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Abstract-In recent years, exergy analysis method has been widely used in the design,
simulation and performance assessment of various types of engines for identifying
losses and efficiencies. In this study, the first and second Laws of thermodynamics are
employed to analyze the quantity and quality of energy in a four-cylinder, direct
injection diesel engine using petroleum diesel fuel and biodiesel fuel. The experimental
data were collected using steady-state tests which enable accurate measurements of air,
fuel and cooling water flow rates, engine load, and all the relevant temperatures.
Balances of energy and exergy rates for the engine were determined and then various
performance parameters and energy and exergy efficiencies were calculated for each
fuel operation and compared with each other. The results of tested biodiesel offer
similar energetic performance as petroleum diesel fuel. In addition to this, the exergetic
performance parameters usually follow similar trends according to the energetic
performance parameters.
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1. INTRODUCTION

The petroleum fuels play a very important role in the development of industrial
growth, transportation, agricultural sector and to meet many other basic human needs.
The increasing energy demand, reducing harmful emissions, and depletion of fossil fuel
resources inevitably necessitate for the optimum utilization of exhaustible fossil fuel
and non-renewable energy resources. Hence, the scientists are looking for alternative
fuels and biodiesel is one of the best available sources to fulfill the energy demand of
the world [1-3]. Biodiesel production is not something new, because the concept of
using vegetable oil as fuel dates back to 1895. The first diesel engine was run using
groundnut oil as fuel. In 1911, Rudolf Diesel stated that the diesel engine can be fed
with vegetable oil and would help considerably in the agricultural development of the
countries which use it. In 1912, Rudolf Diesel said, ‘‘the use of vegetable oils for
engine fuels may seem insignificant today”. Although vegetable oils hold promise as
alternative fuels [4,5], using raw oils in diesel engines can lead to engine-related
problems such as injector coking and piston ring sticking. Biodiesel is a sulfur-free,
non-toxic, biodegradable, and oxygenated alternative diesel fuel with a higher cetan
number and lubricity [4,6-8]. Many researchers [5,7-14], have studied biodiesel fuels
and their blends with petroleum diesel fuel as an alternative energy source in the
compression ignition engine, and its performance, emissions and combustion
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characteristics of the engine were analyzed. The results showed that biodiesel fuels
provided increase in brake specific fuel consumption (Bsfc) since biodiesel fuels have
lower heating values. Based on these studies, biodiesel can be used as a substitute for
diesel in diesel engine. Some investigators were examine the effects of using biodiesel
as an alternative fuel in a Low Heat Rejection engines, LHR, to determine any
significant effects on performance and exhaust gas emissions [15,16].

Some studies show that almost 1/3 of the energy of a fossil fuel is destroyed
during the combustion process in power generation. This has caused a renewed interest
in exergy analyses, since effective management and optimization of thermal systems is
emerging as a major modern technical problem [17]. An exergy-based performance
analysis is the performance analysis of a system based on the second law of
thermodynamics that overcomes the limit of an energy-based analysis [18]. The
equations for the second law analysis of a thermodynamic system are presented and
discussed thoroughly [19,20] and are used to analyze the operation of power plants [21-
23]. However, during the last 20 years, it is well known that using only the first law is
inadequate for evaluating some features of energy resource utilization [6,21-23]. For
this reason, the use of the second law of thermodynamics has been intensified in internal
combustion engines. A series of papers was published on second law or exergy analysis
applied to internal combustion engines in the last few decades. A review study was
published by Caton [24] and was extended by Rakopoulos et al [25]. It can be seen from
these review papers that numerous studies have been performed on the application of
exergy analysis to SI engines [26-28] and compression ignition engines using
hydrocarbon fuels and/or alternative fuels [29-35]. Various investigators were
conducted some studies on exergy analysis of ICEs at fixed dead state temperatures [30-
31] using same characteristic engines using different fuels. Ertesvag was investigated
the variations of chemical exergy for atmospheric gases and gaseous fuels to variations
in ambient conditions. Calculating the change of chemical exergy over certain processes
showed that separation of air gases is potentially most efficient in cold climates, while
water electrolysis to hydrogen is favorable in warmer climates. Combustion reactors
and fuel cells are potentially most efficient in cold climates [32]. In addition to that
Caliskan et al. [35] were conducted the effects on exergy efficiencies of different dead
state temperatures using alternative fuels in a four stroke, four-cylinder, turbocharged
diesel engine. The results obtained were shown that exergetic efficiency increased as
dead state temperature decreased. The combustion process is the most important stage
during IC engine operation and modeling of combustion in a realistic way is very
important for exergetic computations. Therefore, many studies have been devoted to the
investigations of SI engine [36-39] and CI engine [1,40-41] operations from the second
law perspective by using detailed cycle and combustion models.

