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Abstract

In this paper, a novel mean-value exergy-based modeling framework for internal combustion engines is
developed. Starting from a detailed description of the in-cylinder dynamics, the exergy balance is solved
for each engine operating point and, for the first time, static maps describing the availability transfer and
destruction phenomena as a function of speed and load are derived. The application of the proposed modeling
strategy, from the construction of the static maps to their usage, is shown for a military series hybrid electric
vehicle. Ultimately, these static maps, while providing insightful information about inefficiencies over the
whole operating field of the engine, are the enabling step for the development of exergy-based control
strategies aiming at minimizing the overall operational losses of ground vehicles.

1. Introduction

In the quest for sustainability, increasing fuel
economy, reducing vehicular emissions, and improv-
ing energy efficiency are mandatory actions. To this
aim, researchers and companies have joined the ef-
forts, devoting time and resources to the develop-
ment of new powertrain solutions. In this scenario,
military ground vehicles are migrating from stan-
dard internal combustion engine (ICE) powertrains
to electrified ones [I]. This allows to improve energy
efficiency while reducing operational costs and even
noise emissions, enabling also stealthier operations.
To exploit the full potential of these technologies,
formal modeling and analysis techniques must be
developed for a complete understanding of the irre-
versibilities degrading the efficiency of the system
and, consequently, for the formulation of “efficiency
aware” control and management strategies [2].

In this framework, availability, or exergy, is a use-
ful metric to quantify the thermal, mechanical, and
chemical work a system can perform with respect
to a reference state, usually called environment. On
the contrary to approaches based on the first law of
thermodynamics, which assume the conservation of
energy, exergy-based modeling implements the sec-
ond law of thermodynamics introducing the concept
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of entropy. This allows for the explicit quantifica-
tion of the irreversibilities of the system and, ulti-
mately, for efficiency improvement.

Exergy-based modeling is a well-known concept
in aerospace engineering, where diverse systems
must be integrated and balanced to produce effec-
tive designs. In [3] and [4], the authors propose an
availability analysis for rockets and launch vehicles,
respectively. The design and optimization of hyper-
sonic aircrafts is tackled in [5] and [6]. Exergy anal-
ysis is applied also in other fields, such as naval en-
gineering [7] and power generation [8],[@]. Moreover,
availability concepts are used for the analysis of
combustion processes in engines. ICEs are complex
systems composed of up to 2000 interacting parts
subjected to friction, heat transfer, and thermo-
mechanical stresses. Controlling in-cylinder com-
bustion phenomena is imperative to optimize brak-
ing work generation, while minimizing inefficiencies.
Considering spark ignition engines, [I0] and [11] an-
alyze the exergy transfer and destruction processes
in engines fueled with synthetic and natural gas,
respectively. For what concerns compression igni-
tion engines, an overview on exergy modeling for
both naturally aspirated and turbocharged diesel
engines is provided by [12]. In [I3] [14] and [I5],
steady-state and transient operating conditions are
analyzed, respectively. The authors of [I6] exam-
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ine the availability balance of a diesel engine fueled
with different biodiesels. In [I7], a similar analy-
sis is performed considering biodiesel, diesel, and
bioethanol blends.

On the one hand, exergy-based modeling has
been widely used for system design optimization.
On the other hand, only a few works show the po-
tential of the approach for the development of “ef-
ficiency aware” control algorithms. In [18], [19],
and [20], the effectiveness of exergy-based control
algorithms is shown for air conditioning systems,
ships, and aircrafts, respectively. In the context of
ground vehicles’ powertrain, [2I] successfully opti-
mizes the in-cylinder combustion in homogeneous
charge compression ignition (HCCI) engines rely-
ing on model predictive control (MPC), allowing for
6.7% fuel saving. The authors of [2] rely on crank-
angle resolved engine models, effective for optimiza-
tion of the combustion process variables (such as
spark, injection, and valve timings) but impracti-
cable for the development of powertrain-level man-
agement strategies.

