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Abstract

During the last decades there has been an increasing interest in the low heat rejection (LHR) diesel engine. In an LHR engine, an
increased level of temperatures inside the cylinder is achieved, resulting from the insulation applied to the walls. The steady-state,
LHR engine operation has been studied so far by applying either first- or second-law balances. Only a few works, however, have treated
this subject during the very important transient operation with the results limited to the engine speed response. To this aim an experimen-
tally validated transient diesel engine simulation code has been expanded so as to include the second-law balance. Two common insulators
for the engine in hand, i.e. silicon nitride and plasma spray zirconia are studied and their effect is compared to the nominal non-insulated
operation from the first- and second-law perspective. It is revealed that after a step increase in load, the second-law values unlike the first-
law ones are heavily impacted by the insulation scheme applied. Combustion and total engine irreversibilities decrease significantly (up to
23% for the cases examined) with increasing insulation. Unfortunately, this decrease is not transformed into an increase in the mechanical

work but rather increases the potential for extra work recovery owing to the higher availability content of the exhaust gas.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The turbocharged compression ignition (diesel) engine is
nowadays the most preferred prime mover in medium and
medium-large units applications (truck driving, land trac-
tion, ship propulsion, electrical generation), owing to its
reliability that is combined with excellent fuel efficiency.
However, its transient operation is often linked with off-
design (e.g. turbocharger lag) and consequently non-opti-
mum performance. This often leads to unacceptable
exhaust emissions and poor speed response, and on the
other hand, points out the significance of proper intercon-
nection between the various engine components (governor,
fuel pump, turbocharger and load).
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During the last decades, diesel engine modelling and
experimental investigation has helped enormously as
regards the study and optimisation of transient operation.
Several works have been published that deal with funda-
mental or parametric studies of transient response (e.g.
[1-4]). On the other hand, it has long been understood that
traditional first-law analysis, which is needed for modelling
the engine processes, often fails to give the engineer the best
insight into the engine’s operation. In order to analyse
engine performance — that is, evaluate the inefficiencies
associated with the various processes — second-law analysis
must be applied [5,6]. For second-law analysis, the key con-
cept is ““availability” (or exergy). The availability content
of a material represents its potential to do useful work.
Unlike energy, availability can be destroyed which is a
result of such phenomena as combustion, friction, mixing
or throttling. The destruction of availability — usually
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Nomenclature

A availability (exergy) (J)

b flow availability (flow exergy) (J/kg)

D cylinder bore (m)

F surface area (m?)

h specific enthalpy (J/kg) or heat transfer coeffi-

cient (W/m? K)
irreversibilities (J)

thermal conductivity (W/m K)
engine speed (rpm)

pressure (bar)

heat (J)

specific entropy (J/kg K)
temperature (K)

time (s)

volume (m?)

ST NTRI ZAS

Greek letters

o thermal diffusivity (m?/s)
u chemical potential (J/kg)
T torque (N m)

10} crank angle (deg)

w angular velocity (rad/s)

Subscripts

0 initial/atmospheric conditions

c coolant

e engine

f fuel

g gas

infex  inlet/exhaust

L load or loss

w wall or work

Abbreviations

°CA  degrees crank angle

bmep brake mean effective pressure (bar)
fmep friction mean effective pressure (bar)

isfc indicated specific fuel consumption (g/kW h)
LHR low heat rejection

PSZ  plasma spray zirconia

rpm  revolutions per minute

SN silicon nitride

termed irreversibility — is the source for the defective
exploitation of fuel into useful mechanical work in an inter-
nal combustion engine [7,8]. The reduction of irreversibili-
ties can lead to better engine performance through a more
efficient exploitation of fuel.

Moreover, during the last three decades an increasing
interest in the low heat rejection (LHR) diesel engine is
noticed. The objective of a low heat rejection cylinder is
to minimize heat loss to the walls, eliminating the need
for a coolant system. This is achieved through the increased
level of temperatures inside the cylinder resulting from the
insulation applied to the cylinder walls. By so doing, a
reduction can be observed in ignition delay (thus combus-
tion noise), hydrocarbons and particulate matter emissions,
and also an increase in engine performance and additional
exhaust energy. A major issue here is the decrease in the
volumetric efficiency, hence power output, and the increase
in NO, emissions.

