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Abstract

Cold-start is an inevitable part of the daily driving operation for most vehicles. Given that
exergy analysis can evaluate the sources of losses qualitatively and quantitatively using the
first and second laws of thermodynamics, this study investigated the impact of engine
temperature on energy and exergy parameters during engine warm-up. Using a turbocharged
Cummins engine, the performance and emissions data were measured, and energy and
exergy parameters were formulated from the experimental data. Engine warm-up period was
divided into seven phases, including official hot-start and cold-start, and some phases which
are not considered as cold-start or hot-start by regulations. This study evaluated different
parameters related to energy analysis (brake power, friction mean effective pressure [FMEP],
brake specific fuel consumption [BSFC] and brake thermal efficiency [BTE]), exergy analysis
(fuel input exergy, exhaust heat loss, exergy destruction and exergetic efficiency) and their
correlations. Results showed that as the engine warmed up, the fuel exergy, exhaust heat
losses, and exergy destruction decreased by 2.3, 34.1 and 34.1%, respectively; while, the
exhaust exergy loss increased by 43.5%. The FMEP and BSFC decreased by 56.7% and 14.9%
as the engine warmed up, while BTE and the exergetic efficiency increased by 5.6% and 5.3%,

respectively.

Keywords: cold-start, diesel engine, exergy, exergetic efficiency, exergy destruction

1. Introduction
Thermodynamic principles have been used to quantify the energy of the system in order to
find the right design as per energy demand. In addition, studying exergy concept which is

related to the quality of energy can improve our understanding of thermodynamic systems
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providing insight into the available energy of a system, which can be utilised to increase the
efficiency of the whole system and therefore aid in the optimisation of energy conversion
devices [1]. For this purpose, thermodynamic principles have evolved from the first law,
energy balance, to the second law, which deals with the quality of energy systems. Exergy is

the key to identify the irreversibility of an energy system [2, 3].

One of the most frequently used energy systems is the internal combustion engine which
consumes a significant amount of fuel worldwide; therefore, any effort to increase the
efficiency of this system can be rewarding. This highlights the importance of this study. In
order to determine the availability of energy for an engine, exergy analysis needs to be
conducted based on the working conditions of the engine. In comparison to energy analysis,
which evaluates the energy of the combustion process quantitatively, exergy analysis can
show internal combustion engine inefficiencies by evaluating the source of loss in the process

qualitatively and quantitatively, in addition to the origins of irreversibility.

Cold-start operation occurs regularly through the daily driving schedule for most vehicles. The
significance of cold-start operation was reported by Andre [4] when he studied 55 vehicles
and showed that one-third of drives started and finished within the cold-start period.
However, in engine combustion-related literature, most of the publications are related to hot-
start, and not many articles are related to cold-start [5-8], especially when it comes to energy

and exergy analysis during cold-start.

Regulations (EU Directive 2012/46/EU) define cold-start as the first five minutes from the
engine start (after the engine has reached thermal equilibrium with the ambient
environment) or until the coolant reaches 70 °C. Within cold-start operation, the engine

working condition is not optimal due to the sub-optimal temperature standard of the
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lubricating oil and engine block, which affect engine performance in addition to the exhaust
emissions [9-12]. Roberts et al. [5] reported that an engine cold-start operation consumes
more fuel when compared to a warm engine. It was shown that fuel consumption increased
by 18% when the ambient temperature decreased from 31 °C to -2 °C. Clearly demonstrating
the strong dependence the efficiency has on temperature. A cause of inefficiency during cold
operation has been attributed to incomplete combustion during the cold-start period due to
low fuel and engine temperatures which can lead to higher friction and improper atomisation
and evaporation of the fuel [13]. Compared to the hot-start, higher exhaust emissions, fuel
consumption, and friction losses, in addition to lower engine power, mechanical efficiency
and thermal efficiency during the cold-start period, have been reported in the literature [6,

11, 14].

In addition to engine performance and emissions parameters, the impact of low engine
temperature during engine cold-start and warm-up on the overall performance and efficiency
of the engine can be studied by analysing the energy and exergy parameters. In order to
investigate engine performance, different researchers have performed energy and exergy
analyses [15-19]. However, most studies in the literature considered the energy and exergy
analyses during hot-start engine operation only. Furthermore, most diesel engine exergy
studies are focussed on the influence of alternative fuels. For example, Meisami and Ajam
[20] investigated the effect of castor oil biodiesel on brake thermal and exergetic efficiencies.

Similarly, several fuels have been studied from an exergy perspective by Odibi et al. [21].