In this study, the First and Second Laws of thermodynamics are employed to
analyze the quantity and quality of energy in a four-stroke, four-cylinder, water cooled,
46 kW capacity direct injection diesel engine using No.2 diesel fuel and soybean oil
methyl ester (SME) as biodiesel fuel. Performance parameters of the engine for each
fuel, namely the brake specific fuel consumption, fuel energy, brake thermal efficiency,
heat and exhaust losses, fuel exergy, exergetic efficiency, exergy loss accompanying
heat loss, exergy loss accompanying the exhaust gas, and exergy destroyed in the
engine, were computed and compared with each other.
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2. THEORETICAL ANALYSIS

2.1. Energy Analysis

Most transient-flow processes can be modeled as a uniform flow process. With
the purpose of simplifying the first law calculations of the test engine, the following
assumptions were made; the engine operates at steady-state, the whole engine, including
the dynamometer, is selected as a control volume, the combustion air and the exhaust
gas each forms ideal gas mixtures and potential and kinetic energy effects of the
incoming and outgoing fluid streams are ignored. After these assumptions, fuel energy
rate to the control volume is given by Egs.(1)

Q; =, -LHV 1
Where LHV is the lower heating value (kJ/kg) and m¢ is the mass flow rate of

fuel (kg/s), respectively. Effective torque and power of the engine are determined by
Equation 2 and 3.

M, =025L (Nm) 2
P, =M, :2'“'6#.10—3 (kW) 3

Where L is measured engine load and o, M, and n represent to angular velocity

(rad/s), engine torque (Nm), and engine speed (rpm), respectively. After that brake
specific fuel consumption, bsfc, can be calculated by following relation.,

bsfc = %- 3600 (g/ (kW -h)) 4

(5]
Total exhaust heat (Q,, ), the overall heat in the exhaust gases expressed as a
rate of energy flow is given by Eq.(5).
_ Ihgwcp,w (TW2 - Twl)
- ‘ (Tel ~To ) S

(TeZ B Te3 )
Where; m,, : mass flow rate of calorimeter cooling water (kg/s); C, : specific

X

heat of the calorimeter cooling water (kJ/kgK); Twi: cooling water inlet temperature
(°C); Tywa: cooling water outlet temperature (°C); T.;: Exhaust gas temperature at engine
(°C); Te: Exhaust gas temperature at inlet to calorimeter (°C); Tes:exhaust gas
temperature at outlet from calorimeter (°C); Ty: ambient air temperature (°C) [26,34].

Total heat loss to be consisting of cooling water and radiation heat is determined
by Eq.(6). Thermal efficiency of the control volume (energy percentage), n, , is usually
determined as the ratio of the power output (net work) to the fuel energy input and
determined by Eq.(7).

