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Abstract

n this work, we conduct a sensitivity analysis of the mean-
value internal combustion engine exergy-based model,
recently developed by the authors, with respect to different
driving cycles, ambient temperatures, and exhaust gas

Introduction

o improve the energy efficiency and reduce operational

costs, military ground vehicles are migrating from

conventional internal combustion engine (ICE)
powertrains to electrified ones. To unleash the full potential
of these technologies, mathematical modeling is a funda-
mental tool to assess and quantify the system’s irreversibilities
(responsible for efficiency degradation) [1]. Availability (or
exergy) is used to measure the mechanical, chemical, and
thermal work a system can deliver with respect to a reference
state. On the contrary to approaches based on the first law of
thermodynamics, techniques based on exergy principles rely
on the second law of thermodynamics. This allows to locate
the system’s irreversibilities and develop strategies for
efficiency improvement.

In the aerospace field, exergy principles have been widely
used for design optimization and system-level analysis. Some
examples are the design optimization of hypersonic aircrafts
[2,3] and the exergetic analysis of launch vehicles [4] and
rockets [5]. Availability modeling has been applied to ICEs
with the goal of quantifying irreversibilities and, ultimately,
optimize combustion. The authors of [6, 7] analyze the exergy
transfer and destruction phenomena in spark ignition engines.
In [8, 9], compression ignition engines operating in steady-
state and transient conditions are investigated. The effect of
different types of fuel (biodiesel and bioethanol) to the avail-
ability balance is analyzed in [10, 11]. Other applications of
exergy principles can be found in power generation [12,13]
and naval engineering [14].

In [15], the authors develop an exergy-based modeling
framework for electric and hybrid electric vehicles (EVs and
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recirculation rates. Such an analysis allows to assess how
driving conditions and environment affect the exergetic
behavior of the engine, providing insights on the system’s
inefficiency. Specifically, the work is carried out for a military
series hybrid electric vehicle.

HEVs). The proposed framework allows the assessment of
availability transfer and destruction phenomena in the
powertrain. In HEVs, the ICE is the principal source of inef-
ficiency and must be carefully analyzed. To this aim, the
authors have recently proposed an innovative mean-value
exergy-based model for ICEs [16]. This model accounts for all
the availability transfer and destruction phenomena. A novel
characterization of combustion irreversibilities, based on the
quantification of entropy generation in chemical reactions, is
formulated. Moreover, a model of the thermal exchange
between the in-cylinder mixture and the cylinder wall based
on the Hohenberg correlation is used. This ICE exergy model
provides useful information on the engine efficiency for each
operating point in the speed-torque plane while keeping the
computational burden low.

In this paper, the ICE exergy model developed in [16] is
applied to a military series HEV case study and a thorough
sensitivity analysis with respect to different driving conditions
is performed. The exergy balance is defined with respect to
the environment, which is characterized by a certain pressure,
chemical composition, and temperature. Composition and
pressure are assumed to remain constant, and modifications
of the environmental temperature are carefully analyzed. In
diesel engines, exhaust gas recirculation (EGR) is used to
mitigate hazardous NO, emissions. Varying the EGR rate
leads to modifications of the mixture composition and of the
combustion process. This affects the exergy term related to
combustion irreversibilities (or, in other words, the ICE inef-
ficiency) and must be investigated carefully. Starting from
four military driving cycles, the model is simulated for
different environmental temperature and EGR rate
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combinations. Correlations between the exergy transfer/
destruction phenomena and modifications of environmental
temperature and EGR rate are investigated. Ultimately, the
mean-value ICE exergy model allows to compute the engine
availability balance in diverse driving scenarios, providing
insights on how driving conditions and environment affect
the exergetic behavior of the engine.

The paper is organized as follows. First, the exergy-related
concepts from thermodynamics are summarized [15]. Then,
a detailed ICE exergy-based model is described with focus on
its mean-value implementation. Thirdly, the exergy balance
for a constant power request is shown. The sensitivity analysis
is conducted for a Power Stroke 6.4L V8 diesel engine and
results considering different driving cycles, ambient tempera-
tures, and EGR rates are shown. Finally, conclusions are
carried out.

