P.;), EPD (P,), and EE (5.5) are
derived as given below [20,21,37]:

Py Py

ViT Nef = Qf ) (1)

where Q;, is the total heat addition at constant
pressure (process 2-3) which can be obtained by Eq. (2)
as shown in Box I; Qout is the total heat rejection at
constant volume (process 4-1) and is obtained by Eq.
(3) as shown in Box II; and P, is power loss by friction
[45,73], which can be given as follows:

[Z + 48 (o55) + 0452 V.N

1200 ’

Pef:Qin_Qout_P)h Py=

5 2
Pl:,uSp =

(4)

Figure 1. P — v diagram for the irreversible Diesel cycle.
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Box II

where Z is friction constant and its minimum value is
determined to be 75 [45], p is friction coefficient, and 5,
is average piston speed for four stroke engines, which
is calculated as follows:

- L-N

S, = ——, 5
where N and L are engine speed (rpm) and stroke
length (m), and @ is heat release by combustion of
the fuel burned in the cylinder and it is expressed as
follows:

Qf = meuv (6)
where H, is calorific value or Lower Heating Value
(LHV) of the fuel burned in the cylinder; rivy is fuel
magss rate and it may be given as follows:

MfN

- -
s = To0 (7)

where my is the mass of the fuel burned in the
combustion process per cycle (kg), Qf’c is the heat
which is released during the combustion process, and
Qp, is the heat loss by heat transfer into cylinder wall;
they are given as follows:

Qf,c Zﬂcmem (8)

T+ T
TW) = htrAcyl ( 2 3 _TW>a
(9)

th :htTAcyl (Tme 9

where, 7. is combustion efficiency. It is given as follows
[74-75]:

Ne = —1,44738 4 4,18581/¢ — 1,86876/¢7, (10)
¢ is equivalence ratio and it is expressed as follows:

_ (mg/ma)
6= (11)

where, m, is the mass of the air, which is introduced
into the cylinder (kg), and Fy; [76] is stoichiometric
fuel/air ratio; they are given as follows:

Mme = paVa = pa(VT - Vrg)a (12>
Vs
Ve =v, 4 v, = ) (13)
r—1
Ve wd’L 1
Vo=—= , 14
r 4 r—1 (14)
-(12.01 - 1. . 16 - 14.01 -
Fstzs (12.01 - @+1.008 - 5+16 - v+14.0 6)7 (15)
28.85
pa:f(Tla-Pl)a (16)

where Vi, V4, Vo, Ve, and Vp are volumes of stroke,
residual gas, air, clearance, and total cylinder. p,, is
density of residual gas, which is expressed as follows:

Prg = f(T'minPl)' (17)

Thix is mean temperature of air-residual gas in the

cylinder. It is calculated as follows:

MT1 R + 1y gT1 Ry
maRa + m'rgRrg

ﬂnix = ’ (18)
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R,y and R, are residual gas constant and air gas con-
stant (0.287 kJ/kg.K), respectively. The compression
ratio (r) is given as:

r=WV/Vs, (19)

where subscript “1” stands for the condition before
the compression process. Diesel fuel has been used to
model the combustion and thermodynamic processes.
The chemical formula of the diesel fuel is given in
the literature as Ci4.4Hog9 [76]. «,3,7,6 are atomic
numbers of C, H, O, and N in the fuel. ¢ is molar
fuel/air ratio [76,77]:

0,21
(a-3+19)
where, hy, is heat transfer coefficient and it is obtained
from [78] as follows:

her = 130V 00 PD8TOA (G 4 1.4)08, (21)

mix

£ =

(20)

Acyr is total heat transfer area (m?) of the cylinder and
Mg, Mg, and mr are residual gas mass rate (kg/s), air
mass rate (kg/s), and total cylinder charge mass rate
(kg/s). They are calculated as follows:

T 7d?
Ay = ndL = 22
rgN
Mrg = 29 = 4, RGF, (23)
120
. maN mstt
a — = , 24
Ma =90 P (24)
T = g + 100 + M. (25)

Cp and Cy are constant pressure specific heats, and
constant volume respectively, and expressed in the
literature as follows [73]:

Cp =2.506-10" T2 4+1.454 - 10" "T®
—4.246-1077T + 3.162 - 1072705
+1.3303 — 1.512 - 10*7~15
+3.063-10°T2 —2.212-10"T 3, (26)

Cy =Cp—R. (27)

The process (1-2s) and process (3-4s) are reversible
adiabatic processes. In the literature, they are given
as follows [79]:

TZ.S
Cy, -ln’ T, =Rln|r|,
Ths 1
Cv, -In|=2|=R-In|-|, (28)
3 T
where,

Cy, =2.506 - 107175 | 4 1.454 - 107 T3
—4.246 - 107 T,y + 3.162 - 10° 1933
+1.0433 — 1.512 - 104715
+3.063-10°T52 —2.212- 107752, (29)
Cy, = 2.506- 107172, + 1.454 - 107 "T:3
—4.246 - 107 Ty3 + 3.162 - 107573

+1.0433 — 1.512 - 10*T, 3°

+3.063 - 10°T, 2 — 2.212- 1077, 3, (30)
T s — T; T. s T:
TZsl — 2 Ty, 1a T4s3 - 4 Tue 37 (31)
In ﬁ In ﬁ
B=Ps/Py=T3/T. (32)

[ is pressure ratio. For irreversible conditions, T5 and
T, could be expressed as follows:

_Ts+ Ty (nc — 1)
nc

1

; (33)

Ty =Ts5 +ne(Tas — Ts), (34)

where g and n¢ are the isentropic efficiency of the
expansion process and isentropic efficiency of the com-
pression process, respectively. The cycle temperature
ratio (CTR-a) and cycle pressure ratio (CPR-A) are the
other dimensionless engine design parameters. They
may be expressed, respectively, as:

T‘m'lx T3 A Tk71 -1
= 7( = — = — = ]_ —_— 35
“ Trnin Ty r * Tic 7 ( )
A= -Pmax/-Pmin = PS/P1~ (36)

The other equations have been taken from [37].

3. Results and discussion

In this study, an FTTM has been applied to a DC
engine to evaluate the performance characteristics,
which are named EP, EPD, and EE.

Figure 2 shows the effects of CTR on the per-
formance characteristics. The maximum EE, EP, and
EPD increase with increasing CTR owing to more
energy input into cylinder. Higher in-cylinder temper-
ature provides higher combustion efficiency; therefore,
EE and EP increase simultaneously. Increasing EP at
constant cylinder volume yields higher EPD. Conse-
quently, all of the performance characteristics improve
together.
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Figure 2. Variations of F.¢, Py, and 1.5 with respect

to a.
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Figure 3. Variations of P.y, Ps, and 7.5 with respect

to w.

Figure 3 shows the impact of FRC on EP, EPD,
and EE. The FRC is related to lubrication oil and
in-cylinder surfaces on which friction occurs. FRC
increases with enhancing the FRC; hence, performance
parameters decrease remarkably. FRC is irreversibility
and unwanted; however, it is inevitable and it should
be minimized by improving performance characteristics
of lubrication oil and friction surfaces.

Figure 4 illustrates the influence of N on the
EP, EPD, and EE. N Directly affects the EP as it
stands for engine work per time. The EP and EPD
rise up with raising engine speed. However, the EE is
slightly lower at higher engine speeds as the friction
losses increase with enhancing N. These results show
that increase ratio of the fuel energy introduced into
cylinder is slightly higher than that of EP and EPD.

Figure 5 shows the impacts of Sp on the EP,
EPD, and EE. S, is related to engine speed and
stroke length. Thereby, it affects the performance
characteristics and FRL. Figure 5(a) is plotted at
constant engine speed condition. In this figure, it is
shown that all the performance characteristics increase
with enhancing S,. Because engine dimensions (stroke
length and bore) increase together, Figure 5(b) is

—— N=3600 rpm N=2800 rpm ----- N =2000 rpm
----- N=3200 rpm ——- N=2400 rpm
o %
£ =
- z
L‘I =
Ry e
A,
32 34 36 38 40
ner (%)
Figure 4. Variations of P.y, P4, and n.; with respect to
N.
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— Mp
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(b)
Figure 5. Variations of P.y, Py , and 7.y with respect to
S, at fixed (a) N, and (b) L.

plotted at constant stroke length condition. As the
EE decreases, the EP and EPD are enhanced with
increasing S, at this condition, since engine speed
increases. It obviously seems that change of EPD at
constant stroke length condition is greater than that
at constant engine speed condition, as the change in
engine dimensions has similar trend to the change in
EP at the constant stroke length condition.

Figure 6 shows the impact of L on the EP, EPD,
and EE. L is related to engine dimensions and friction
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Figure 6. Variations of P.y, Py, and 7.y with respect to
L.

losses. Increasing L provides higher engine dimensions
and, hence, higher power outputs. Also, in-cylinder
surface areas are affected by L. Therefore, HTRL
increases with increasing L. It is clear from the figure
that EP increases, while EE and EPD decrease, with
raising L. The main reason for this result is that
the friction losses and engine dimensions increase with
increase in stroke length. Engine power increases, but
the increase in engine dimensions is higher. Therefore,
power density decreases with increasing power. Also,
it is seen from the figure that the change ratio of EP is
higher than that of EPD.