Quni = Q¢ — (Pe +Qcy) 6
Useful output P P

= = " ¢ = —e 7
Energy Input (Fuel's Heating Value) Q, m;-LHV

MNh
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2.2 Exergy Analysis

Unlike energy, the value of exergy depends on the state of the environment as
well as the state of the system. Therefore, exergy is a combination property. The exergy
analysis of thermal systems is performed to improve energy source utilization by
determining the order of exergy destructions and losses in the processes and
components of the system and then by reducing them. In principle, four different type of
exergy can be identified. These are denoted, respectively, as kinetic, potential, physical
and chemical exergy, viz.: The specific flow exergy of a fluid stream (e) is obtained
from this sum, Eq. (8). However, exergy is the sum of the thermo mechanical,
(€tm =€pot +€kin +€phy  )» and chemical exergies. ey, and ey, are thermo mechanical

and chemical exergies, respectively. Thermo mechanical exergy is defined as Eq.(9)
[20,22,23].

€=0Cpot T Cin T Cphy *€h =Ctm +Cch 8
ew=h—h, —-T, -(s—s,) 9

Where h and s are flow enthalpy and flow entropy per unit mass at the relevant
temperature and pressure, respectively, while hy and sy stand for the corresponding
values of these properties when the fluid comes to equilibrium with the reference
environment. The specific chemical exergies of liquid fuels can be evaluated from the
following expression on a unit mass basis [6,29,34].

oh = {1.0401+0.1728£+0.04322+0.2169§(1—2.0628EH-|LHV| 10
C

c C c

h, ¢, o, and s are the mass fractions of H, C, O, and S, respectively. Chemical
exergies of No.2 diesel fuel (Ci¢Hs4), and biodiesel (Cig74H34430,) were computed
using this equation, and the values are presented in Table 1. In addition to this, the
definition of environment adopted in this study was received from ref. 22,23.

Table 1. Elemental analysis of No.2 diesel fuel and biodiesel [6].

Elements Number 2 Diesel Biodiesel
h/c 0.14657 0.15317
o/c - 0.14228
s/c 0.00047 0.000064

Thermo mechanical exergy of an ideal gas mixture at the temperature T and pressure p
and containing n components is;

— n = = — — =

etm :iglai{hi(T)—hi(To)—To|:SO(T)— SO(TO)—RIH—I%}} ) 11
Where a; is the coefficient of the component i in the reaction equation, s° is the
absolute entropy at the standard pressure (kJ/kmol-K), and R is the universal 12

gas constant (8.314 kJ/kmol-K). On the other hand, assuming the ideal solution
assumption is valid; the specific chemical exergy for a multi component stream
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Yi
¥i

can be calculated as e , = ﬁTO
i

> a1
ch i

where y; is the molar ratio of the ith component in the exhaust gas and y; is the

molar ratio of the ith component in the reference environment. The exergy balance
relation below can be stated as the rate of exergy change within the control volume
during a process is equal to the rate of net exergy transfer through the control volume
boundary by heat, work, and mass flow minus the rate of exergy destruction within the
boundaries of the control volume. And finaly, exergy rate balance relation is given by
Eq. (13).

T. . . . . : :
Z(l'?o)ch - ch +Zm e m-e- Edestroyed - AESyStem and
S

< Exergy transfer out

Exergy transfer by work Exergy transfer 13
by heat by mass
Eq=T,S gen

T indicates the absolute temperature at the location on the boundary where the

heat transfer occurs. The terms of > m-e and > m-e show the rate of exergy entering
in out

and leaving the control volume accompanying the fuel stream, respectively. Finally,
E 4 represents the rate of exergy destroyed in the control volume due to irreversibilities.
When computing the rate of exergy transfer accompanying heat transfer, it was assumed
that ch is rejected into the ambient air from the boundary having the same temperature

as the engine coolant exiting the engine block. Inserting values for the exergy transfers
accompanying heat, mass flow, and power transfers, the rate of exergy destruction in the
engine can be determined by the Eq. (14). Also, exergetic efficiencies are useful for
distinguishing means for utilizing energy resources that are thermodynamically
effective from those that are less so. Exergetic efficiencies also can be used to evaluate
the effectiveness of engineering measures taken to improve the performance of a
thermal system. Finally, the exergetic efficiency of the engine (Eq.(15)) can be
evaluated from the ratio of the power output to the fuel exergy input [20,22,23,35].