Exergy Modeling:
Definitions

Theoretical concepts on exergy analysis and modeling are
summarized. For further information on exergy principles,
the reader is referred to [15].

Definition 2.1 (Exergy). Useful work that can be extracted from
a system at a given state with respect to a chemical and ther-
modynamic reference state.

Definition 2.2 (Physical exergy). Work potential between the
current and restricted state of the system.

Definition 2.3 (Chemical exergy). Work potential associated
with the different chemical composition of the reference and
restricted state.

Definition 2.4 (Reference state). The reference state is character-
ized by a temperature T, a pressure Py, and a chemical compo-
sition defined by molar fractions f,. At the reference state, the
available work (mechanical, thermodynamical, chemical, etc.)
is zero.

Definition 2.5 (Restricted state). State of a system not in
chemical equilibrium with the reference state.

Quantities expressed with respect to the reference and
restricted state are denoted by subscript 0 and superscript
*, respectively.

Internal Combustion
Engine Exergy Model

Engine Technical
Specifications

The ICE model is developed considering a Power Stroke 6.4L
V8 diesel engine. The engine is equipped with a turbocharger

TABLE 1 ICE parameters [16]

Parameter Value Unit
Tny0 0.7567 (-1

feo,0 0.0003 [-]

Ti,00 0.0303 [-]

fo,0 0.2035 [-]
- 0.0092 [-1

re 17.5:1 [-]

Neyy 8 [-]

XeGR 0.2 [-]

X 14.4 [-]

1% 24.9 [-]

Vitor 6.4 [

To 29315 [K1

T 32315 [K]

Py 1 [bar]

P, 1 [bar]

G 75 [kPa]

G, 0.458 [s kPa]
Cs 0.4 [s?kPa/m?]
Rezs 8.31 [J/(mol K)]
LHV 42.50 [MJ/kg]

and an EGR system and is characterized by a peak power of
260kW at 3000rpm. The properties of the ICE are listed in
Table 1.

Figure 1 shows the fuel rate ri1; (a) and exhaust gas
temperature Ty (b) as a function of the engine operating point.

In Cylinder Mean-Value Model

For an effective characterization of the availability transfer
and destruction phenomena, a careful description of the
in-cylinder combustion dynamics is necessary. The model of
the internal combustion engine is developed under the
following assumptions [16]:

¢ during combustion, all the fuel injected in the cylinder
is burnt;

¢ the engine operates in steady-state conditions, i.e., torque
actuation and exhaust transport delays are not taken
into account;

e all cylinders behave identically, i.e., given an operating
point there is no difference in the combustion process
between cylinders.

First, the in-cylinder crank-angle resolved model is
formulated relying on a single-zone approach. Working fluids
are modeled as one thermodynamic system experiencing mass
and energy transfer with the surroundings. Spatial homoge-
neity of temperature and pressure is assumed. Moreover, burnt
and unburnt fractions of the mixture are not separated, and
the heat released is assumed to be evenly distributed. Starting
from in-cylinder crank-angle resolved quantities (namely,
piston motion, pressure, fuel burning dynamics, and thermal
exchange dynamics), the mean-value in-cylinder pressure,
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m (@) Fuel rate (m;) and (b) exhaust gas temperature (7¢)
maps for a Power Stroke 6.4L V8 diesel engine

m In-cylinder average temperature. The EGR rate is
setto 0.2 and T, = 293.15K
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temperature, and heat transfer are derived averaging the
corresponding crank-angle based quantities over the firing
interval. The computation of the mean values over the firing
interval captures the heat transferred and released during the
combustion process around the top dead center (TDC) (where
most of the heat is released).