Cold-start is an inevitable part of the daily driving operation for most vehicles, especially in
cities. Given that exergy analysis can evaluate the sources of losses in the process qualitatively

and quantitatively, there is a need in the literature to study engine cold-start and warm-up
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operation from energy and exergy perspectives due to the significance and importance of this
frequent engine operation. Based on energy and exergy principles, this study investigates the
impact of engine temperature on a wide range of energy and exergy parameters during the
official cold-start and hot-start periods based on regulations. This study can potentially show
that the period in which the engine operation parameters (including performance and
emissions) are negatively affected is significantly longer than the official cold-start boundary.
To the best knowledge of the authors, no study currently published in the literature has
investigated the impact of engine temperature on energy and exergy parameters during the
engine cold-start and warm-up operation. This study utilises the first and second laws of
thermodynamics to investigate energy quality and quantity in a diesel engine using various
parameters such as fuel input exergy, brake power, exhaust heat loss, exhaust exergy loss,
exergy destruction, exergetic efficiency, brake-specific fuel consumption (BSFC), brake

thermal efficiency (BTE), and friction mean effective pressure (FMEP).

2. Methodology

2.1 Experimental facility

The current research has been based on both experimental and theoretical analyses of the
first and second laws of thermodynamics. The experiments were conducted on a
turbocharged, common-rail, six-cylinder after-cooled Cummins diesel engine, specified in
Table 1 [22, 23]. In order to control the engine load, an electronically controlled hydraulic

dynamometer was coupled with the engine.
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Table 1: The experimental engine specification

Model Cummins ISBe220 31
Cylinders 6 in-line

Capacity 59L

Aspiration Turbocharged
Dynamometer type Hydraulic

Fuel injection High-pressure common rail
Bore X Stroke 102 X 120 (mm x mm)
Maximum torque 820 Nm @ 1500 rpm
Maximum Power 162 kW 2500 rpm
Compression ratio 17.3:1

A schematic diagram of the test setup used in this study for the engine research in this work

is shown in Figure 1.

In order to measure the gaseous emissions from the engine, CAI-600 CLD NO/NOx and CAlI-
600 CO; analysers were utilised. HC, O,, and CO were measured by a Testo 350XL analyser.
To measure CO;, a SABLE CA-10 was used; the measurements from this instrument were also
used to calculate the dilution ratio. The exhaust emissions were passed through a dilution
tunnel prior to the measurement of the particulate matter with a DustTrak || Aerosol Monitor
8530 and a DMS500 MKII. The accuracy of the measurement instruments is shown in Table

Al in Appendix.
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Figure 1: Schematic diagram of the test setup used in this study

2.2 Fuel properties
Commercial diesel from Caltex in Australia was utilised in this study. Table A2 in Appendix
shows the fuel properties measured in an accredited laboratory using standard methods.

These properties were used to develop the combustion equation in this study.

2.3 Test matrix

Regarding the cold-start experiment, the majority of research publications utilised standard
driving cycles (e.g. WLTC or NEDC) and analysed the cycle’s cold-start part, comparing it to
the hot-start section. These driving cycles include abrupt speed/load variations [24, 25], which
adds more variables to the analysis and consequently can complicate and limit the

investigation of the pure effect of engine temperature on energy quality and quantity



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

parameters. In internal combustion engines, the quality and quantity of energy depend on
the operating condition, including engine load, speed and temperature. Given that the engine
cold-start is an unsteady process, a constant speed and load were chosen in this study to limit
the variables as much as possible and better analyse the effect of engine temperature. During
the experiment, the data were collected with the highest sampling frequency—at least one
Hz, depending on the type of equipment—to trace the unsteady process. And for the analysis,
data were averaged over each phase (2 minutes) to include the thermal inertia. In this study,
the first law of thermodynamics is used for all energy-related processes to develop the energy
equations for the diesel engine energy analysis. The whole engine is the control volume, the
fuel energy is considered as the input, and power is the output. And it also considers losses

such as friction losses and exhaust heat loss.

The rationale for choosing 25% engine load among the particular loads of 25, 50, 75, and 100%
was to replicate real-world conditions of the cold-start [26, 27]. This has been seen in standard
driving cycles such as WLTC, which is developed based on actual driving data. In WLTC, the
first part of the cycle is known as the low phase and is specified as the cold-start phase. For
example, the average speed through the 4 phases of the WLTP class 3 cycle are 25.7, 44.5,
60.7 and 94 kph. Therefore, a 25% engine load has been selected to replicate real-world

conditions.