As regards steady-state operation, various researchers
have studied the LHR engine by applying either first-
(e.g. [9-12]) or second-law (e.g. [13-17]) balances. Only a
few works, however, have treated this subject during the
very important transient operation with the results limited
to the (first-law) engine speed response [1,18,19]. The main
finding was that a higher wall temperature slightly
improved the turbocharger lag and thus speed response.

It seems therefore logical to expand on the investigation
of cylinder wall insulation for both energy and exergy bal-
ances of a turbocharged diesel engine when operating
under transient load conditions. In a previous publication
by the present author [20], the effect of cylinder wall tem-

perature variation on the second-law transient response
had been investigated on a somewhat theoretical basis. In
this paper a more detailed analysis will be carried out on
a practical basis, with the depth of insulation being now
the external variable. Special attention will be paid to the
comparison between the two thermodynamic laws results.

The computer code developed follows the filling and
emptying approach and incorporates some important fea-
tures to account for the peculiarities of transient operation.
Improved relations/sub-models have been developed con-
cerning fuel pump operation, dynamic analysis and friction
during transients, whereas each cylinder of the multi-cylin-
der engine is treated individually and sequentially.

Two insulators, common in current engineering prac-
tice, for the engine in hand are studied, i.e. silicon nitride
(SN) and plasma spray zirconia (PSZ); their results are
compared to the nominal non-insulated operation.

The analysis carried out will be given in a series of
multiple diagrams, which depict the interesting first- and
second-law values with special reference to the various irrev-
ersibilities. Owing to the narrow speed range of the engine in
hand, only load increases under constant governor setting
are investigated, which, nonetheless, play a significant role
in the European transient cycles of heavy duty vehicles.

2. Background on second-law analysis of steady-state, low
heat rejection, diesel engine operation

The analysis of Alkidas [13] showed that a higher
temperature of the reactants (i.e. through insulation of
the cylinder walls) increases the flame temperature and
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significantly decreases the combustion irreversibilities. At
the same time the wall insulation increases the amount of
the availability term of the exhaust gas from cylinder.
The above results were confirmed by Caton [14]. Rakopo-
ulos et al. [17] concluded that the interest for LHR engines
emanates from their potential to do more work by utilizing
the exhaust gases in a Rankine bottoming cycle or a power
turbine.

A higher insulation significantly limits the availability
destruction associated with heat transfer from the gas to
the cylinder walls [15,16]. This availability potential can
then be extracted with the use of heat transfer devices driv-
ing secondary energy extraction units. It is imperative that
the engine working fluid should not be used for such
devices, since its low temperature level would make a very
poor work recovery, i.e. with the heat transfer from the cyl-
inder walls to the cooling water the majority of the work
potential is destroyed.

The second-law efficiency is also expected to increase
with insulation. This is mainly attributed to the reduced
percentage heat losses and the resulting increase in flame
temperature [13].

3. First-law analysis
3.1. Simulation process

Since the present analysis does not, at the moment,
include prediction of exhaust emissions and on the other
hand deals with transient operation calculations on a
°CA basis, a single-zone model is used for the evaluation
of thermodynamic processes [1-4].

For heat release rate predictions, the fundamental model
proposed by Whitehouse and Way [21] is used. Especially
during transients, the constant K in the (dominant) prepa-
ration rate equation of the Whitehouse—Way model is cor-
related with the Sauter mean diameter (SMD) of the fuel
droplets through a formula of the type K o (1/SMD)*?
[21].

The improved model of Annand and Ma [22] is used to
simulate heat loss Q; to the cylinder walls,

do, ke o d dT, 4 4
N F{DRe aTe =T +3 5 +e(ri- 1)

(1)
where a, a’, b and ¢ are constants evaluated after experi-
mental matching at steady-state conditions, F = 2(nD?/4)
+ F', with F' =nDx, and x the instantaneous cylinder
height in contact with the gas [3,21], k, is the gas thermal
conductivity, and the Reynolds number Re is calculated
with a characteristic speed derived from a k—¢ turbulence
model and a characteristic length equal to the piston
diameter.

During transient operation, the thermal inertia of the
cylinder wall is taken into account using a detailed heat
transfer scheme. This is depicted in Fig. 1. It holds
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Fig. 1. Heat convection—conduction scheme for engine cylinder.
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where dQ; /d¢ is the heat flux computed from Eq. (1), bear-
ing also in mind that d¢ = 6/Nd¢, Sj,, the thickness of the
insulation layer with k;,s its thermal conductivity, S, the
cylinder wall thickness with k,, its thermal conductivity,
h. the heat transfer coefficient from the external wall side
(respective temperature 7,.) to the coolant; the overbar
denotes mean temperatures over an engine cycle. Eq. (2)
is solved for the three unknown variables, i.e. the wall tem-
peratures Ty, Twm and Ty, which change from cycle to
cycle during the transient event but are considered to re-
main constant throughout the cycle.