The scarcity of exergy-based analysis in the
ground vehicles field has spurred the authors to
develop a comprehensive exergy-based modeling
framework for hybrid and electric vehicles (HEV
and EV) [22]. The description is control-oriented
and modular and allows for the quantification of
inefficiencies in the energy storage and conversion
devices of the powertrain — electrochemical energy
storage, electric motor, and ICE —. The simplified
ICE model employed in [22], while being suitable
for powertrain-level quantification of irreversibili-
ties, imposes some limitations, i.e., it does not al-
low for an explicit characterization of all the feasi-
ble operating regions of the engine. Since ICEs are
the principal source of irreversibility within hybrid
powertrains, the development of a more sophisti-
cated model is mandatory.

In this paper, the overarching research objective
is the formulation of a thorough model for exergy
quantification in ICEs. The model is mean-value
and, given its low computational burden, suitable
for control applications and for the development of
supervisory management strategies. For the first
time, a clear methodology for the derivation of a
mean-value exergy-based model for compression ig-
nition diesel engines, accounting for all the transfer
and destruction availability phenomena, is defined.
In particular, a characterization of combustion ir-
reversibilities, based on the analysis of the chem-
ical potentials, is provided. The outcomes of the

approach are static maps describing the exergetic
behavior of the engine as a function of speed and
load. These maps, which must be computed only
once given a certain engine, are the enabling factors
for the development of “exergy management strate-
gies”, i.e., they provide useful information on the
engine efficiency (and inefficiency) for each operat-
ing condition and with low computational burden.
This information can be used to minimize the oper-
ational losses of ground vehicles, e.g., in the frame-
work described in [22]. The approach is here devel-
oped starting from a series military HEV, however,
the procedure is general and can be used in any
device equipped with an ICE.

The remainder of the paper is organized as fol-
lows. In Section [2] fundamental concepts related
to availability modeling are summarized. Section [3]
shows the vehicle technical specifications. In Sec-
tion [d] the ICE modeling, in terms of airflow path,
combustion reaction, and in-cylinder dynamics, is
shown. Moreover, the derivation of average in-
cylinder pressure, heat transfer, and temperature
maps is detailed. Section [ starting from Section
[4 formalizes the exergy-based modeling of the ICE,
introducing all the sources of exergy transfer and
destruction phenomena. In Section [f] the static
maps for each exergy term are built and results over
a military driving cycle are shown. Eventually, con-
clusions are carried out in Section [7

2. Exergy modeling: definitions

In this section, some fundamental concepts re-
lated to exergy modeling are introduced. Also, at
the end of the paper, the notation and nomencla-
ture are provided to the reader (page 17).

Definition 2.1 (Exergy). Exergy (or availability)
is the maximum useful work that can be extracted
from a system at a given state, with respect to a
thermodynamic and chemical reference state.

Definition 2.2 (Reference state). The reference
state (also referred as dead state or environment)
is characterized by a pressure Py, a temperature
To, and a mixture of chemical species combined ac-
cording to the molar fractions fy. At the reference
state, the entropy of the system is maximized and
the work availability (chemical, thermodynamical,
mechanical, etc.) is zero.



Figure 1: Oshkosh M-ATV [23].
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Figure 2: BSFC map.

Definition 2.3 (Restricted state). The restricted
state is the condition of a system not in chemi-
cal equilibrium with respect to the reference state
but at pressure and temperature Py and Tj, respec-
tively.

From now on, quantities expressed with respect
to the reference and restricted state are denoted by
subscript 0 and superscript *, respectively.

3. Vehicle technical specifications

In this work, a mine-resistant ambush-protected
all-terrain vehicle (Oshkosh M-ATV) is analyzed
(Figure . The vehicle is characterized by a series
hybrid electric powertrain, comprising of a diesel
generator, four 95kW brushless permanent mag-
net in-hub motors, and a lithium-ion battery pack.
The diesel generator is composed by a Power Stroke
6.4L V8 turbocharged diesel engine (with a peak
power of 260kW at 3000rpm) [24] and a 265kW
electric generator, which converts the mechanical
power into electrical.