Figures 2, 3, and 4 show the in-cylinder meaq—value
pressure (P,,), temperature (T,,)), and heat transfer (Q,) for
each engine operating point. These maps are obtained consid-
ering 0.2 EGR rate and T, = 293.15K (Table 1). An increase
of the load is related to higher fueling levels (Figure 1a) and
leads to higher in-cylinder pressure, temperature, and
heat transfer.
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IR Engine average heat transfer between in-
cylinder mixture and walls. The EGR rate is set to 0.2 and
T, = 293.15K
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Exergy Mean-Value Model

Relying on maps in Figures 2, 3, and 4, the exergetic behavior
of the ICE is analyzed considering the mean-value model
developed in [16].

The exergy balance is defined as follows:

Xeng = XIn + XOut + XDest + Xothers
= Xfuel,eng + Xintk,eng + Xwark,eng + Xhear,eng (1)
+Xexh,eng + Xcomb,eng + Xfric,eng + Xothers

with X the ICE exergy transfer and destruction phenomena.
The mathematical formulation of each term is shown in
Table 2.

Fuel and intake air are the exergy flows entering the
control volume: X;, = X fier,eng + Xinsk,eng- The fuel availability
X fuel,eng 18 the capability of doing work associated with the
chemical exergy stored in the injected fuel and is modeled
in equation (T.1). The intake exergy flow, equation (T.2),
considers both chemical and physical exergies of the mixture
entering the cylinder. Given the presence of EGR, the
mixture is a combination of fresh air and recirculated
exhaust gas. _ _

The mechanical work (X,oene), heat exchange (Xjiear,eng)»
and exhaust transport (X, .,,) terms transfer the exergy out
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TABLE 2 |CE mean-value exergy model
Fuel (T.1)
Xnerong = (1.04224 ¥ o.o11925§ - %jmv iy

Intake gas (T.2)

X/ntk,eng = zh/,a (y/c(h,a + I//;gh,a ),3 = {NZ,COZ, H,0, Oz}

ceS
Mo =0 fl
ina = (e (T1) = Tosa (T1)) (15 (To) ~Tosa (To))

;o iz
‘/’ch,a - RgasTO lOg -
fa,O

Mechanical work (T.3)
X work,eng = _Tenga)eng = _Peng
Heat exchange (1.4)

: T g
Xheat,eng =[ _7};](_ cyl)

Exhaust gas (T1.5)

v — 2 5 5
Xexneng - _an,a (‘//ch,a * V/ph,a)

oS
hEd = hE f,f
Wino = (ho (Te) =ToSo (Te)) = (2 (To) = Tos3 (7o)

‘ f
V/ch,o = RgasTO lOg fL

a0

Combustion irreversibilities (T.6)

. T. .
Mz © _7.0{gf — X 9co, — %gyzo 5 (x 5 %Jgoz }nf 5
cyl

) 4 y fio
-— X += [3.76RasT 09| =2 [t nf +
Tcy,{1—xfm[ 4) sl g(fNi f

o Z / i E1ng| T2 Por |||
-2 JR T g log| -9 | _ £ log| 22— n
T || & }{V g[ PR Yo 09 R '

aeS\{M

Frictions (T.7)
v _  Qepg
Xfr/‘c,eng __7FMEPVCL[Ot
4z
FMEP =1000 [q + ColDong * c3s§]

Others (1.8)

Xo{hers = _|:Xfuel,eng + Xintk,eng + Xwork,eng + Xheat,engj| +

- |:X exh,eng +X comb,eng +X friceng :|

of the control volume (X,,,). These terms are defined by equa-
tions (T.3), (T.4), and (T.5), respectively.

In the ICE, exergy is destroyed by combustion irrevers-
ibilities (Xcomp,eng) and frictions (X sic ene). The former is related
to the entropy generated during combustion and is function
of the in-cylinder temperature, i.e., the higher the tempera-
ture, the higher the efficiency, and the lower the entropy
generation and combustion irreversibilities. The latter models

friction losses due to components motion and turbulent dissi-
pation. Together, these terms (modeled as in equations (T.6)
and (T.7)) constitute Xp.q, i.e., the destroyed availability.
Xomers (equation (T.8)) lumps all the unmodeled exergy
destruction and transfer phenomena: losses in valves throt-
tling, nonuniform in-cylinder combustion, and blow-by gases.
Xothers is computed inverting equation (1), under the assump-
tion that the engine is working in steady-state conditions
(transient phenomena between operating points are neglected).
According to [16, 17], this condition is rewritten as:

X =0 @

Terms in Table 2 are exergy rates, i.e., they express the
variation of exergy with respect to time. Starting from these
quantities, the exergy is obtained integrating over time the
corresponding rate term:

T
X, = j X,dt 3)
0

Wlth -Xk.e {Xfuel,eng) Xintk,eng) Xwork,cng) Xheat,eng) Xexh,eng’ Xmmb,eng)
X fric,eng> Xotmers) and T the time horizon.

Exergy Balance for a
Constant Power Request

As an example, the exergy balance is computed for a constant
engine power of 106kW, actuated at ,,, = 1973rpm and
T.,=512Nm (average speed-torque values given the ICE maps
in Figure 1). According to Table 1, the reference temperature
T, is equal to 293.15K and the EGR rate is set to 0.2 (the static
maps in Figures 2, 3, and 4 are used).

The percentage contribution of each availability term is
computed as:
X

A %100 4
Xfuel,eng + Xintk,eng

X;[%] =
Wlth )(] € {Xwork, eng Xheat, eng> chh, eng Xmmb, eng> Xfric, eng> Xothers}'
The denominator is the exergy introduced in the system (X,),
which can be transferred or destroyed according to X;. Given
a constant operating point, the exergy rate terms are constant
and the percentage contribution in equation (4) does not
change with the time horizon T.
The percentage contribution of the exergy transfer and
destruction phenomena is:

KXewheng [%0]=17.7%,  Xcomp,eng [%]=31.7%
Xric.eng [%]=6.92%,  Xiyork eng [ %] = 36.8% ()
Xeateng [%0] =3.74%,  Xoshers[%] =3.14%

Results are comparable to ranges shown in [11] for diesel
engines, i.e., the indicated work (X5, eng + Xic, eng) accounts
for 40-45%, the heat transfer term at most for 10%, the exhaust
gas for 10-20%, and the combustion irreversibilities for ~25%.
In this scenario, combustion irreversibilities are higher than
25%, however, values in [11] are indicative and function of the
engine specifications and operating conditions.
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Sensitivity Analysis

The sensitivity analysis is carried out considering the military
series HEV in Figure 5. The whole model of the HEV, described
in [18], is simulated considering the driving cycles in Figure
6. The solid speed profile acts as a reference which can or
cannot be fulfilled depending on the requested acceleration
and velocity (the actuated speed profiles are shown in Figure
6, dashed lines). The energy management strategy is based on
the Pontryagin minimum principle (PMP) [21, 19] and opti-
mizes the power split between the battery pack and ICE, mini-
mizing a cost function accounting for fuel consumption while
ensuring charge sustaining conditions. In this work, the effect
of different driving conditions on the ICE exergy balance
(modeled as in Table 2) is analyzed. The analysis of the exer-
getic behavior of other components of the powertrain (such
as battery pack and electric motors) is out of the scope of
this work.

Driving cycles in Figure 6 provide a good combination
of high- and low-speed scenarios. Figure 7 shows that DCE4
reaches the highest speed (~120km/h) and DCES5 is character-
ized by the lowest mean velocity. For each driving cycle, the
following combinations of reference temperature (T,) and
EGR rate (xggp) are analyzed:

Ty € {263.15,273.15,283.15,293.15,303.15,313.15} K
xger €{0,0.1,0.2,0.3}

©6)

Changing T, corresponds to modifying the environ-
mental condition in which the vehicle is operating over a
mission. In this work, temperatures between —10 °C and 40 °C
are considered. Being the reference state, T, is always the
lowest temperature in the system. Instead, a modification of
the EGR rate leads to a variation of the chemical composition
of the in-cylinder mixture. This condition is interesting
because different EGR rate could be used for emissions mitiga-
tion. A variation of the EGR rate modifies the combustion
dynamics. Therefore, maps in Figures 2, 3, and 4 must
be computed for each value of xggp, relying on the model
summarized in Section “Internal combustion engine exergy
model”. According to [17], EGR values in equation (6) are
reasonable for diesel engines.