2.4 Experiment
Cold-start preconditioning (EU Directive 2012/46/EU) was conducted to ensure that the
experiment was conducted as per the regulation. This includes running the engine for an hour

and turning it off to be soaked at the ambient temperature for 12 hours of natural soaking (or
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6 hours forced-cooled). Before each test, the coolant and oil temperatures were checked and

measured to be 23 + 3 °C.

The cold-start duration is defined in the EU Directive of 2012/46/EU regulation, and according
to that, the cold period is either the first 5 minutes after the engine start operation or once
the coolant temperature reaches from ambient value to the 70 °C. It can be shown in Figure
2 that the coolant and oil temperatures increase in this period after ignition, which shows
that the engine temperature is not optimum. The figure also shows that the lubricating oil
temperature increases after the defined cold-start period and also when the coolant
temperature is optimal. This lag between the coolant and oil temperatures indicates that the
engine temperature is not optimal for some time after the cold-start period. The impact of
this lag on engine performance and emission parameters has been investigated by some
researchers [7, 14], showing that there are some phases after the defined cold-start phase,

before the engine is fully warmed-up, which need to be investigated.

Figure 2 also has the start of injection data. The injection strategy is commanded by the ECU,
and it can be seen that once the engine temperature reaches 65 °C, the start of injection
increases to 361 from 353 crank angle degrees. In order to improve the analysis of the effect
of engine temperature, this study divided the engine warm-up period into 7 phases, each 2
minutes. Phase 1 and 2 (the first 4 minutes in which the coolant temperature is lower than 70
°C) represent cold-start operation as per the regulation (EU Directive 2012/46/EU). Phase 7
can be considered as hot-start, given that the engine oil and coolant temperatures in this
phase are optimum. The other intermediate phases cannot be considered as cold-start by the
regulation, also as hot-start, given that the engine temperature within these phases is sub-

optimal.
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185

186 2.5 Energy analysis
187  The first law of thermodynamics is the fundamental basis for the energy analysis for all
188  energy-related processes, and in this study, it is used to develop the energy equations for the

189 diesel engine energy analysis. In this study:

190 - The whole engine, excluding the dynamometer, is in the control volume.

191 - The exhaust gasses from the combustion engine are considered as ideal gas mixtures.
192 - Due to the constant height of the engine as well as minimum variation in the gas
193 velocity, it is assumed both kinetic and potential energies are negligible throughout
194 the control volume.

195 - The magnitude of the lower heat value for fuel is determined based on the vapour
196 saturation for the water that is exhausted from the engine manifold.

197

10
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The first important parameter for the energy analysis of the engine is the total fuel input
energy which is determined by fuel mass flow rate in addition to the lower heating value of

the fuel (LHV), as shown:

Qs = . LHV, (1)

where Qf is the fuel input energy rate, M is the mass flow rate of the fuel in kg/s and LHV

isin k]/s.

The next critical parameter in relation to the energy analysis that needs to be investigated is
the brake power. This parameter is linked with the conducted work and shown by W. This is
the generated power by the engine that is calculated by torque and the engine rotational

speed:

__ 2mNT
60

4 (kw), (2)

where Wis the brake power, T is the measured torque in kN.m and N is the engine speed

(rpm).

Integrating the first law of thermodynamics and conservation of mass, the balance of the
energy and mass can be written. The continuity of mass flow for incoming (i) and outgoing

masses (e) can be written as:

11
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Since the first law of thermodynamics is investigated for the combustion engine. The
conservation of the energy for the system can be written based on reaction and product

terms of the control volume:

ch -W= hp — hg, (4)

For the conservation of energy, where h is the enthalpy, p represents the product, R is used
for reaction items, | and e are used for the inlet and exit, while cv is the control volume for

the system.

Two parameters for the analysis of enthalpy are the product and reaction enthalpies h,, and

hg, and they can be written as:

By =) ne(hf +AR), (5)

p

hg = Xrni(hf + Ah);, (6)

12
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where n; and n,are the number of moles, i and e represent inlet and exit, while h}) and Ah

are the standard enthalpy and enthalpy change.

In order to obtain the enthalpies for the energy calculation, the combustion equation should
be used in which the theoretical amount of air is taken into account for that measurement.

The combustion equation is written as:

y z y y z
CeHy 0, + (x + . E) (02 +3.76N;) = xCO, +5 Hy0 + 3.76 (x + 7 E) N, (7)

The values for x, y, and z are determined based on the fuel type, and then the fuel enthalpy

is determined for the rest of the calculation:

(hD ruer = x(hDco, + 0.5y (A2 0 + (3.76x + 0.94y — 1.882)(h2)y, + LHV (8)

The variation of the enthalpy is utilised to determine the product and reaction enthalpies, as

shown in Equation 9 [28]:

Ah = h(T) — h(Tyef) (9)

The change in heat released from the fuel in the standard situation will represent the lower
heating value which is shown in Equation (9). T;..s is the standard reference temperature at

Trer = 25°C in addition to P..r =1atm. By consideration of the standard reference

13
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condition for the analysis, the requirement of the calculation for the input energy is
redundant. The variable T is the exhaust temperature which is determined through the
experiment via installed sensors in the engine on the reaction and product sides. The heat

loss through the engine can be measured via the energy balance as:

where, Q,,p, is the heat loss through the exhaust.

