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NOMENCLATURE

BSFC  Brake specific fuel consumption, kg/kWhr Greek Symbols

BTE Brake Thermal Efficiency, % Nex Exergy efficiency
Ex Exergy consumption, kW 8Ex  Exergy destruction
LCV Lower calorific value of fud, kJkg Nt Thermal efficiency
m Mass flow rate of fuel, kg/s

Ma Mass flow rate of intake gas, kg/s

Qin Rate of fuel energy input to the engine, kW Subscripts

0, Rate of heat energy taken away by cooling water, kW H high temperature (used for the combustion chamber)
0, Rate of heat energy taken away by exhaust gas, kW In input

Qs Rate of unaccounted loss of heat energy, kW L low temperature (used for the ambient)

W, Rate of energy converted to electric power, kW Out  output

Qout Rate of energy rejected to the environment, kW w cooling water

T Temperature, K
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1. INTRODUCTION

From the economic point of view diesd fud is very
important for its wide range of usage such as in
transportation, power generation, road vehicles,
agriculture etc [1, 2]. The substitution of these fuels is
of great interest because it will reduce their dependence
on petroleum based energy and will create jobs for rural
areas where agriculture is the main activity. Most of the
studies on engines using biodiesel have evaluated their
performance based on their brake power, brake thermal
efficiency (BTE), brake specific fuel consumption
(BSFC) and emissions analysis [3-5]. By analysing such
parameters therma pollution is ignored and the rea
performance of the engines with respect to the second
law of thermodynamics is overlooked. In this paper,
emphasis is given to use the exergy concept to evaluate
the performance of a Cl engine using Karanja biodiesd
under varying compression ratio. The exergy of an
isolated system is a property that is not conserved. It can
be generated, destroyed and stored. Exergy is destroyed
mostly as low temperature heat transfer as well as
during chemica reactions [6]. This unutilized exergy
normally interacts with its surroundings and can lead to
undesirable environmental processes in non-equilibrium
Situations that can cause environmental problem. The
exergy content of a natural material input can be
interpreted as a measure of its quality or potentia
usefulness, or its ability to perform useful work [7]. The
deviation between the efficiency predicted by the first
law of thermodynamics and the observed efficiency of
the engine is an evidence of the defective exploitation of
the fuel, which is due to the presence of internal
irreversibilities in  the engine Firg law of
thermodynamics cannot identify and quantify the
sources of losses (irreversibilities) in the engine. It
simply provides the overall efficiency and hence failsto
clarify the reasons of deviation between the ideal and
actual performance of the engine [8, 9]. On the other
hand, second law of thermodynamics offers a new
perspective for the analysis of the performance of the
engine based on the concept of exergy. The objective of
this paper isto anayze the energy, destruction of exergy
and exergy efficiency of aCl engineusing pure diesel &
Karanja methyl ester in different blends (20%, 40%,
60%) with diesdl at variable loads and compression
ratios.

2. BASIC THEORY OF ENGINE ENERGY AND
EXERGY BALANCE

2. 1. Energy and Exergy Balance System and
Equations Internal Combustion (IC) engine
energy balance is also called thermal balance, which is
the research of 1C engine energy distribution from the
angle of system integration. A commonly used method

is to build an energy balance system including al kinds
of energy in IC engine [10]. Then, the proportions of
various kinds of energy in each of the subsystems can
be studied. Therefor, by optimizing its energy
distribution, energy utilization efficiency of IC engine
can be improved. By the in-cylinder energy balance,
total fuel chemica energy can be divided into effective
work, heat transfer loss, friction loss, exhaust gas
energy and unburned product chemica energy. The heat
transfer loss is taken away by cooling water. 1C engine
energy balance can be effectively andysed by
considering the stable energy balance equation and the
concept of control volume as shown in Figure 1.

There are two groups of energy considered in the
control volume out of which the energy input into the
control volume includes fuel chemical energy and
intake enthalpy. Energy outflow from control volume
consists of effective output power, exhaust gas energy,
cooling water energy, unburned fuel energy and heat
transfer from the surface of IC engine by convection
and radiation. The second law analysis in this paper is
done by considering the engine as a heat engine (Figure
2) and it works between two temperatures reservoirs,
the hot side at combustion temperature Ty, and the cold
side at ambient temperature T,..
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Figure 1. Internal Combustion engine energy balance system
(control volume)
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The dtable energy balance equation gives the
relationship among various kinds of energy, as follows.
Heat supplied to the engine Q;,, at Ty is evaluated from
the mass flow rate of fuel and fuel low calorific value.