IGILEEN Oshkosh M-ATV [20]

m Driving cycles used in the sensitivity analysis.
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Results

Figures A1, A2, A3, and A4 (collected in the Appendix) show
the percentage contribution of the different exergy transfer
and destruction phenomena for each of the driving cycle in
Figure 6 and combinations of T and xpg in (6).

Results for the Harford driving cycle (Figure Al) are
analyzed. The increase of the EGR rate leads to an increment
of the recirculated exhaust gas mass and increases the
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m Percentage contribution of the exergy transfer
and destruction terms for each driving cycle at xz5z = 0.2 and
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in-cylinder thermal inertia. This decreases the in-cylinder
temperature T, the heat transfer Q,,;, and, consequently, the
exergy term X, .., (Figure Alc). Combustion reactions
become less efficient at lower in-cylinder temperatures T,
Therefore, increasing x .z leads to increased entropy genera-
tion and to a higher contribution of X, to the total exergy
balance (Figure Ale). The additional mass introduced in the
engine by the EGR is transferred outside the system, with an
increase of X, .., (Figure Ald). For practical purposes, the
contribution of the indicated work (X, eng + Xjric,eng) to the
exergy balance can be considered constant while varying the
EGR rate (Figure Alaand Alb). The slight reduction of X,k eg
and X .., - when increasing xpgp - is caused by the intake
exergy flux (Xj,y.eng) increase due to the additional mass of
recirculated exhaust gas. X, remains constrained to values
in line with the literature [11] and increases moving towards
xggr = 0 (Figure A1f). However, this condition is unlikely for
diesel engines because it would lead to unacceptable
NO, emissions.

An increase of the reference temperature T, leads to a
reduction of X,,, .,, (Figure Ald) caused by a lower physical
exergy y,;,, which translates to a reduced capability of the

exhaust gas of doing work (the effect of the chemical exergy
v, is negligible, i.e., it is always one order of magnitude
smaller than ;). The increase of T, leads to a reduction of
the Carnot efficiency (the temperature difference between T
and T, in equation (T.4) is reduced) and to a lower Xj,.4; cuq
(Figure Alc). Moreover, increasing T has a similar effect of
reducing T;,, and leads to an increased X, (Figure Ale).
As for the EGR case, the contribution of the indicated work
(Xworkeng + Xjric.eng) to the exergy balance can be considered
constant while varying T, (Figure Ala and Alb). The slight
increase of X, eng and Xy e While increasing T, is caused
by the intake exergy flux decrease (y, + ,; in equation (T.2)).
X, iners FEmMains constrained to values in line with the literature
and decreases while increasing T,. The effect of T; on X, .,
is lower if compared to varying xz¢, (Figure Alf).

In Figures A2, A3, and A4, results for Churchville, DCE4
Convoy Escort, and DCE5 Urban Assault cycles are shown.
Trends described for Figure Al apply also to these driving
conditions. Figure 8 compares simulation results at xzz = 0.2
and T, = 293.15K (nominal conditions defined in Table 1) for
each driving cycle. Computing the standard deviation (SD)
shows that the percentage contribution of each exergy transfer
and destruction term does not change drastically while modi-
fying the driving style: SDs are always below 2%. This is due
to the PMP-based energy management strategy that uses the
ICE only in operating points characterized by the highest
efficiency, avoiding exploring the full speed-torque plane.

Summary/Conclusions

This paper shows the application of the mean-value ICE exergy
model developed in [16] to a military series HEV. A compre-
hensive sensitivity analysis with respect to different driving
cycles, environmental temperatures, and EGR rates is carried
out. The analysis shows that an increase of T, leads to a
decrease of the heat exchange and exhaust gas exergy terms
and to an increase of the mechanical work, frictions, and
combustion irreversibilities components. Increasing xz; leads
to a decrease of the mechanical work, frictions, and heat
exchange terms and to an increment of combustion irrevers-
ibilities and exhaust gas availability.