The key parameters for the energy analysis of the engine are BTE and BSFC, which can be

determined as per Equations 11 and 12:

w
BTE = — (11)
Qf
m
BSFC = —X3600 (12)
W

By having the above parameters, the engine's performance for any fuel, such as diesel, can
be determined. The fuel consumption for the engine during the working condition can be

represented with the above parameters which are discussed in the following.

14
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2.6 Exergy analysis

In order to conduct the exergy analysis for the existing data, the conditions that have been
set for the energy analysis can be utilised here, and they are valid for the exergy analysis.
Similar to the previous analysis, the reference conditions are the same, and the reference
temperature is T, = 298.15 K in addition to an atmospheric pressure of P, = 1 atm. The

balance of exergy can be written for the current control volume as:

EQ + EW = Z Min€in — Z MoutCout — Edest (13)

Where, EQ is known as the total heat exergy of the flow transported via the coolant water

and it is determined as follows:

o= Y 0u 2 —TT—‘;) (14)

The other parameter in the exergy balance equation is the EW which is exergy flow, and it is

determined by conducted work of the system that can be determined as below:

E,=W (15)

15
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The fuel chemical exergy determined by Equation 9 will be the basis of the input exergy rate,

which is calculated as:

X Mpein :mf¢|LHV|: (16)

Since the incoming air to the control volume has the reference temperature, the total exergy
of that would be negligible. For the equation shown above, where i is the mass of fuel rate

and the lower heating value mentioned before is the other parameter that should be

determined.

The major parameter to be determined for the input fuel exergy is ¢, the fuel chemical exergy,

and it is formulated as [28]:

h 0 S h
¢ = (1.0401 + 0.1728; +0.0432 - + 0.21692(1 — 2.0628;)] (17)

In order to obtain the molar fraction parameters, the relevant values for the diesel engine
mentioned in Ref. [21] are used, and therefore, the chemical exergy of the fuel can be known.

The total gas exergy can be determined as the following [28]:

> MoutCout = nf(e=tm + 5ch)' (18)

16
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The reference environment and their respective values are calculated. The two main
parameters for the calculation of the total gas exergy are including as thermomechanical, &;,,,,
and chemical exergies of the fuel, e.,. For the aim of the calculation, each of the parameter

has been calculated accordingly [21].

) L o _p
etm = Z ai[hiy = hiz, = To(5ir — Sir, )] + RTo InZ- (19)
0

i

The chemical exergy can also be determined by Equation 20:

5Ch = RTO z a; <1n yy;()) (20)
L

The two main parameters for the calculation are y; and y; oo which are determined by the

combustion equation and their respective values are calculated as in Ref. [21].

Therefore, the exergy destruction can be determined as:

Edest =2 MinEin — EQ - EW -2 MoutEouts (21)

, where E 4, is the exergy destruction.

17
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This parameter will assist in the calculation of the exergetic efficiency (n;;) which can be

formulated as below:

Nii =7 = (22)

3. Results

This section first investigates energy parameters (brake power, exhaust heat loss, FMEP, BSFC
and BTE), then, exergy parameters (fuel input exergy, exhaust exergy loss, exergy destruction,
and exergetic efficiency) to study the system inefficiencies by evaluating the source of losses
in the process qualitatively and quantitatively. The correlation between the energy and

exergy parameters is also investigated to understand engine behaviour.

3.1 Energy analysis

3.1.1 Brake power

The exergy of useful work can be determined by the brake power. It can be seen from Figure
3 that the brake power has the lowest value of 32.9 kW at Phase 1 (cold-start) and increased
by 14.6% when the engine temperature increased at Phase 7 (hot-start). This is similar to
other studies in the literature [29]. For instance, at a constant start of injection, with the
increase of engine temperature from Phase 1 to Phase 2 within the cold-start period, the
brake power increases 5.7%. An increase of 3.9% can be seen while the engine warms up

through Phase 4 to Phase 6 when the start of injection is constant. By comparing the