Being this research focused on the development
of a comprehensive exergy-based model for the ICE,

Parameter Unit Value Reference

b (-) 1.4 (2ad|
c (-) —log(0.001)
d ) 2
INs0 (-) 0.7567 21
fcos0 (-) 0.0003 [t
fr,0.,0 -) 0.0303 [
foa0 ) 0.2035 £
foth,ers,(] (') 0.0092 21
Te -) 17.5:1 B4
Teeyl ) 8 24
CN (-) 50
TEGR (-) 0.2 (or 20%)
T (-) 14.4 2
y -) 24.9 (v}
a (m) 52.5x1073 [pzi]
! (m) 210%10~3 1
B (m) 98.2x1073 1
L (m) 105%x1073 4]
Vd,tot 1) 6.4 24]
T (K) 298.15 -
Ty (K) 323.15 -
T, (K) 400 B
Py (bar) 1 -
Pr (bar) 1 -
Cy (kPa) 75 30
Cy (s kPa) 0.458 30
Cy (s?’kPa/m?) 0.4
Osr (rad) 15.7x (7 /180) 29
before TDC
Orpc (rad) 0 -
Af (rad) 70% (7/180) B3
My (kg/mol) 0.198 -
My, (kg/mol) 0.028 -
Mco, (kg/mol) 0.044 -
Mu,0 (kg/mol) 0.018 -
Mo, (kg/mol) 0.032 -
exél, (J/mol) 19870 B
exii.o (J/mol) 900 B
ex¢ (J /mol) 3970 B
Ryas (J/(mol K)) 8.31 -
LHV (M /kg) 42.50

Table 1: ICE parameters.

only the parameters for the diesel engine are pro-
vided (Table . Moreover, the brake-specific fuel
consumption (BSFC), retrieved from [25], is shown
in Figure Additional details on the powertrain
architecture can be found in [26].

4. Internal combustion engine modeling

The exergy model proposed in this manuscript is
mean-value, thus, it does not consider the engine’s
reciprocating behavior (crank-angle) and, instead,
it assumes all the phenomena to happen continu-
ously, in a lumped parameter description. In this



section, the mean-value model for the ICE is pre-
sented. These results constitute the fundamental
preliminary step to build the exergy-based model
in Section

The derivation of the ICE model is carried out
under the following fundamental assumptions.

Assumption 4.1. The gaseous mixtures are com-
posed by ideal gases only.

Assumption 4.2. The combustion process burns
all the available fuel, thus, no unburnt fuel is
present in the exhaust gases.

O Given that a diesel engine works in excess of
air (A > 1), it is reasonable to assume that all
the fuel is burnt.

Assumption 4.3. Each engine operating point is
analyzed in steady-state, thus, exhaust transport
and torque actuation delays are not modeled.

Assumption 4.4. At a given operating point, the
Neyr cylinders of the engine behave in exactly the
same manner.

[0 This assumption is a direct consequence of the
mean-value modeling, where the reciprocating
behavior of the whole engine is averaged over
time.

4.1. Reference state

In this research activity, the reference state is de-
fined to be at pressure Py = 1bar and temperature
To = 298.15K. In accordance with [21I], the atmo-
sphere is assumed to be composed by four species
o € § = {Ny,CO3,H20,05} and other compo-
nents (mostly argon) lumped in one term ( fothers0)-
The volume fraction composition of atmospheric air
is as follows:

Iny0 =0.7567, fco,,0 = 0.0003, fu,0,0 = 0.0303,
f0270 = 0.2035, fothers,O = 0.0092
(1)

4.2. Airflow path

The airflow path is modeled considering the mass
flow rates at the intake and exhaust manifolds,
under the presence of exhaust gas recirculation
(EGR). First, the air-fuel equivalence ratio is in-
troduced:

AFR(t) = Tal®)
ring (t)
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Figure 3: Fuel rate (rivs), air-fuel equivalence ratio (\), and
exhaust gas temperature (TE) maps.

where AFR; is the stoichiometric air-fuel ratio, my,
and iy are the intake airflow and fuel rates, respec-
tively. The air-fuel equivalence ratio and the fuel
rate are functions of the engine operating point:

g (t) = £ (Weng (1), Teng (1))