. T, . . .
, Eg=2(1--> E,, =W=P 14
Ef me'ef‘h Q S( T)Q w ¢
(Fuel exergy) (Heat exergy) (Work exergy)
B — Work exergy EW _1. Exergy destroyed _ | _E 15
I Exergy supplied Ef Fuel exergy Ef

3. EXPERIMENTAL STUDIES

In this study, the experimental set up consists of a compression ignition engine,
engine test bed with a GoPower brand hydraulic dynamometer, exhaust calorimeter and
a gas analyzer. The schematic view of the experimental set up is shown in Fig. 1. A
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Steyr brand, four cylinder, four-stroke, water cooled compression-ignition engine was
used in the experiments.

1. Test engine

2. Dynamometer

3. Control board

4. Exhaust calorimeter
5. Temperature indicator
6. Cooling tower

Fig. 1. Schematic view of engine test unit.

The test engine has a bore of 100 mm, a stroke of 100 mm, a compression ratio
of 16.1:1, and a maximum power output of 46 kW at 2400 rpm. The dynamometer used
was a capable of absorbing a maximum load of 100 kW at a speed of 4000 rpm. A strain
gauge based load cell system was used for load measurement. A scale (type Ohaus
GT8000) and stopwatch were used for measurement of the fuel flow rate. Air flow
measurement was carried out using a capacity damping tank and interchangeable orifice
plates designed to cover the engine ranges supplied. Two flow meters were used for
measurement of the cooling water flow rate (engine and calorimeter). Type K
thermocouples and digital thermometer with 12 channels were used for temperature
measurements. An extra fuel tank was used for biodiesel fuel storage. Diesel fuel and
soybean oil methyl ester used as fuel. Some important properties and compositions of
the fuels are shown in Table 2. The experiments were conducted at 100Nm at 2000 rpm
after completion of a standard warm up procedure without modifications to engine or
injection system using the pure fuels of No.2 diesel and biodiesel, respectively.

Table 2. Some properties of the fuels used in the tests [6,20,42].

Property No.2 diesel fuel Biodiesel (SME)
Typical formula CigHsz4 Cis74H34430,
Average molecular weight (kg kmol™) 226.446 834.388

Density (kg m™) 815 872

Lower heating value (kJ kg") 43350 39760

Cetan number 47 55

Fuel exergy values at 100 Nm (kW) 76.054 72.337

4. RESULTS AND DISCUSSION

4.1 Brake specific fuel consumption

The brake specific fuel consumption values of tested fuels are seen in Fig. 2. The
brake specific fuel consumption for usage of biodiesel results in 13.86% higher than
that of No.2 diesel fuel. Brake specific fuel consumption (Bsfc) is the ratio between
mass fuel consumption and effective power. Specific fuel consumption when using a
biodiesel fuel is expected to increase by around 14% in relation to the consumption with
diesel fuel, corresponding to the increase in heating value in mass basis. In other words,
the loss of heating value of biodiesel must be compensated with higher fuel
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consumption. An indicator of the loss of heating value, and thus of the expected fuel
consumption is the oxygen content in the fuel. Finally, the increased fuel flow in the
case of biodiesel in conjunction with the higher density of biodiesel compared to No.2
diesel fuel (Table 3) resulted in the increased fuel mass used and hence higher Bsfc
[3,6,13,15,21].

325 90

100 Nm -
306,533 [J No:2 Diesel
300 s [l — HBiodiesel {100 NmP
= O
. 269,226 e 60
= o7 2
E i 45
) o
o 250 2
@ w0 30
225 15 P === R R
Fuel energy Heat loss Exhaust loss
200 & No:2 Diesel 70,892 24,877 25,071
No:2 Diesel Biodiesel EBiodiesel 67,886 26,094 20,852
Fig. 2. Bsfc values of test fuels. Fig. 3. Energy values of test fuels.