Qin =TLCV (1)
One part of the heat supplied Q;, is converted into
electrical power W, (engine loads) and the other part
Qo iS rejected to the environment. By applying the
first law of thermodynamics to this heat engine system,
we obtain:

Qin = Vi/e + Qout (2)
Equation (2) is about the quantity of the power streams
involved in the system. However, it does not give any
information about their quality. Quality is the message
given by the second law of thermodynamics:

% 'Q;_:jt +Sgen =0 (3)
where,

S'gen: The entropy generation rate of the system relative
to environment.

Equations (2) and (3) follows the exergy (E,) function
that gives information not only on the quantity of the
powers but also on their quality [11].

Exergy is also called available energy and is used
evaluate the energy quality. The exergy that is
considered in this paper indicates the maximum
recoverable energy after combustion [12]. For the sake
of simplicity, chemical exergy is not taken into account.
The exergy consumption accounting equation for engine
is given by:

. T .
Ee= Qi (1 1) = Ve +3E, 4

where,

E,.= Exergy consumption rate, kW

Ty= The hot side temperature or combustion chamber
temperature, K.

SE, = Therate of destruction in exergy, kW.

The destruction of exergy is calculated using Equation
(4) by putting the value of input energy, cold side and
hot side temperature and rate of energy converted to
electric power. The Gouy-Stodola version of destruction
of exergy is:

BEszLSgen (5)

The brake thermal efficiency (n,) of the current system
which istheratio of rate of energy converted to dectric
power to the input fuel energy rateis given by:
W

e (6)
The exergy efficiency (1.,) istheratio of rate of energy
converted to eectric power to the exergy consumption
rate and is given by:

Ne =

We
Uex:g (7)

From Equation (4), the determination of the combustion
chamber temperature is necessary to evaluate the exergy
consumption and the exergy efficiency.

QouciS given by:

Qout =01 + Q3 + Q3 (8)
le rhw . Cw (T2\N7 le) (9)
where,

my, = Mass flow rate of cooling water, kg/s

Cw = Specific heat capacity of cooling water,

Tow = Cooling water temperature at outlet, K

Tiw = Cooling water temperature at inlet, K

The rate of heat energy taken away by the exhaust gas
can be written as the difference between exhaust gas
enthal py and intake gas entha py.

Q;=H -H; (19)
where,

H, = Rate of exhaust gas enthalpy, kW

H,= Rate of intake gas enthal py, kW

The calculation formula of rate of exhaust gas enthal py
rateis.

H, = (m + 1iy). Cp e Tex (12)

where,

Cp_e= Specific heat capacity of the exhaust gas,

Te = Exhaust gas temperature, K

The calculation formula of rate of intake gas enthal py
rateis:

Hy=(m+ma) . Coin. TL (12)
where,

Cp in= Specific heat capacity of the intake gas,

T, = The cold Sde at ambient temperature, K

The brake specific fuel consumption (BSFC) kg/lkWh is
given by:

BSFC = % (13)

The percentage of each kind of energy in terms of total
energy is given by:

nf: Net Nwt Nexnt 7qu100% (14)
ny= Total percentage of fuel chemical energy

N 1S the percentage of cooling water energy in total fuel
energy and it is calculated by:

=%
TIw—Qin (15)
Nexn, Which is the percentage of exhaust energy in total
fuel energy is given by:

Q2
Nexh= E (16)
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The percentage of unaccounted loss of energy in total
fuel energy (n,,) iscalculated by:

=g (17)
According to the second law of thermodynamics, the
evaluation indicator of energy is not only the quantity
but also the quality. Waste heat energy is a kind of low-
grade energy compared to effective mechanical energy
since it requires various kinds of thermodynamic cycles
to be converted into effective work. In accordance with
Carnot  principle, the maximum efficiency of
thermodynamic cycles cannot be higher than Carnot
cycle efficiency. Thus, only part of waste heat energy
can be recovered. Therefore, exergy analysis is more
useful to evaluate the total heat energy characterigtics.
Exergy is also called available energy and is used to
evaluate the energy quality.

2. 2. Determination of Mean Gas Temperature or
Combustion Temperature Mean gastemperature
is the average maximum combustion temperature at a
particular load and compression ratio. The combustion
temperature Ty is calculated from the measured exhaust
temperature. The engine real cycle is approximated to
be an ideal diesdl cycle. The T-S and P-V diagram for
ideal diesdl cycle is shown in Figures 3 and 4,
respectively. T; represents the combustion temperature
Ty and T4 represents the exhaust gas temperature.