=1
A(t) = £ (eng (), Teng () )



with Tepng and weng the engine torque and rota-
tional speed, respectively. In this work, s and A
come from the maps in Figure 3] Given a diesel
engine, the air-fuel equivalence ratio A is always
greater than 1, i.e., the combustion takes place in
lean conditions. Relying on Equation (2)) to com-
pute 1., the intake flow rate is derived as:

my (t) =g (t> + Meah (t) (4)

where ez is the portion of exhaust gas intro-
duced by the EGRE According to [28], A is de-
fined after the perfect mixing between the recircu-
lated gases and fresh air, thus, it already accounts
for the presence of recirculated oxygen and nitro-
gen. Recalling that me.n(t) = xrpgr mi(t) and
me(t) = (1 — zggr)mr(t) [28], Equation is
rewritten as follows:

X
1 (t) = ma(t) (1 4+ EGR > =
1 —2zggr
1

1—-zgrar

()

= 1hg(t)

where zpagr is the EGR rate, i.e., the portion of
recirculated gas. Eventually, the exhaust manifold
flow rate is obtained as:

rhp(t) = 1 (t) + g (t) (6)

The intake mixture enters the engine at a constant
temperature 77 = 323.15K (a reasonable average
value for turbocharged diesel engines [35]), instead,
the exhaust gas temperature Ty varies according
to the engine operating condition (Figure ) As
a reference for the reader, maps similar to those
depicted in Figure[3 can be found in the MathWorks
Powertrain Blockset toolbox [36].

4.8. Combustion reaction

According to [37], the combustion reaction in the
presence of EGR takes the following form:

A(t) Y , TEGR Yy
H x4+ =) 3.7T6N ————— (2COs + = H.
Oty + = — (1+4)37o e ()“C()2+2 20) +
At) — xga 1
+(z+Y) ) —wecr, 2CO5 + L Hy0+
4 lf:I,'EGR 1*-73EGR 2

+ 3.76A(¢) (:L‘ + %) Np+(A(t) — 1) ("I" + %) 02}

(7)

IThe exhaust gas is assumed to be composed by CO2 and
H20; NOg and CO are neglected given their low concentra-
tion with respect to the other species [28].

where the coefficients = and y define the fuel
(CyH,) composition. According to [12], z = 144
and y = 24.9 well describe the average composition
of diesel. Given a certain operating condition, the
reaction in Equation can be used to compute
the mole fraction of the different species composing
the intake and exhaust gas, respectively. Thus, the
following variables are introduced:

Al Yy TEGR Y

Y /\(t)—wEGR
+ <I + 4) 1-— TEGR
1

+ () = 1) (o + %)}
(8)

with det; and detg the denominators used to com-
pute the following volume fractions for the reac-
tants (intake gases) and products (exhaust gases):

Intake gases

2O (24 4)376 v, (1)

I () = l1—zpGgr —
T () dety(t) detr(t)’
fI (t) _ lfigng _ VCI;'O2
COz det;(t) det[(t)’ (9)
TEGR Y Z/I
fI (t) — l—zggr 2 _ H>O
H0 det;(t) — detz(t)’
A(t)—
fI (t) _ 179322212 (m + %) _ V(I)g(t)
Os -

det(t)  detz(t)

Exhaust gases

MO (4 ¥)3.76 IRZAO

E _ 1—zpGRr
T3 () = det g (t) " detp(t)’
1
fE (t) _ 1—$EGRI _ 1/502
CO2 detE(t) detE(t)’ (10)
1 y vE
fE (t) _ l—xggr 2 _ H>O
H20 detE(t) detE(t)’
A(t)—1
fE (t) — 1_(1)EGR (l‘—i_ %) _ ng(t)
Oz detE(t) detE(t)

Relying on Equations @D and , the molar
masses of the gaseous mixtures are computed as
follows:

Mi(t) =Y fa(t)My, Mg(t) =Y fr(t)M,
ocES oc€ES (11)



Starting from Equations , @, @, and , the

following molar flow rates are obtained:

i) g )

2 t) = =
ny(t) M, e

(12)

4.4. In-cylinder dynamics

To obtain an effective mean-value description of
the in-cylinder combustion phenomena, the mod-
eling is first developed in the crank-angle domain
and then averaged. To this aim, a single-zone
modeling approach, in which the working fluids
form one thermodynamic system undergoing en-
ergy and mass exchange with the surroundings, is
employed. In this context, the heat released by
combustion is assumed to be evenly distributed
throughout the cylinder and no distinction between
the burnt /unburnt fraction of the mixture is made.
Moreover, spatial homogeneity of pressure and tem-
perature is assumed. According to different authors
[311, 30], this is an effective approach to analyze the
thermodynamic behavior of ICEs and provides a
detailed description of pressure, heat transfer, and
temperature.