4.2 Energy and loss energy values
The fuel energy values, Q, entering the engine with each fuel and lossing

energy values (heat transfer and exhaust losses) are shown in Fig. 3. The biodiesel fuel
provided slightly less energy to the engine than No. 2 diesel fuel to give the same power
output of 20.944 kW. Because the Lower Heating Value, LHV, of the biodiesel (39760
kJ/kg) 1s 8.2% lower than the LHV of diesel fuel (43350 kJ/kg), a lower amount of fuel
energy is required to produce this output power. Finally, fuel energy is direct
proportional with the lower heating value of the fuel and thus the fuel energy entering
the engine for the biodiesel is lower than the diesel fuel [2]. The operation with
biodiesel fuel results in higher rate of heat transfer from the engine. When the engine is
fuelled with biodiesel, it rejects approximately 4.9% higher rate of heat into the
atmosphere, compared to No. 2 diesel fuel. The use of biodiesel fuel yields lower CO
and unburned HC concentrations in the exhaust gas and this is also attributable to the
promotion of better combustion with biodiesel fuel. Therefore, a higher rate of total
energy in the forms of heat and work is transferred from the engine in the operation with
biodiesel fuel. Finally, because the engine power output is the same for the each fuel,
the exhaust loss is a function of only the difference between fuel energy input and the
heat loss energy from the engine and also this result in higher heat transfer rates from
the engine for biodiesel [6]. Also, the variation in exhaust temperatures can be attributed
to the increase in thermal efficiency and/or the decrease in the combustion temperatures.
The increase in thermal efficiency means that a larger portion of combustion heat has
been converted into work and therefore lower exhaust temperatures can be expected. In
addition to this, due to high concentrations of HC and CO in the exhaust gas, the
operation with No. 2 diesel fuel yields the higher exhaust energy loss (approximately
20%), compared to biodiesel fuel. Finally, the more the heat transfer decreases, the
more the energy lost to the exhaust increases even though the thermal efficiency
increase [6,15,16].
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Fig. 4. Brake thermal efficiency Fig. 5. Exergy values of the using fuels.
values of the using fuels.

The brake thermal efficiencies for the tested fuels can be seen in Fig. 4. This
indicates the engine’s ability to convert chemical energy to mechanical energy. The
engine operation biodiesel fuel yields approximately 1.3% higher thermal efficiency
compared to No. 2 diesel fuel. Brake thermal efficiency is the ratio of brake power to
the fuel energy input and because of same brake power and great fuel energy input with
biodiesel. It is noticed that the use of oxygen-rich biodiesel fuels promote a better
mixture formation and combustion, thus improving the thermal efficiency [8,35]. The
improvement in brake thermal efficiency can be attributed to the enhanced oxygen
content which improves combustion especially during the phase of diffusion
combustion, and to the higher lubricity of biodiesel which reduces the friction loss.

4.3 Fuel Exergy, Heat Loss Exergy, Exhaust Exergy And Exergy Destruction

The exergy values of the tested fuels are presented in Fig. 5. Since the specific
fuel exergy is aligned to the lower heating value, the fuel exergy values for the either
fuel are sustain a similarity to the fuel energy values in Fig. 3. However, it is seen that
the fuel exergy inputs are approximately 7.3% and 6.6% higher than the diesel No.2 and
biodiesel fuel energy inputs, respectively. Since exergy loss accompanying heat loss
from the engine is proportional to the rate of heat rejection, the heat loss exergy values
presented here are analogous to heat loss energy values given in Fig. 3. One item, which
needs to be mentioned, is the fact that heat transfers create all the more irreversibilities,
as the temperature difference of the transferring surfaces is significant. So to maximize
exergy transfer during heat transfer, temperature gap needs to be low. The higher the
temperature of the engine surface occurring the heat loss, the higher the exergy loss
accompanying it. For the No.2 diesel and biodiesel fuels’ calculation results show that
6.49% and 7.31% of the fuel exergy input is lost manner the heat transfer from the
engine, respectively [28,29]. The exergy loss due to the exhaust gas and concentrations
of CO and HC in the exhaust gas can be decreased by reducing the exhaust gas
temperature [14,27]. As seen in this figure, there is some improvement in operation with
biodiesel. Exergy is not conserved, and the irreversible processes in the engine, such as
combustion, heat transfer, mixing, friction, etc., destroy a significant fraction of the fuel
exergy. Due to the rate of exergy destroyed in the engine increases with increasing the
combustion temperature, this exergy destruction can be reduced by preheating the
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combustion air and by reducing the amount of excess air. However, the higher
temperatures may result in higher heat transfer which will remove the available energy.
Also, if not utilized, the higher availability will be expelled with the exhaust gases.
Furthermore, another consideration would be the potential for higher nitric oxide (NOx)
formation rates at these higher temperatures [24-27].