Due to the isentropic expansion of the gas
(considered perfect gas) between states 3 and 4, the
relationship between Tz and T, is established as.

7-1
Ti=Ty(2) (19

v is the specific heat ratio (C,/C,) and its value is 1.4,
since the gas considered is perfect. r. is the engine
compression ratio, which is the ratio of the maximum
volume (V;) to the minimum volume (V;) formed in the
engine cylinder.
"

re=7, 19)

v

Figure 3. P-V plot of an ideal diesdl cycle

3

Figure4. T-Splot of anideal diesd cycle

It iSthe cutoff ratio of the engine given by:

_

fof = —

o (20)

where, V3 and V, are the engine cylinder volumes after
and before combustion, respectively.
The cutoff ratio varies with respect to brake thermal
efficiency (n,) asfollows:

1—rg

f
_ 21
TZ 1 (rof_l) ( )

Ne=1+

As the values of T, and 7, ae determined
experimentally and the values of r. and y are known, r
and T3 (Ty, combustion chamber temperature) can be
calculated using Equations (18) and (21).

3. EXPERIMENT

3. 1. Experimental Setup  The experimental set up
is shown in Figure 5. The setup used during the course
of experimental investigations was a single cylinder,
four stroke, 3.5 kW variable compression ratio (VCR)
diesel engine test rig connected to eddy current
dynamometer. Software package “Enginesoft LV” was
employed for online performance and combustion
analysis. Piezo sensor and crank angle sensor which
measures the combustion pressure and the
corresponding crank angle, respectively were mounted
onto the engine head. The output shaft of the eddy
current dynamometer was fixed to a strain gauge type
load cell for measuring applied load to the engine. ‘K’
type thermocouples were used to measure gas
temperature at the engine exhaudt, calorimeter exhaust,
water inlet of calorimeter, water outlet of calorimeter,
engine cooling water outlet and ambient temperature.
The fue flow was measured by the use of 50 ml burette
and stopwatch with level sensors.

A computerized data acquisition system was used to
collect, store and analyse the data during the experiment
by using various sensors. Details of engine specification
aregivenin Table 1.
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Figure 5. Actual engine setup

1. VCR Engine 8. Diesel Tank
2. Air filter 9. Biodiesal tank
3. Coupling 10. Data System
4. Dynamometer 11. Burette

5. Shaft 12. Valves

6. Exhaust 13. Bed

7. Computer

TABLE 1. Technica specification of engine.

Power 3.5kw

Speed type constant
Engine Make kirl oskar
No of cylinder sngle

No.of strokes four

Max speed 1500rpm

Bore 87.5mm
Stroke 110mm
Compression ratio Variable(12-18)
Swept vol 661.45cc
Cooling type Water cooled

TABLE 2. Fud properties of diesel and biodiesd blends.

Properties Diesel B20 B40 B60
Calorific value(kJkg) 42000 40935 39900 38871
Density(Kg/m®) 830 848 860 868
Viscosity at 40°C(cSt) 1.38 241 2.84 3.34
05 - —+— Diesdl
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= 04 g
=
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Figure 6. Variation of brake-specific fuel consumption with

Compression ratio at full load.

3. 2. Experimental Procedure The VCR engine
was started using standard diesel runs of 30 minutes.
When the engine warmed up, the readings were taken.
The tests were conducted at the rated speed of 1500
rpm. Fuel consumption was measured with the help of a
measuring burette attached to the data acquisition
system. Firgly, the basdine data was generated by
conducting the tests with diesd fuel. Then, the tests
were conducted using blends of neat Karanja methyl
ester and diesd (B20, B40, B60) under compression
ratios (CR) of 16:1, 17:1 and 18:1 at 100% (12 kg) load.
The same engine operating parameters of performance
and combustion were measured for different loads at a
compression ratio of 18 using B20, B40 and B60
blends. The recordings were stored in a persona
computer for further processng of results. The
properties of the diesal fuel and the blends of Karanja
oil methyl ester with diesel are summarized in Table 2.