Various sophisticated sub-models have been incorpo-
rated in the main code, which have been analysed in previ-
ous publications [3,4,23]. These deal with:

Multi-cylinder engine modelling: At steady-state opera-
tion the performance of each cylinder is essentially the
same, due to the quasi-steady position of the governor
clutch resulting in the same amount of fuel being injected
per cycle, and the quasi-steady turbocharger compressor
operating point. Under transient operation, however, each
cylinder experiences different fuelings and air mass flow-
rates during the same engine cycle. This occurs due to the
combined effect of: (a) the continuous movement of the fuel
pump rack that is initiated by a load or speed change and
(b) the continuous movement of the turbocharger compres-
sor operating point. As regards speed changes, only the
first cycles are practically affected. However, when load
changes are investigated, significant variations can be expe-
rienced throughout the whole transient cycle. The usual
approach, here, is the solution of the governing equations
for one cylinder and the subsequent use of suitable phasing
images of this cylinder’s behavior. This approach is widely
popular for limiting the computational time [1]. Unlike
this, a true multi-cylinder engine model has been
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developed. Here, all the governing differential and alge-
braic equations are solved individually for every one cylin-
der of the six-cylinder engine under study according to the
current values of the fuel pump rack position and turbo-
charger compressor flow. This results in (significant) differ-
entiations in both fueling and air mass flow-rates for each
cylinder during the same cycle of a transient event. The cur-
rent approach has, of course, the drawback of increasing
the computational time almost linearly to the number of
cylinders involved.

Fuel pump operation: Instead of using steady-state fuel
pump curves during transients, a fuel injection model,
experimentally validated at steady-state conditions, is
applied. Thus, simulation of the fuel pump-injector lift
mechanism is accomplished, taking into account the deliv-
ery valve and injector needle motion. The unsteady gas
flow equations are solved using the method of characteris-
tics, providing the dynamic injection timing as well as the
duration and the rate of injection for each cylinder at each
transient cycle. The obvious advantage here is that the
transient operation of the fuel pump is also taken into
account. This is mainly accomplished through the fuel
pump residual pressure value, which is built up together
with the other variables during the transient event.

Friction: For the calculation of friction inside the cylin-
der, the model proposed by Taraza et al. [24] is adopted; it
describes the non-steady profile of friction torque during
each cycle based on fundamental friction analysis. Here,
the total amount of friction is divided into four parts, i.e.
piston rings assembly, loaded bearings, valve train and
auxiliaries. Total friction torque at each °CA is the sum
of the above terms; it varies during the engine cycle, espe-
cially around ‘hot” TDC, unlike the usually applied ‘mean’
fmep equations where friction torque remains constant
throughout each cycle [4,23].

The conservation of angular momentum applied to the
engine crankshaft yields

dw
Te((/)v U)) - Tfr((/), w)trans - TLOfid(w) = Gwl E (33)

where Gy, is the engine-flywheel-load mass moment of
inertia and 7.(¢,®) stands for the instantaneous value of
the engine torque [4]. Also,

TLoad (@) = c® (3b)

is the load torque for the hydraulic brake coupled to the
engine examined, and (¢, ®)yans Stands for the friction
torque.

3.2. Experimental procedure

The objective of the experimental test bed developed was
to validate the transient performance of the engine simula-
tion. To accomplish this task the engine was coupled to a
hydraulic brake (dynamometer). The experimental investi-
gation was conducted on a (un-insulated) MWM TbRHS
518S, six-cylinder, turbocharged and aftercooled, med-

Table 1
Engine data

Engine Type Six-cylinder, 4-stroke, turbocharged and

aftercooled, heavy-duty, water-cooled diesel

engine
Speed range 10001500 rpm
Bore/stroke 140 mm/180 mm

Maximum power

Maximum torque

Moment of inertia
(engine and load)

236 kW @ 1500 rpm
1520 Nm @ 1250 rpm
15.60 kg m?

ium-high speed diesel engine. The engine is permanently
coupled to a Schenck hydraulic dynamometer. Details
about the experimental setup can be found in Ref. [3].
The basic data for the engine and turbocharger are given
in Table 1.