Figure 7(a) and (b) show the effect of air in-
let temperature on the EP, EPD, and EE at two
different conditions. Figure 7(a) is plotted at con-
stant CTR condition. The performance characteristics
increase when air inlet temperature increases, since
maximum combustion temperature and energy input
increase. Figure 7(b) is plotted at constant maximum
combustion temperature condition. The performance
parameters are minimized with increasing air inlet
temperature as the air mass sucked into cylinder
diminishes. The air density decreases with enhancing
air inlet temperature, so it should be minimized to
obtain maximum performance conditions.

Figure 8 illustrates the effect of ¢ and + on
the CTR and the performance characteristics. ¢ and
r directly affect in-cylinder combustion temperatures
and, hence, CTR. The CTR as well as EP, EPD,
and EE increases with enhancing r. On the other
hand, they increase to a particular value and then
begin to decrease with increase in ¢, because lower fuel
energy input happens at lower values of ¢. However,
combustion efficiency decreases due to high rates of fuel
mags input at higher values of ¢. Therefore, at both
higher and lower values of ¢, deteriorating performance
characteristics are observed. These figures indicate
that there are optimal points of ¢, which yield the
maximum performance characteristics and CTR. The

18
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. | ‘ ‘ . Jo
0 10 20 30 0
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Figure 7. Variations of P.s, P4, and 1.y with respect to
T1 at fixed (a) a and (b) Timax-

maximum points of CTR, EP, and EPD are between 1
and 1.2 ¢, whilst the maximum point of EE is between
0.8 and 1 ¢.

Figure 9 shows the influence of ¢ on the engine
performance. Similar to previous figures, the EP, EPD,
and EE increase to certain values of ¢ and then begin
to decrease. The maximum EE is seen at 0.9 ¢ while
the maximum EP is seen at 1.2 equivalence ratio since
¢ is related to fuel-air amounts and ratios.

Figure 10 shows the effects of wall temperature
of the cylinder on the performance characteristics.
There are no noticeable changes in maximum effective
power and power density depending on cylinder wall
temperature. However, maximum effective efficiency
decreases with decreasing cylinder wall temperature
since heat transfer loss increases with decreasing wall
temperature.  There is heat transfer between in-
cylinder burned gases and cylinder wall temperature.
According to heat transfer law, heat is transferred at
high rates at high temperature differences. Therefore,
higher cylinder wall temperatures lead to lower heat
transfer losses.

Figure 11 demonstrates the influences of air inlet
pressure on the EP, EPD, and EE. It is known that
more air mass is sucked inside the cylinder at higher
pressure conditions. Thus, performance characteristics
increase with raising intake pressure. Air density
is enhanced with increasing air inlet pressure, so it
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to ¢. rates, friction losses increase at lower rates. Therefore,
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Figure 13. The effects of d/L on P.j, Py, and 7.y
variations at fixed (a) o and L, (b) ¢ and L, and (c) ¢
and r.

increment of d provides more positive effect than
increment of L.

Figure 13 shows the effect of d/L on the EP, EPD,
and EE at constant cylinder volume for three different
conditions. Figure 13(a) is plotted at constant CTR
and constant L condition. The performance parame-
ters improve to a determined value and then begin to
abate with increase in d/L. Figure 13(b) is plotted
at constant ¢ and L condition. The EP, EPD, and
EE rise with increasing d/L. Figure 13(c) is plotted
at constant equivalence ratio and compression ratio
condition. This figure shows similar characteristics to
the previous figure. The same increase trend is seen.

Figure 14 demonstrates the influence of r on losses
as fuel’s energy for two different conditions. r affects
the performance characteristics and irreversibility. Fig-

- a=8 [— Li.
Tt~ Ly,
T —Lpy
30} ——— [
S
o 207
wn
o
= {/
- I
10+ — ]
0 . . . . )
15 20 25 30 35
T
(a)
T0f
\ ¢=1 |— Lic
S S Ly,
60} f1
\\ — Lt
N e
50 N =2
—~ N
X a0 T
) T
& 30 T
A 30 T T ———
20
10r
0 L
5 10 15 20 25 30 35

(b)

Figure 14. Variations of energy loss percentages with
respect to r at fixed (a) o and (b) ¢.

ure 14(a) is depicted at constant cycle temperature
ratio condition. Incomplete combustion loss (L;.)
and exhaust energy loss (L..) decrease while heat
transfer loss (Lj:) increases and friction loss (Ly,)
remains constant with increasing r. Total cylinder
volume and equivalence ratio change with change in r
at this condition. L;. is related to equivalence ratio
and it changes with changing equivalence ratio. It
decreases as fuel energy input decreases with increasing
r. Figure 14(b) is depicted at constant equivalence
ratio condition. L;. and Ly, are constant, Ly, increases
and L., decreases by enhancing r. Vr increases by
increasing 7, hence Ly, increases. Useful work increases
by increasing r and so L, is diminished. Ly, changes
with L and N, which are constant at both of the
conditions. Therefore, L;. does not change.