3. 3. Preparation of Karanja Qil Methyl Ester
For preparation of Karanja methyl ester from the neat
Karanja ail firgtly the acid value of the neat Karanja ail
is measured using titration technique. The acid value of
the ail is found to be 6.3 mg KOH/g. The acidity of ail
is reduced by the esterification method wherein the acid
catalysed reaction of the oil with methanol is done.
Samples are taken from the products of reaction at an
interval of 30 minutes and the acid value is measured.
The reaction is stopped when acid value of the ail
comes down below 5 mg KOH/g. The products of
reaction are then allowed to settle in a separating funnel.
After 24 hours, the triglyceride comes to the bottom of
the funnel and untreated alcohal floats at the top. The
triglyceride of Karanja ail is then collected from the
bottom of the separating funnel. The triglyceride of the
oil is then transesterified to produce Karanja oil methyl
ester (KOME) or biodiesel of Karanja oil on the same
reactor. Then, reaction is carried out at a temperature of
60°C with continuous stirring. The products of the
reaction is kept in the separating funnel and allowed to
settle down. Glycerol settles at the bottom of the
separating funnel and is collected. The top part of the
funnel contains Karanja oil methyl ester. The Karanja
oil methyl ester is then water washed twice to remove
the untreated methanol. The dissolved water is removed
by heating the collected Karanja oil methyl ester.
Finally, the Karanja oil methyl ester is blended with
diesdl fuel at ratios of 20%, 40% and 60% on volume
basis and is referred to as B20, B40 and B60,
respectively.

4, RESULTS AND DISCUSSION
4. 1. Brake Specific Fuel Consumption Figure 6

shows the variation of brake specific fuel consumption
(BSFC) with change in compression ratio for diesel and
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different blends of Karanja oil methyl ester. Brake
specific fuel consumption decreases with increase in
compression ratio at full load due to increased air
density at higher compression ratios that leads to better
atomization. BSFC for B20 and B40 is observed to be
lower than diesd due to better combustion of
oxygenated fuel.

The variation of BSFC at different loads is shown in
Figure 7. It seen that the BSFC decreases with increase
in load. It may be due to decrease in pumping losses
with increasing load. Brake specific fuel consumption is
found higher for B60 compared to B40 at full load. The
BSFC for B60 and B40 are found to be 0.35kg/kWh and
0.32kg/kWh, respectively.

4. 2. Mean Gas Temperature (MGT) Figure 8
shows the variation of mean gas temperature of
combustion chamber at different compression ratios.
The MGT a a CR of 18 is found to be higher in
comparison to the MGT a a CR of 16 for all tested
fuels. At a compression ratio of 18, the mean gas
temperature is found to be higher as compared to mean
gas temperature at a compression ratio of 16. This is
because of higher compression ratios in which there is
better atomization of fuel that leads to improved fud air
mixing. The MGT is found to be 1456.7°C, 1429°C,
1412.72°C and 1402.2°C for B20, diesel, B40 and B60,
respectively.

The variation of mean gas temperature with load is
shown in Figure 9. Mean gas temperature increases with
an increase in load at a compression ratio of 18:1 for
diesel and the blends of Karanja methyl ester (B20, B40
and B60). This is due to the fact that with increase in
load the heat release rate increases.

4. 3. Destruction of Exergy Figure 10 shows the
variation of destruction of exergy for different
compression ratio at full load and it is observed that
destruction of exergy decreases with increase in
compression ratio. Destruction of exergy is dueto losses
in energy due to energy conversion reaction and heat
transfer. Destruction in exergy is found to be more for
B60 as compared to diesdl, B20 and B40 because of its
higher viscosity which leads to incomplete combustion.
The destruction of exergy is caused by irreversibilities
due to combustion of fudl, frictional losses and heat
transfer losses. Destruction in exergy is found to be 7.96
kW, 7.83 kW, 7.54 kW, 6.40 kW for B60, diesel, B20,
B40, respectively.

Figure 11 shows the variation of destruction of
exergy for various loads. It is found that destruction of
exergy increases with increase in load for all fuels tested
due to increase in fuel richness and ignition delay
causing more energy and heat transfer 1oss.
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4. 4. Exergy Efficiency Figure 12 shows the
variation of exergy efficiency with compression ratio
for B20, B40, B60 and diesd. Exergy efficiency
increases with an increase in compression ratio. Thisis
caused because with increasing in compression ratio, the
effective work increases due to the increase in air
density and air temperature which leads to better
atomization and combustion of fuel. Exergy efficiency
is measured to be highest for B40 as compared to other
fuels. The reason may be due to the presence of inherent
oxygen which leads to better combustion of the B40
blend. Exergy efficiency for B40, B20, diesdl and B60
are found to be 34.82%, 31.46%, 30.33%, and 30.05%,
respectively.