The first requirement from the engine test bed instru-
mentation was to investigate the steady-state performance
of the examined engine. For this purpose, an extended ser-
ies of steady-state trials was conducted in order on the one
hand to examine the model’s predictive capabilities and on
the other to calibrate successfully the individual sub-mod-
els. The investigation of transient operation was the next
task. Since the particular engine is one with a relatively
small speed range, mainly load changes (increases) with
constant governor setting were examined. A typical exam-
ple of a conducted transient experiment is given in Fig. 2.
Here, the initial load was 10% of the full engine load at
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Fig. 2. Experimental and predicted engine transient response to an
increase in load.
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1180 rpm. The final load applied was almost 50% of the full
engine load. The matching between experimental and pre-
dicted transient responses was satisfactory for both engine
and turbocharger variables (engine speed, fuel pump rack
position and boost pressure). We observe that the boost
pressure is notably delayed compared to the speed profile
owing to the well known turbocharger lag effect.

4. Second-law analysis

The availability balance equations are applied to the tur-
bocharged diesel engine and all its subsystems, on a °CA
basis [7,20,25,26]. For the jth engine cylinder it holds,
d4; il bin — il bex  dAy

hnke’) _%Aw T BAE B 4
do 6N de do + “)
with 7z, the incoming mass flow rate from the inlet mani-
fold and 7/ the outgoing one to the exhaust manifold
according to the first-law analysis of the multi-cylinder
engine;

d4,, dv
@ = (Pg —Po)@ (5)

is the availability term for the work transfer with p, the
instantaneous cylinder pressure,

dAL_dé(l To)

dp ~do \' 7T, )

is the availability term for the heat transfer to the cylinder
walls with T, the instantaneous (uniform) cylinder gas tem-
perature and d4¢/d is the availability term for the injected
fuel [6,7]. The term

b=h—Tes— Y xif (7)

corresponds to the flow availability of the cylinder gas with
x; the mass fraction of species i in the mixture and p the
chemical potential of species i at the restricted dead state
(i.e. when there exists thermal and mechanical equilibrium
with the environment) [6,7]. The term dI/d¢ in Eq. (4) rep-
resents the rate of irreversibility production within the cyl-
inder. This consists mainly of the combustion term, while
inlet-valve throttling and mixing of the incoming air with
the cylinder residuals have a less than 5% contribution
[7,25]. Similar expressions were derived for the second-
law balance of manifolds, turbocharger and aftercooler
[7,25,26].

5. Insulation schemes and transient schedules

The baseline, non-insulated, case configuration is that
corresponding to the engine in hand, possessing a cast
iron wall thickness of 10 mm. Table 2 illustrates the four,
widely different, insulation schemes considered for the
present study. The main thermal properties of the cylinder
wall materials and insulators (ceramics) used are given in
Table 3.

Table 2
Summary of the insulation schemes

Cylinder wall material Insulation Depth of insulation (mm)
1 Cast iron - -
2 Cast iron SN 4.0
3 Cast iron PSZ 1.0
4 Cast iron PSZ 1.5
5 Aluminium - -
Table 3

Thermal properties for cylinder wall materials and insulators

Conductivity 6* (W/m K)

Thermal diffusivity ‘o’ (m?/s)

Cast iron 54 14x10°°
Aluminium 180 78 x 107°
SN 10 2.80x107°
PSZ 1.0 0.90 x 107°

One of the main effects of engine heat insulation is the
significant rise of combustion chamber wall temperatures
and thus the higher thermal loading of the engine. This
loading is assumed to be withstood by the engine, without
paying any attention in this study to the examination of the
developed thermal stresses and component deformations.
In any case, these wall temperatures are realistic in terms
of existing materials.

When comparing the transient response of different
engine configurations, it is imperative that the initial oper-
ating point is kept the same for all examined cases. For the
present study, at the initial engine speed of 1180 rpm, the
initial load always corresponded to the same value of con-
stant ‘¢’ in the load torque term (Eq. (3b)). The latter was
10% of the engine’s maximum load. Afterwards, a 650%
relative load-change was abruptly applied. The final condi-
tions roughly correspond to 75% engine load. The case
with a 10-95% load-change will also be depicted in order
to enhance the importance of some of the obtained results.

6. Results and discussion

Fig. 3 illustrates the corresponding mean, gas-side cylin-
der wall temperature T, for each insulation scheme stud-
ied. Consistent with engineering intuition, a higher degree
of insulation increases the wall temperatures throughout
the transient event, as is also the case at steady-state oper-
ation [9,107]; this effect is enhanced with higher loading.