4.4.1. Crank-angle resolved model

To describe the in-cylinder phenomena, it is fun-
damental to catch the engine reciprocating behav-
ior. Thus, the crank-angle variable 6 is introduced
and used to describe the motion of the piston in-
side the cylinder in terms of distance between the
crank shaft and piston (s), swept cylinder volume
(V), and combustion chamber surface area (A):

5(0) = a cos® + V12 — a?sin? 0

2

V(0) = Vet T +a— s(0)) =
o V7t0t/ncy 7'('32
_ drc_l S (ta—s)  (13)

A(0) = Aer + Ap + mB(1l+a — 5(0)) =

—2 (Ffz) +7B(l+a— s(6))

with a the crank radius, [ the rod length, B the
cylinder bore, ng, the number of cylinders, Vg s
the engine displacement, V. the clearance volume
— function of the cylinder displacement Vg tot/ney
and of the compression ratio . —, and A, and A,
the cylinder head and piston crown surface areas,
both equal to (wB?)/4.

Starting from Equation , the crank-angle
derivatives of the swept cylinder volume and com-
bustion chamber surface area are given by:

AV 1B? . fcosb

— = — |asinf | ———

do 4 V1— f2sin?0

" (14)

@:T(B

. fcosd
asinf | —————
V1— f2sin%0
where f = a/l. Thus, relying on the first principle

of thermodynamics, the following expression for the
in-cylinder pressure P.,; is obtained:

chyl 7= 1 de - dQcyl o Y P (a)ﬂ
o~ V(o) \ do do Vo) ™ e
(15)

with v = 1.4 — 0.16/\ the specific heats ratio (A
is obtained from Equation , given an operating
point (Weng, Teng)), Qeyt the in-cylinder gas to wall
heat exchange, and Qy the heat released in the com-
bustion process, defined as follows:

dQy dxyyp |
& _ M LHV, -
o ~ gp MTEY mp=my

(16)

Weng Meyl

with LHV the fuel lower heating value, my the in-
jected fuel per cylinder, and s the fuel rate com-
puted from Equation at the operating point
(Wengs Teng), constant over one cycle. The fuel
burning rate is computed relying on the Wiebe
function [31]:

e — <) (050 exp [ (S5852) 1!
(17)

where A6 is the combustion duration, ¢ the combus-
tion efficiency coeflicient (controlling if the combus-
tion process leaves unburnt fuel), and d a shaping
parameter. The start of combustion angle is de-
fined as 0sc = Og; — Tiq, Where Ogy is the start of
injection angle and 7;4 the ignition delay [30]:

1 1
a(0) = (0.36 4+ 0.2285, E, —
7ia(0) = (0-36 + 0.225,) exp { <Rgas7;yl(0mc) 17190>

219 0.63
<776yl(9TDC) - 124) }
618840

with Rgqes the ideal gas constant and E, = ONT25
the activation energy, function of the cetane number
CN. S, is the mean piston speed, defined as:

(18)

2L 60

= 50 %Weng

(19)
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Figure 4: In-cylinder pressure (P.y;), temperature (7cy),
heat transfer (Q.,;), and heat released (Q;) profiles are
shown for compression and expansion strokes. Simula-
tion results are obtained considering the engine working at
2000rpm, with 20mg of injected fuel, A of 3.7, and 20%
EGR.

where L is the stroke. Values for temperatures
and pressure at the top dead center Orpc are es-
timated assuming a polytropic model for compres-
sion: 7;yl(9TD(j) = T[?”Z_l and Pcyl(eTDC) = Pﬂ‘z
(Tt and Py are the intake gas temperature and pres-
sure). Therefore, the in-cylinder temperature dy-
namics is obtained from the ideal gas law (deriving
with respect to ):

T = P00

AT 1 [dPuy v
- 0) + Poyt(0)
T kg | do VO P ®

(20)

Y

before injection n = n; and after injection n =
ny + my/M; (the number of moles is obtained in-
tegrating Equation over one cycle).