18
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345
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349

intermediate phases with cold-start and hot-start phases, the impact of the sub-optimal
operation on brake power can be evaluated. For instance, the brake power of Phase 4 is 5.8%
lower than Phase 7, whereas it is 7.9% higher than Phase 1. The reason for this trend is the
higher friction during the early stages of engine warm-up. In this experiment, as the engine
warmed up, the engine speed, load and throttle position stayed constant; therefore, the input
fuel flow rate did not change much. Hence, the amount of brake power increased as the

friction power decreased [14, 30].
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Figure 3: The variation of the brake power at 7 phases of engine warm-up

3.1.2 FMEP

It can be shown from Figure 4 that the FMEP has the highest value of 160.6 kPa at Phase 1
(cold-start), and it decreases by 56.7% at Phase 7 (hot-start). This parameter decreases with
the increase of engine temperature. While the engine temperature increases through Phase

1 to Phase 2, the start of injection is constant and the FMEP decreases by 19.7%. A decrease

19



350 of 19.2% can be seen when the engine warms up through Phase 4 to Phase 6 during the
351 constant start of injection. Comparing intermediate phases with cold and hot-start phases
352 illustrates the influence of these sub-optimal operations on FMEP. For instance, the FMEP at
353  Phase 4 is 32.2% higher than Phase 7, while it is 42.8% less than the cold-start (Phase 1). This

354  finding is supported by previous studies [7, 12].

355 The observed FMEP trend is due to the higher viscosity of the engine oil, which is because of
356 thelowertemperature in the cold phase. As the engine warms up, the engine oil temperature
357 increases; therefore, the viscosity of engine oil decreases. This reduces the friction losses [7].
358 The progressive reduction in friction power (and therefore FMEP) during warm-up
359 corresponds to an increased brake power (and therefore BMEP and useful work) during this

360 process.
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363 Figure 4: FMEP variation at 7 phases of engine warm-up
364
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365 3.1.3 Brake specific fuel consumption

366  Figure 5 shows that BSFC has the highest value of 264.4 g/kWh during cold-start (Phase 1) and
367 it decreases gradually as the engine warms up (decreased by 14.9% at Phase 7 when
368 compared to Phase 1). BSFC at Phase 4, which is an intermediate one, is 6.1% higher than
369 Phase 7, while it is 9.7% lower than Phase 1. This parameter decreases with the increase in
370 engine temperature. For instance, with the constant start of injection, while the engine
371 temperature increases from Phase 1 to Phase2, the BSFC decreases by 8.4%. This is due to
372  higher friction losses during cold-start (therefore less generated brake power), which means

373  that more fuel is needed at cold-start to maintain the power output [6].

374

300
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Brake specific fuel consumption (g/kWh)
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375

376 Figure 5: Brake specific fuel consumption variation at 7 phases of engine warm-up

377

378 3.1.4 Brake thermal efficiency

379 BTE is an index of how an engine is performing through converting the fuel energy to useful

380 work. It can be shown from Error! Reference source not found. that BTE has the lowest value

21
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of 32.9% at Phase 1 (cold-start) and the highest value of 38.5% at Phase 7 (hot-start). The
trend shows that with the increase of temperature, BTE increases. For instance, at a constant
start of injection, with an increase in engine temperature from Phase 1 to Phase 2, BTE
increases from 32.9% to 35.7%. In addition, an increase from 36.3% to 37.6% can be seen
from Phase 4 to Phase 6 when the start of injection is constant. By having the comparison
over the intermediate phases, the effect of sub-optimal operation can be recognised. For
instance, BTE from Phase 4 is 2.1% lower than Phase 7, although it is 3.5% higher than Phase
1 or cold-start. The reason for the observed trend is due to the higher friction during cold-

start; as the engine warms up, the generated brake power for the same amount of injected

fuel increases; therefore, the BTE increases [6].
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Figure 6: Brake thermal efficiency for diesel engine at 7 phases of engine warm-up

3.2 Exergy analysis

By using the second law of thermodynamics, fuel exergy conversion to work is determined

for diesel engine operation. Different from fuel energy, the fuel exergy does not rely on the
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mass flow rate or heat value solely, but also on the chemical exergy factor. Investigating the
energy balance of the system requires an exergy analysis as it can evaluate the sources of

losses in the process qualitatively and quantitatively.

3.2.1 Fuel input exergy

Error! Reference source not found. shows the fuel exergy variation at 7 phases of the engine
warm-up. The fuel exergy at the early stage of cold-start (Phase 1) is 107.7 kW, while Phase 7
shows that when the engine is fully warmed up, the fuel exergy decreases by 2.3%. There is a
slight change (0.2%) from Phase 4 to Phase 7, whereas from Phase 1 to Phase 4 it decreased

by 2.5%.