The variation of exergy efficiency with engine load
is shown in Figure 13. It is observed that the exergy
efficiency increases with an increase in load due to
increase in the power output and decrease in the BSFC
at higher loads.

4. 5. Exhaust Gas Temperature Figure 14
shows the variation of exhaust gas temperature with
compression retio for all tested fuels. It can be observed
that exhaust gas temperature decreases with an increase
in compression ratio.
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Figure 12. Variation of Exergy efficiency with Compression
ratio at full load

S 25

o

3 20

5

“’a; 15 -

o .

g 10 A —— Diesdl

I —a— B20
5 - —+—B40

—e— B60

0 10 20 30 40 50 60 70 80 90 100
Engineload(%)

Figure 13. Variation of Exergy efficiency with Engine load at

Compression ratio (18:1)

500 1

—— Diesel
450 —&—B20

—a— B40
400 A —e—B60

250 1

Exhaust gas Temperature(°C)

200

16 17 18
Compression ratio

Figure 14. Vaiation of exhaust gas temperature with

compression ratio at full load

o

o

T

5

®

Lo}

5

; —— Diesel
] —=—B20

g o —+—B40

X

[N

—e— B60
50 T T ]

0O 10 20 30 40 50 60 70 80 90 100
Engine Load(%)
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This phenomenon can be explained as follows, at a
higher compression ratios, a larger part of fuel energy is
converted to effective work. Exhaust gas temperature at
a compression ratio of 18 for diesal, B60, B20 and B40
are 324.53, 315.55°, 312.12 and 301.63°C, respectively.
Variation of exhaust temperature with engine load is
shown in Figure 15. It is observed that a a higher
compression ratio of 18, the exhaust temperature
increases with increase in engine load. It is due to the
fact that at higher loads there isincrease in fuel richness
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and dightly inferior combustion. The maximum exhaust
temperature is observed for B60 at full load due to the
presence of inherent oxygen which leads to later stage
combustion.
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4. 6. Brake Thermal Efficiency (BTE)  Figure 16
shows the variation of brake thermal efficiency with
respect to compression ratio. It is observed that BTE is
more at a compression ratio of 18 as compared to 16.
This can be explained by observing that as the
compression ratio increases fuel consumption decreases.
It may be due to better mixing and spray characteristics
of fuel, which leads to increased efficiency. The result
shows that brake thermal efficiency for B40, B20,
Diesdl and B60 are 28.57%, 26%, 24.98% and 24.44%,
respectively.

Figure 17 shows the brake thermal efficiency of the
engine a different engine loads. Brake thermal
efficiency increases with an increase in engine load due
to areduction inignition delay, heat loss and increasein
power output. The maximum brake thermal efficiency is
found to be 28.57% for B40 at full load.

4.7.Energy Balance Analysis  Figure 18 shows the
percentage of energy with respect to different fuel at
compression ratio 18 and 100% load. Total energy
includes useful energy (UE), exhaust gas losses (EGL),
cooling water losses (CWL) and unaccounted losses
(UAL). The wunaccounted loss is calculated by
subtracting useful energy or brake power, exhaust
energy losses and cooling water losses from input
energy.

Exhaust gas loss increases as the blend % increases
due to incomplete combustion, poor atomization.
Cooling water loss also increases for higher blends due
to more energy losses in combustion chamber. Result
shows that cooling water loss and exhaust gas loss for
B60 is 31.13% and 18.5%, respectively which is 26.7%
and 5.1% higher compared to diesd.

5. CONCLUSION

From this study it was found that the BSFC decreases
with increase in compression ratio and load for all
blends of fuel. Mean gas temperature increases with an
increase in compression ratio and load and was found to
be maximum for B20. The destruction of exergy
decreases with increase in compression ratio and
increases with an increase in load for all blends of fud.
The destruction of exergy was measured to have a
higher value for B60 at full load as compared to diesd,
B20 and B40. The exergy efficiency was observed to
increase with an increase in compression ratio and load
for al blends of fuds tested. Exhaust temperature
decreases with an increase in compression ratio and
increases with an increase in load for all blends of fuel
tested. Exergy efficiency was found to be the highest
for B40 as compared to B20 at full load. Brake thermal
efficiency increases with an increase in compression
ratio and load for all blends of fuel.
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