In Fig. 4, the response of four important engine values is
illustrated, i.e. engine speed, fuel pump rack position, boost
pressure and volumetric efficiency. Clearly, the engine
speed, as well as the other variables of the engine and tur-
bocharger, are only slightly affected by the level of temper-
atures inside the cylinder, with the higher insulated cases
leading to smaller speed drops. This was also the result
reached by Watson [1] and Schorn et al. [19] (the latter
for acceleration transients), although these researchers
did not investigate the effect of such a high level of
insulation during transients. A higher wall temperature is
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Fig. 3. Response of mean gas-side wall temperatures during the transient
event (unless otherwise noted, the cylinder wall is cast iron).

generally expected to improve the turbocharger lag and
thus speed response [4]. This is not so pronounced for the
present engine, however, since its high total mass moment
of inertia slows down the whole transient event. On the
other hand, the volumetric efficiency shows a decreasing
trend with higher insulation schemes, confirming the results
of all the previous researchers during steady-state opera-
tion. Namely, the increased level of cylinder wall tempera-
tures during the induction process transfers heat to the
incoming charge, thus, reducing its density and, hence, vol-
umetric efficiency throughout the transient event.

Fig. 5 expands the results of Fig. 4 by showing the
response of the transient indicated specific fuel consump-
tion (isfc) of the engine, highlighting the non-negligible
benefit gained from the insulation. An increased level of
temperatures during each cycle leads to ‘fuller’ pressures

diagrams, thus increasing the efficiency up to 3.65% for
the 1.5 mm PSZ case at the 20th cycle of the transient
event. It is obvious that the engine handles now the tran-
sient test in a slightly more efficient manner. The difference
between aluminium and cast iron non-insulated walls is
modest, proving the very small effect of the cylinder wall
material on the cycle transient efficiency. As the right
sub-diagram shows, the response of the bmep is impercep-
tibly affected by the degree of insulation, with the highly
insulated cases proving slightly more favourable. Here,
the results are less distinguished than the isfc ones. This
is mainly due to the decrease in the volumetric efficiency
shown in the previous figure.

Fig. 6 focuses on the second-law balance and illustrates
the evolution of four engine availability values during the
transient event, i.e. work, heat loss to the walls, exhaust
gas to ambient, and combustion irreversibilities; all are
reduced to the fuel chemical availability. An increasing wall
temperature results in increased charge temperatures and
consequently lowers the degradation of the fuel availability
since this is now transferred to ‘hotter’ gases. Thus, the
combustion irreversibilities decrease throughout the tran-
sient test. For example, for the 1.5 mm PSZ case, the com-
bustion irreversibilities decrease up to 23% compared to the
non-insulated configuration.

It should be pointed out here that the combustion irrev-
ersibilities during transients evolve in a different way com-
pared to the respective steady-state operation (i.e. for the
same engine speed and fuel pump rack position). The dif-
ference is attributed to [27]:

o the differentiated fuel-air equivalence ratios experienced
during transients owing to the turbocharger lag, which
significantly affects the air-mass flow rate;
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Fig. 4. Response of various engine parameters to an increase in load (unless otherwise noted, the cylinder wall is cast iron and the load increase is 10—

75%).
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Fig. 6. Response of various second-law values to an increase in load (unless otherwise noted, the cylinder wall is cast iron).

o the transient operation of the fuel pump that differenti-
ates from the steady-state fuel pump curves; and

e the fact that, during transients, integration of the left
hand side of Eq. (4) over an engine cycle does not sum
up to zero, as the initial conditions of the new cycle dif-
fer from the initial conditions of the previous one.

Unfortunately, although the combustion proceeded in a
more efficient way, this was not transformed into increased
piston work. Hence, the work term is only marginally
improved (+2.3% at cycle no. 25 of the 1.5 mm PSZ case).
This finding goes along with the bmep results depicted in
Fig. 5, and with the conclusions reached by previous
researchers during steady-state operation [17]. The reduc-
tion in combustion irreversibilities is reflected into an
increase in the exhaust gas to ambient exergy. Both the
absolute (in ‘Joules’) and percentage values of this term

increased with higher insulation owing to the higher tem-
perature of the working medium (see also Table 4). This
availability amount can be afterwards recovered only if a
bottoming cycle is applied.