The analysis proves the effectiveness of the mean-value
ICE exergy model for the quantification of availability transfer
and destruction phenomena in different driving conditions.
This enables the use of such a model inside the framework
proposed in [15], providing a useful tool for the future devel-
opment of management strategies aimed at minimizing
ground vehicle exergy losses.
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Definitions/Abbreviations

A - Air-fuel equivalence ratio [-]

f- Mole fraction [-]

n.,; - Number of cylinders [-]

r. - Compression ratio [-]

x,y - Fuel chemical formula coefficient [-]
xgpgr - EGR rate [-]

t,dt - Time and its differential [s]

T - Time horizon [s]

V410 - Engine displacement [m?]

S, - Mean piston speed ?

v - Stoichiometric coefficient [mol]

n,n - Moles and molar flow rate [mol], [mol/s]
m, 1 - Mass and mass flow rate [kg], [kg/s]

FMEP - Friction mean effective pressure [Pa]
C,,C,,C; - FMEP coefficients [kPa], [s kPa], [s*kPa]
P, - Reference state pressure [bar]

P; - Intake gas pressure [bar]

P, - In-cylinder gas pressure [bar]

T, - Reference state temperature [K]
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T, T; - Intake and exhaust gas temperature [K] 0 - Reference state
T.,; - In-cylinder gas temperature [K] * - Restricted state
WauW,n - Chemical and physical exergy flux [J/mol] o - Chemical species

g - Gibbs free energy [J/mol]
h - Specific enthalpy [J/mol]

R,,, - Ideal gas constant [J/(mol K)]

s - Specific entropy [J/(mol K)]

LHYV - Fuel lower heating value [M]/kg]

X, X - Exergy and exergy rate [J],[W]

Qcy, - Heat release during combustion [W]

P,,, - ICE power [W]

®,,, - ICE rotational speed [rad/s]

T.,, - ICE torque [Nm]

Appendix

S - Set collecting the chemical species o, defined as
{N;, CO,, H,0,0,}

LE - Intake and exhaust

EGR - Exhaust gas recirculation

EV - Electric vehicle

HEYV - Hybrid electric vehicle

ICE - Internal combustion engine
PMP - Pontryagin minimum principle
SD - Standard deviation

TDC - Top dead center

m Harford - Percentage contribution of the exergy transfer and destruction terms as a function of the EGR rate
(xz6r) and reference temperature (7y). The percentage contribution is computed with respect to the input exergy X e/ eng +

Xintk, eng
Harford
(a) Xuwork,eng (%) (b) Xfric,eng [%] 6.52 (c) Xheat,eng (%)
313.15 3495  313.15| 6.52 6.52 6.51 313.15| 6.99 6.34 ;
6.51
303.15 34.2 303.15| 6.52 6.52 6.51 303.15| 7.07 6.41
6.5 6.5
20315 3415 7 293.15| 6.52 6.52 6.5 o 229315 714 6.49
5 283.15 311 & 283.15| 6.51 6.51 6.5 5 283.15| 7.21 6.56 6
6.48
273.15 3405  273.15| 6.51 6.51 273.15| 7.28 6.62 5.5
6.47
263.15 34 263.15| 6.5 6.5 263.15| 7.35 6.69
6.46 5
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
zper [ zper [-] zpar [-]
(d) Xezheng (%] . (e) Xcombeng (%] (f) Xothers [%0]
313.15 313.15 34 313.15| 9.49 7.35 10
303.15 20 303.15 39 303.15| 9.87 7.73
8
20315 18 E 29315 w = 293.15| 10.24 | 8.08 .
5 283.15 5 283.15 5 283.15| 10.62 | 8.47
16 28 .
273.15 18.84 273.15 273.15| 11 8.85
263.15 19.5 22.13 14 263.15 26 263.15| 11.36 | 9.22 2
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3

zper [

zEGr [-) zper [
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m Churchville - Percentage contribution of the exergy transfer and destruction terms as a function of the EGR rate
(Xe6r) and reference temperature (7). The percentage contribution is computed with respect to the input exergy Xse/ eng *