The higher fuel exergy during the cold-start phase is because of the higher required fuel to
overcome the friction losses and maintain the power output. The reason for higher friction is

the higher viscosity of the engine oil due to its low temperature [31].

As shown in Figure 7, the start of injection changed during Phase 3, which is the reason for
the fluctuation of fuel exergy in this phase (Figure 7). This start of injection variation is because
of the variation in injection strategy commanded by ECU, which advances the start of injection

when the engine coolant temperature reaches 65 °C.
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Figure 7: Fuel exergy variation at 7 phases of engine warm-up

3.2.2 Exhaust heat loss

Heat loss from the exhaust of the engine is the major source of inefficiency, which can be
evaluated by looking at the ratio of exhaust energy to fuel input energy. It can be seen from
Figure 8 that the exhaust heat loss has the highest value of 34.9 kW at Phase 1 (cold-start)
and is reduced by 34% at Phase 7. This parameter decreases with the engine temperature.
For instance, as the engine temperature increases through Phase 1 to Phase 2 within the cold
period, the exhaust heat loss decreases by 24.8%. In addition, a decrease of 9.2% is seen from
Phase 4 to Phase 6. By comparison of the intermediate Phases with cold-start and hot-start
Phases shows the impact of these sub-optimal operations on exhaust heat loss. For example,
exhaust heat loss at Phase 4 is 15.2% higher than Phase 7 and it is 28.4% lower than cold-start
(Phase 1). The increasing trend of engine temperature aids the combustion, and a higher
portion of the released heat will be converted to work instead of wasting through the exhaust

[32]
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Figure 8: The exhaust heat loss from the engine at 7 phases of engine warm-up

3.2.3 Exhaust exergy loss

The exhaust heat loss can be better understood by analysing the exhaust exergy loss. It can
be shown from Figure 9 that the exhaust exergy loss has the lowest value of 15.4 kW at Phase
1 (cold-start) and increased by 43.5% at Phase 7. This trend is the opposite of what has been
observed in Figure 8 and confirms the importance of the exergy analysis. While the quantity
of wasted heat decreases from phase 1 to 7 in Figure 8 (first law), the quality increases
according to Figure 9 (second law). So, the energy losses in Phase 7 are of higher importance
as it is wasting more useful work. In any improvement plan, this exergy loss should have the
higher priority to be reduced or recovered, while data from Figure 8 advises otherwise. It

should be mentioned that turbochargers are used to recover energy from exhaust gas.
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The exhaust exergy loss of Phase 7 is the highest as most of the exhaust is hot, and there is a
great potential for waste heat recovery [33]. A similar result has been reported in the

literature in which the exhaust exergy loss increases with the exhaust temperature [34, 35].

As the engine temperature increases through Phase 1 to Phase 2 within the cold-start period,
the exhaust exergy loss increases by 10.4%. An increase of 6.4% can also be seen when the
engine warms up through Phase 4 to Phase 6. Comparing intermediate phases with cold-start
and hot-start phases shows the impact of these sub-optimal operations on exhaust exergy
loss. For example, the exhaust exergy loss at Phase 4 is 9.35% lower than Phase 7, while it is

23.7% higher than cold-start (Phase 1).
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Figure 9: Exhaust exergy loss of the diesel engine at 7 phases of engine warm-up
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3.2.4 Exergy destruction

With a portion of the fuel exergy converted to the brake power of the engine, the rest of the
exergy is lost or destroyed in different ways. Exergy destruction is another important
parameter that illustrates the irreversibility in diesel engine combustion. Exergy destruction
shows the amount of energy that is destroyed and cannot be recovered. Investigation of this

parameter can yield further insight into the effect of temperature on the cold-start operation.

It can be shown from Figure 10 that the exergy destruction has the highest value of 58.7 kW
at Phase 1 (cold-start) and it decreases by 34.1% at Phase 7. This parameter decreases with
the engine temperature increase. For example, as the engine temperature increased through
Phase 1 to Phase 2 within the cold-start period, the exergy destruction decreased by 14.7%.
A decrease of 12.2% can also be seen when the engine warms up through Phase 4 to Phase
6. Comparing intermediate phases with cold-start and hot-start phases, the exergy
destruction at Phase 4 is 12.4% higher than Phase 7, while it is 24.8% lower than cold-start

(Phase 1).