To compute the thermal exchange between the
in-cylinder gas mixture and the walls, the Hohen-
berg correlation is used and the convective heat
transfer coefficient is computed [27]:

heyt(6) = 130 Pey(6)0572,1(6) 04V (6) O05(S;, + b)°-S

(21)
where b is a tuning parameter. The convective heat
exchange takes the following form:

L g O)AO) Tou(0) ~Tu)—— (22

with T, the average wall temperature.
Simulation outcomes for the engine operating at
2000rpm, with 20% EGR, are shown in Figure
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Figure 5: In-cylinder average pressure for each engine oper-
ating point. The EGR rate is set to 20%.
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Figure 6: Average heat transfer between the in-cylinder mix-
ture and walls for each engine operating point. The EGR
rate is set to 20%.

Results, in terms of Peyi, Teyt, Qcyl, and Qf mag-
nitudeﬁEl, are in line with the literature (see [30],
Chapters 10 and 12). Moreover, in accordance with
[38], computing the maximum of P, and T, for
each engine operating point leads to values confined
below 90bar and 1900 K, respectively. Similarly, the
maximum of Qcyl /A assumes values of the order of
2MW/m? (in line with [30] and [39]). Figures for
maximum in-cylinder pressure, heat transfer, and
temperature are provided in For fur-
ther details on engine in-cylinder modeling, readers
are referred to [30].

4.4.2. Mean-value model

The model described in the previous section is
employed to simulate, in the crank-angle domain,
the in-cylinder pressure, heat transfer, and temper-
ature profiles for each operating point (weng, Teng)-

2To move from the crank-angle to the time domain, the
relationship df = wengdt is used, thus, Q = %weng.
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Figure 7: In-cylinder average temperature for each engine
operating point. The EGR rate is set to 20%.

These simulation results are used to build static
maps providing a mean-value description of the
combustion process.

Given the j-th operating point (Weng, Teng);, the
following mean values are computed:

- 1 b2
V; = P— / V;(t)dt (23)
2 1 Jt,

where V; = {’Pcyl,J,Qcle, } and V; =

{Peyi s Qcyz,j, Teyi,j+ Equation (23)) is evaluated in
the time window (t3 —t1) — corresponding to 90deg
in the crank-angle domain, i.e., to the engine firing

intervaﬂ —. Therefore, t; and ty take the following
expressions:
L4 tl = _(95’1 + Hcorr)/weng;

® iy = (QEC + gcorr)/weng;

with g the crank-angle at the end of combustion.
The correction factor 0o = 0.5(7/2 — (1304 + A6))
ensures the window to —t; to be always correspond-
ing to 90deg. Computing the mean values over the
firing interval allows to accurately capture the aver-
age heat released and transferred during the com-
bustion process in a cylinder (in accordance with
[39], the highest heat transfer rates take place near
the TDC). This is of particular interest for the char-
acterization of the exergy terms related to combus-
tion irreversibilities and heat transfer in Section [l
Recalling Assumption [£.4] and considering one en-
gine cycle of duration tcycie, Vj is an invariant prop-
erty of the system — i.e., it is a constant describing

3The firing interval for a V8 engine is computed as
47 /ey = m/2 — 90deg.