Xintk, eng
Churchville
(a) Xwork,eng [%] (b) Xfric,eng [%] 5.71 (c) Xheat,eng [%]
313.15| 35.38 35.37 35.3 35.35 313.15| 5.71 5.71 5.7 313.15| 5.72
303.15| 35.38 35.36 35.3 303.15| 5.71 5.71 5.7 5.7 303.15| 5.77 5.5
—293.15| 35.36 35.35 = 293.15| 5.71 5.71 5.7 = 293.15| 5.83
ﬁc 35.25 % 5.60 % 5
& 283.15| 35.35 35.33 35.2 & 283.15| 5.71 5.7 & 283.15| 5.88
273.15 35.15 273.15 5.7 5.68 273.15| 5.94 4.5
263.15 263.15 263.15| 5.99
EE 5.67 4
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
zrGR [-] =GR [-) zgGR [-]
Keaheng (7] Xcombeng [%0) 34 (f) Kothers [%)]
24 313.15
22 32 303.15
2 30 g 293.15
5 283.15
2
18 8
273.15
26
16 263.15
0 0.1 0.2 0.3
zpGr [-] zpar [

m DCE4 Convoy Escort - Percentage contribution of the exergy transfer and destruction terms as a function of
the EGR rate (xggz) and reference temperature (7). The percentage contribution is computed with respect to the input

exergy Xfue/, eng + Xintk, eng

(a) Xwork g [%]

Ty [K

0 0.1 0.2
=GR [-]

Xeaneng (%)

0 0.1 0.2
zgGr [-]

(b)
36 313.15
35.95  303.15
359 . 993.15

0.3

0.3

DCE4 Convoy Escort
Xﬁic,eny [%]

5.79
5.79 5.79 5.78
5.79 5.79 5.78 518
5.79 5.79 5.78 5.77
579 | 5.79 576
5.78 5.78 575
5.78 5.78
5.74
0 0.1 0.2 0.3
zper |-
Xcombeng [%0]
32
} 30
28
26
24
0 0.1 0.2 0.3
zger [

(c)
313.15

303.15

o 293.15

T K

283.15
273.15

263.15

(f)
313.15
303.15

= 293.15
5 283.15
273.15

263.15

6.5
6.23
6.3 6
6.36

5.5
6.42
6.48 5
6.54 s

0 0.1 0.2 0.3

zper [+

0 0.1 0.2 0.3
zpGr [-]
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m DCES Urban Assault - Percentage contribution of the exergy transfer and destruction terms as a function of the
EGR rate (xg6r) and reference temperature (7). The percentage contribution is computed with respect to the input exergy Xue; eng +

Xintk, eng
DCES5 Urban Assault
(a) Xuork.eng (%) (b) Xfriceng [70) . (c) Xheat,eng (%)
313.15| 33.47 | 3346 | 33.39 3345 313.15| 7.7 7.7 313.15| 8.24 8.5
303.15| 33.47 | 3345 | 33.39 33.4 303.15| 7.7 7.7 768 303.15| 8.33 8
— 33.35 . —
o 293.15| 3346 | 33.44 & 293.15| 77 7.69 2 293.15| 841 7.5
5 283.15| 33.44 | 33.42 333 5 283.15 7.66 &5 283.15| 85 7
273.15| 3341 | 33.39 3325 273.15 273.15| 8.58 6.5
7.64 ’
263.15 332 263.15 ‘ 263.15| 8.66 6
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
zpGr [ zper [ zper |-
Xewh,eng [70)] Xeomb,eng [%0] (f) Kothers (%]
- 10
39 313.15
303.15 8
30
Z 29315 6
2 8315
4
26 273.15
2
24 263.15
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
TEGR [‘] TEGR [~] TEGR [-]
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