When compared to hot-start, during cold-start, a low engine temperature (less than 65°C)
leads to more incomplete combustion; therefore, the irreversibility is higher, corresponding
to high exergy destruction. However, as the engine warms up, the engine temperature
increase and aids the combustion toward complete combustion; therefore, the level of
irreversibility decreases. Consequently, it is expected to have less exergy destruction at

warmed-up phases when compared to cold-start [36].
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Figure 10: Exergy destruction value at 7 phases of engine warm-up

3.2.5 Exergetic efficiency

Figure 11 shows the exergetic efficiency specified as the fuel exergy converted to work at
different stages of the engine warm-up. It can be seen from the figure that the exergetic
efficiency has the lowest value of 30.7% at Phase 1 (cold-start) and the highest value of 36%
at Phase 7. This parameter increases with the engine temperature. For example, as the engine
temperature increases through Phase 1 to Phase 2 within the cold-start period, the exergetic
efficiency increases from 30.7 to 33.4%. An increase from 34 to 35% can also be seen when
the engine warms up through Phase 4 to Phase 6. Comparing intermediate phases with cold-
start and hot-start phases, the exergetic efficiency at Phase 4 is 2% lower than Phase 7, while
it is 2.3% higher than cold-start (Phase 1). The exergetic efficiency has an opposite trend to
the exergy destruction. This means that there is more chance of exhaust exergy loss recovery

when the engine is warmed up [37].
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Figure 11: Exergetic efficiency variation at 7 phases of engine warm-up

3.3 Correlation between the analysis

3.3.1 Exergetic efficiency and exhaust heat loss vs brake thermal efficiency

Figure 12 shows a strong linear correlation between the exergetic efficiency and BTE. Further
analysis showed that BTE has an adverse correlation with exhaust heat loss. The reason could
be that as the engine temperature increases, the friction losses decrease, the BTE increases,

and the heat loss through the exhaust drops [6].
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Figure 12: The variation of the exergetic efficiency and brake thermal efficiency at 7 phases of engine
warm-up

3.3.2 Exhaust exergy loss vs exergy destruction

Figure 13 shows that the exergy destruction has a linear adverse correlation with the exhaust
exergy loss. While the exergy destruction is the highest for the cold start, the exhaust exergy
loss is at the minimum, and with the progression of the engine toward the hot phases, the
exergy destruction is reduced. The engine temperature increase aids the combustion and
leads to less exergy destructions (due to less irreversibility), while a hotter exhaust will leave
the combustion chamber. This brings a trade-off between these two parameters with respect

to exergetic efficiency, as discussed before.
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4. Conclusion

This study investigated the impact of engine temperature on energy and exergy principles.
The equations were derived to determine the efficiency of the engine based on the energy
and exergy. The importance of considering exergy analysis rather than only energy analysis
was shown in this study by the opposite trend of exhaust heat loss and exhaust exergy loss.
The first law found that the quantity of the wasted heat decreased from Phase 1 to 7, while
the second law found that the quality increased from Phase 1 to 7, emphasising the higher

priority.

And below conclusions are derived:

e Fuel exergy was maximum (107.7 kW) at cold-start and decreased by 2.3% at hot-start.

e Brake power increased by 14.6% from cold-start to hot-start.
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e Exhaust heat loss and FMEP were maximum (34.9 kW, 160.6 kPa) at cold-start and
minimum (34.1%, 56.7%) at hot-start.

e Exhaust exergy loss increased by 43.5% from cold-start to hot-start.

e Exergy destruction was maximum (58.7 kW) at the cold phase and decreased by 34.1%
as the engine warmed up, while the exergetic efficiency was minimum (30.7%) at cold-
start and increased by 5.3% as the engine warmed up.

e BSFC was maximum (264.4 g/kWh) at cold-start and decreased by 14.9% at hot-start.

e BTE increased by 5.6% from cold-start to hot-start.

e The linear relationship between the exergetic efficiency and brake thermal efficiency
was observed. There was a direct linear between these parameters, while that BTE
had an adverse correlation with exhaust heat loss, as the BTE increased when the heat

loss through the exhaust decreased.
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7. Appendix

7.1 Instrument accuracy

Table Al shows the accuracy of the instruments used in this study.

Table Al: The accuracy of instruments and range of gaseous emissions via time flow rate.