Figure 15 demonstrate the effects of RGF on the
performance parameters for three different conditions.
The RGF is negative performance parameter. It leads
to decreasing air density and air mass. The figures
are plotted at constant cycle temperature condition,
at constant equivalence ratio condition, and at con-
stant compression ratio condition. Similar trends are
seen for all circumstances. The EP, EPD, and EE
decrease with increasing RGF, since air inlet temper-
ature increases and the air mass introduced inside
the cylinder decreases by increasing RGF. However,
maximum combustion temperatures are diminished by
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Figure 15. The effects of RGF on P.y, Py, and 7y
variations at fixed (a) a, (b) ¢, and (c) .

raising RGF due to reduction in oxygen concentrations.
Also, NOz emissions decrease by increasing RGF,
since NOx formations are observed at high combustion
temperatures.

4. Conclusion

A comprehensive parametrical study was performed for
the DC engine. The influences of air inlet temperature
(T1), air inlet pressure (P1), CTR (a), CPR (1)),
FR coefficient (u), engine speed (N), average piston
speed (S,), stroke length (L), compression ratio (r),
equivalence ratio (¢), bore-stroke length ratio (d/L),
and Residual Gas Fraction (RGF) on the performance
characteristics were examined. The results showed that
the performance characteristics improved with increase
in CTR (a), CPR (\), and air inlet pressure (P1). The

performance characteristics decreased by increasing FR
coeflicient (p); however, EP, EPD, and EE improved
with increase in mean piston speed in constant engine
speed conditions. On the other hand, as the EP and
EPD improved, the EE was diminished with increase
in S‘p at constant L circumstance. While the EP
and EPD increased, the EE decreased with increase
in L and N. The EP, EPD, and EE increased up
to a determined value and then began to decrease by
raising ¢ and r. The energy losses with respect to
heat transfer increased, as incomplete combustion and
exhaust output losses were minimized with increase in r
at constant « circumstance. At this condition, friction
losses were constant. Moreover, the losses of FR and
IC were constant, whilst exhaust output loss decreased
and HT losses increased at constant ¢ condition. The
results have scientific value and they could be used
by DC engine designers and manufacturers to obtain
optimized engine operating and design conditions.

Nomenclature

A Heat transfer area (m?)

CR Compression Ratio

C, Constant volume specific heat
(kJ/kg.K)

Cp Constant pressure specific heat
(kJ/kg.K)

CPR Cycle Pressure Ratio

CTR Cycle Temperature Ratio

d Bore (m)

d/L Bore-stroke length ratio

EE Effective Efficiency

EOL Exhaust Output Losses

EP Effective Power

EPD Effective Power Density

ER Equivalence Ratio

F Fuel-air ratio

FRC Friction coefficient

FRL Friction losses

FTT Finite-Time Thermodynamics

HTRL Heat transfer losses

hir Heat transfer coefficient (W/ m2K)

H, Lower heat value of the fuel (kJ/kg)

1C Incomplete Combustion

ICE Internal Combustion Engine

l Loss

L Stroke length (m), energy loss
percentage (%)

m Mass (kg)
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Time- dependent mass rate (kg/s)
Engine speed (rpm)

Pressure (bar), power (kW)

Rate of heat transfer (kW)
Compression ratio

Gas constant (kJ/kg.K)

Residual Gas Fraction

Stroke (m)

Mean piston speed (m/s)
Temperature (K)
Specific volume (m?/kg)

Volume (m?)

Greek letters

« Cycle temperature ratio, atomic
number of carbon

Jé] Pressure ratio, atomic number of
hydrogen

o Atomic number of nitrogen

¢ Equivalence ratio

~y Atomic number of oxygen

A Cycle pressure ratio

o Friction coefficient (Ns/m)

) Density (kg/m3)

Subscripts

l At the beginning of the compression
process

a Air

c Combustion, clearance

cyl Cylinder

ef Effective

f Fuel

fr Friction

ht Heat Transfer

1 Initial condition

ic Incomplete combustion

m Input

l Loss

max Maximum

me Mean

min Minimum

mix Mixture

out Output

rg Residual Gas

S Stroke, isentropic condition

st Stoichiometric

Total
Cylinder walls
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