On the other hand, a higher degree of insulation slightly
decreases the exergy of heat loss to the cylinder walls when
this is reduced to the fuel chemical availability. Eq. (6)
shows that an increasing gas temperature 7, (depicted in
Fig. 7) increases the ‘quality’ and, thus, the heat transfer
availability from the cylinder gas (with reference to the
ideal Carnot cycle, the engine thermal efficiency increases
with higher temperature of the working medium). This is
contradicted by the fact that a higher insulation scheme
reduces the heat flux dQ;/d¢ to the cylinder walls. The
combined effect of the above factors determines the trend
for the percentage exergy term of heat loss depicted in
Fig. 6. However, it should be highlighted that this exergy
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Table 4
Maximum increase (at a particular cycle) in second-law values for the
engine with 1.5 mm PSZ coating compared to the non-insulated operation

Work +2.3%
Combustion irreversibilities —-23%
Total irreversibilities —19%
Heat loss to the walls —1.5%
Exhaust gas to ambient +15%

term of heat loss to the walls possesses now a higher work
potential, as the wall temperature has increased with insu-
lation. A heat recovery device is needed in order for this
availability to be exploited. At the moment, the subsequent
heat transfer to the cooling medium practically causes its
elimination.

Fig. 8 illustrates the response of the percentage irrever-
sibilities during the transient event. The higher the degree
of insulation, the lower the percentage of combustion irrev-
ersibilities. This trend is enhanced with higher loading. At
the same time, other irreversibility terms such as exhaust
manifold or turbine ones were found to increase since these
depend on the condition of the exhaust gas.

This rather conflicting behavior can be explained if one
looks deeper into the respective irreversibility production
mechanisms. For the combustion term, the main mecha-
nism comprises heat transfer from the burning of fuel to
the gases. Consequently, the higher the temperature
of the receiving gas (as is the case with increasing insula-
tion) the lower the degradation of the fuel’s chemical
exergy, and hence the combustion irreversibilities. On the
other hand, turbocharger aftercooler, inlet manifold and
exhaust manifold irreversibilities are due to throttling, mix-
ing and friction. These are, mainly, influenced by the level
of pressures and temperatures of the working medium;
thus, they increase with higher insulations.

The latter increase considerably with insulation as Figs.
3 and 7 suggest. Again, the case with aluminium wall only
slightly distinguishes from the one with cast iron. In any
case, it is important to note that the higher amount of
exhaust manifold and turbine irreversibilities is always of
much lesser importance throughout the whole transient
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Fig. 7. Gas temperature variation during the 28th cycle of the transient
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Fig. 9. Gain from insulation compared to the non-insulated operation for
the whole transient event.

event. Even the absolute amount of the total engine irrev-
ersibilities (in ‘Joules’) decreases considerably (up to
19.5%) with higher insulation.

Finally, Fig. 9 quantifies the total gain from the insula-
tion as regards two important second-law values, i.e. com-
bustion irreversibilities (defined as ‘theoretical’ gain) and
exhaust gas to ambient (defined as ‘practical’ gain), during
the whole transient event. The gain in the work potential of
the exhaust gas to ambient reaches 8 kJ or 2 kW during the
4 s of the transient event, for the 1.5 mm PSZ coating com-
pared to the non-insulated operation and corresponds to a
2.4% increase in the engine brake power. This is the maxi-
mum extra power that can be obtained during the transient
event from the increased insulation if we apply a bottoming
cycle.

7. Summary and conclusions

An experimentally validated computer program was
used to study the transient performance of a turbocharged
diesel engine from the first- and second-law perspective,
and for various insulation schemes:
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e The transient response of the engine remains almost
unaffected by the applied insulation. Certain steady-
state findings, e.g. decrease in volumetric efficiency or
isfc with higher insulation, were confirmed during tran-
sients too although the transient path differed from the
respective steady state. On the other hand, the second-
law values depend significantly on the applied insulation
scheme.

e Combustion irreversibilities decrease considerably with
higher insulation both in ‘Joules’ and as a percentage
of either fuel availability (up to 23% at a certain cycle)
or total irreversibilities.

e This decrease in the availability destruction was mainly
transformed into an increase in the availability content
of the exhaust gas to ambient (up to 2kW for the
1.5 mm PSZ coating transient event). On the other hand,
the respective heat loss availability remains practically
unaltered.

The above results strengthen the belief that a combined
optimisation based on both thermodynamic laws is
required for better understanding and evaluation of inter-
nal combustion engines operation.
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