Measurement instruments  Type of Range Accuracy and uncertainty Flow rate
exhaust gases (Lmin™1)
CAI-600 CO; Non-Dispersive  CO; 0-1000/2000/3000 ppm RESPONSE TIME (IR): T90 < 2 s-60 s Adjustable ~ 0.25-2.0
Infrared (NDIR) (Depending on configuration)
RESOLUTION Display Five Significant Digits
REPEATABLITY > 1.0% of Full Scale
LINEARITY > 0.5% of Full Scale
NOISE < 1% of Full Scale
CAI-600 CLD NO/NOx NO/NOx 0-1 to 3000 ppm RESPONSE TIME (IR): T90 < 2 5-60 s Adjustable ~ 0.3-3.0
Chemiluminescence (CLD) RESOLUTION = 10 ppb NO/NOx (Display 5
Photodiode (thermally significant digits)
stabilized with Peltier Cooler) REPEATABLITY > 0.5% of Full Scale
LINEARITY > 0.5% of Full Scale
NOISE < 1% of Full Scale
Testo 350 XL Portable SO, 0-5000 ppm 5% of mV 1.2
Emission Analyser co 0-10,000 ppm 5% of mV
CO2 0-CO2max -
0 0-25% 0.8% of fV
NO 0-3000 ppm 5% of mV
NO2 0-500 ppm 5 ppm
HC 0-60,000 ppm 60 ppm
DustTrakTM Il Aerosol PM 0.001-400 mg m™3 5% 3.0
Monitor 8530 (TSI)
Sable CA-10 CO2 Analyser CO. 0-5% standard 1% of reading 5-500 X
0-10% optional 1073%)

7.2 Fuel properties

Table A2 shows the fuel properties.
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Table A2: Fuel type properties

METHOD TEST SPECIFICATION RESULTS UNITS
ASTM D5773  Cloud Point (D2500 equivalent) 9 max 4 deg C
ASTM D4176  Appearance @25°C 1 max 1

ASTM D4737A Cetane Index (Calculated) 46 min 53.3

ASTM D4052  Density @ 15 deg C 0.820-0.850 0.8381 deg C
ASTM D2624  Temperature at time of measurement Report 23.1 deg C
ASTM D2624  Conductivity 80 min 386 pS/m
ASTM D86 FBP Report 358.3 deg C
ASTM D1500  Colour (ASTM) 2.0 max L1.0

ASTM D482 Ash 100 max 1 mg/kg
ASTM D4530  Carbon Residue (10% Bottoms) 0.20 max 0.01 mass%
ASTM D2274  Oxidation Stability 25 max 3 mg/L
ASTM D445 Viscosity @ 40 deg C 2.0-4.5 2.638 Sg.mm/sec
ASTM D130 Copper Corrosion (3 Hrs @ 50 deg C) 1 max 1la kg/L
ASTM D93 Flash Point 64.0 min 71 deg C

1P 387 Filter Blocking Tendency 141 max 1.00

Declaration Lubricity Additive-Lubruzol 539M Note 2 130 mg/kg

IP 450 Lubricity (wsd) 1.4) @ 60 °C 0.460 max 0.406 mm
ASTM D7039  Sulfur (Total) 10 max 5.9 mg/kg
Declaration Additives (other) Report 0.0 mg/L
ASTM D2709  Water and Sediment 0.05 max 0 vol%
ASTM D6591  Aromatics 15 min 29.8 mass%
Calculated Static dissipator content — stadis 450 7 max 3 mg/L
ASTM D6591  Polyaromatic Hydrocarbons 11.0 max 4.6 mass%
ASTM D974 Acid Number (Total) 0.30 max 0.04 mg KOH/g
ASTM D974 Acid Number (Strong) Nil 0.00 mg KOH/g
ASTM D86 95% Recovered 360 max 347.8 deg C
ASTM D86 90% Recovered Report 332.0 deg C
ASTM D86 50% Recovered Report 272.8 deg C
ASTM D86 10% Recovered Report 223.2 deg C
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657 7.3 Energy and exergy distribution
658  Figure Al shows the variation of energy and exergy distribution within the 7 phases of the

659  engine warm-up.
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Figure 14: Energy and exergy distributions within the 7 phases of the engine warm-up
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As seen in energy distribution, the share of friction power decreases within the engine warm-
up period. The reason is that the increasing trend of the engine oil temperature, which
reduces the viscosity of the engine oil, decreases the friction. It can also be seen that while
the exhaust heat loss decreased as the engine warms up (explained in Section 3.2.2), the
exhaust exergy loss increased. This shows the importance of the exergy analysis because it
can be seen that as the quantity of wasted heat decreases (first law), the quality also
decreases (second law). This means that the energy losses when the engine is warmed up can
waste more useful work when compared to cold-start. This shows the importance of exergy
losses analysis (as explained in Section 3.2.3). In exergy distribution, it can be seen that the
exergy destruction decreases as the engine temperature increases. The reason is that the low
engine temperature during cold-start leads to more incomplete combustion, therefore to
higher irreversibility and higher exergy destruction; while, the increasing engine temperature
trend aids the combustion toward complete combustion leading to lower irreversibility and

lower exergy destruction.
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