4.4. Exergetic Efficiency Values and Energy Distributions for the Tested Fuels

The first- and second-law efficiencies are similar in characteristics but different
in magnitude as seen in the Fig. 6. The first-law efficiency is higher for biodiesel
because of same brake power and great fuel energy input with biodiesel. It is seen that
the fuel exergy inputs of No.2 diesel and biodiesel fuels are 6.7% and 6.1% higher than
the corresponding fuel energy inputs. At the same time, exergetic efficiencies of the
engine also follow similar trends with the brake thermal efficiencies presented in Fig. 3.
Since the engine uses a higher amount of fuel exergy compared to the fuel energy
values for the same fuels, the exergetic efficiencies are 6.8% and 6.2% lower than the
corresponding brake thermal efficiencies [37].

No:2 Diesgl 100 Nm) Biodiesel (100 Nm)
30 .
~ % . 30.85%
§’ Bzrgai: xork Brake
E 26
2
E 24 35.365%
[} [SOEUES Exhaust
20k loss loss
20 L =
Dizel No:2 Biodizel
Fig. 6. Exergetic efficiency values Fig. 7. Energy distribution based on input
for the tested fuels. energy values of the tested fuels.

4.4 Energy and Exergy Distributions for the Tested Fuels

No:2 Diesel (100 Nm) Biodiesel (100 Nm)

50.08%

Exergy Exergy
loss due to Exhaust % loss due
Exhaust heat loss exergy N to heat
exergy 6.5% 16.7% loss

15.9% 7.3%

Fig. 8. Distribution of the fuel exergy values for the tested fuels.

Breakdown of the fuel energy for No. 2 diesel, and biodiesel fuels are presented
in Fig. 7. In the No. 2 diesel fuel operation, because of the higher exhaust temperature
the energy loss accompanying the exhaust gas is higher than in biodiesel fuel.
Consequently, for the same power output, operation with biodiesel yields higher rate of
heat transfer from the engine. Breakdown of the fuel exergy belonging to the test fuels
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are seen in Fig. 8. Results show that operation with biodiesel yields less exergy
destruction and higher power output percentages. Consequently, exergetic efficiency for
biodiesel operation is higher compared to No. 2 diesel fuel [6].

5. CONCLUSIONS

In this study, test engine was operated at steady-state without modifications to
engine or injection system. Using data gathered from the present study, energy and
exergy balances to the engine were performed for the either fuel. And then, energetic
end exergetic performance parameters of the engine computed and compared with each
other. According to the existing study; using exergy as a measure of quality, the
petroleum diesel fuel is a greater quality fuel than biodiesel. Because of the net calorific
value of diesel is greater than that of the biodiesel. It means that to cover the same
distance, greater amount of biodiesel is needed. In addition to this, using of biodiesel
fuel shows the similar energetic performance values with that of No. 2 diesel fuel.
Likewise, the use of biodiesel develops similar exergetic performance values with No. 2
diesel fuel. The most important factor of the system inefficiency is the destruction of
exergy by irreversible processes. This is mainly occured by the combustion. Exergy
losses due to the exhaust gas and heat transfer are other contributors in decreasing order.
In addition to these results, this study reveals that a combined energy and exergy
analysis provides a much better and more realistic answer.
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