Control volume

Figure 8: Schematic representation of the exergy transfer
and destruction processes in the ICE.

the combustion process in each of the n.y, cylin-
ders firing one after the other — and can be used to
describe the average behavior of the engine at the
given operating point (weng, Teng);-

Computing Equation for each operating
point (Weng, Teng); allows to obtain the maps in
Figures[5] [0} and[7] useful for the formulation of the
exergy balance presented in Section[5} These maps
are obtained considering an EGR rate of 20%. As
expected from Equations , , and , an
increase in the load is related to higher fueling lev-
els and leads to increased in-cylinder pressure, heat
transfer, and temperature. Considering Figure [6]
the order of magnitude (~10kW) is in line with re-
sults shown in [28]. From now on, the following no-
tation is used to indicate in-cylinder pressure, heat
transfer, and temperature as function of the oper-
ating point:

cyl(t) = cyl(wenq(t) Teng(t))

nyl(t) Qcyl(weng( ) eng(t))a (24)
Teyi(t) = Teyi(Weng(t), Teng(t))

5. ICE exergy balance

In this section, the exergy balance for the ICE is
formulated according to the open system depicted
in Figure [§] The different availability terms are
defined with respect to the reference state of Section
Thus, the overall balance takes the following
form:
Xeng (t) = Xfuel,eng (t) + Xintk,eng (t) +

Xin
+ Xwo’rk,eng(t) + Xheat,cng(t) + Xczh,cng(t) +
Xout

+ Xcomb,eng (t) + Xf’ric,eng(t) +Xathers (t)

XDest

(25)
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Figure 9: Block diagram of the ICE exergy model.
During the engine operation, fuel and intake air true:
are the positive exergy flows entering the con- Xeng (t)=0 (27)

trol volume: Xr, = Xyyeteng + Xintk,eng- This
exergy is transferred out of the control volume
(Xom) because of mechanical work (Xwork’eng),
heat transfer with the environment (X heat,eng), and
exhaust transport (Xemh,eng). The terms Xcomb’eng
and X friceng indicate the portion of exergy de-
stroyed (X Dest) by irreversibilities in the combus-
tion process and in the piston motion. The compo-
nent Xothers accounts for all the unmodeled exergy
transfer and destruction phenomena taking place
in the engine, e.g., blow-by gases, losses in valves
throttling, and nonuniform in-cylinder combustion
(not modeled, relying on the single-zone approach).

According to [31] and Assumption [4.3] the engine
is assumed to work always at steady-state condi-
tions, thus, transient phenomena between one op-
erating point and the other are neglected. Mathe-
matically, this condition takes the following expres-

sion: Y
940 =0 26
/cycle g ( )

with X4 the engine exergy state in the crank-angle
domain, and “cycle” indicating that the integral is
computed along one engine cycle, i.e., 720deg. It

can be proven, as shown in that, for

the mean-value model, the following condition holds

The previous result will be employed to compute
the term X, spers in Section

The overall ICE exergy model, with all the fun-
damental interactions between blocks, is shown
in Figure 0] The sequence of operating points
(weng,Teng) are from a supervisory control strat-
egy [40]. The block diagram in Figure |§| has been
implemented in MATLAB& SIMULINK.

5.0.1. Fuel

In accordance with [21], the availability associ-
ated to the injected fuel is computed as follows:

Xfu,ehev],g(t) =af TTLf(t) =

042
= (1.04224 10.011925% — &) LHV 1 (t)
y X

(28)
where ay is the specific chemical exergy associated
with the fuel.

5.1. Intake gas

The intake exergy flow is modeled considering
both the chemical and physical exergies entering



the system:

EnIU

uLtk (;'TLJ (-ha' ) +1/)ph (r( ))
oeS
i (t) = nr(t) f1 (1),
Ol o () = (ho (T1) — Tose(Tr)) — (h3(To) — Tos(To))
* a4
o (t) = RyasTp log (ﬁ‘—(”) = RyasTp log (f“—(t))
’ fo’,O fo’,O
(29)

with wph , the physical exergy, modeling the work

potential between the current system state (at 77
and Pr) and the restricted state, and wcho he
chemical exergy, accounting for the different chem-
ical composition between the restricted (i.e., the
intake manifold composition) and reference state.
The term 7y, indicates the fraction of the total
intake molar flow rate for a particular species o.
General concepts on the modeling of exergy fluxes
can be found in [41].

5.2. Mechanical work
A portion of the availability introduced in the en-

gine, modeled as in Equations and (29), is con-

verted into useful mechanical work (brake work):
Xwork,eng(t) — _Teng(t)weng(t) = _Peng(t) (3())

The percentage of the fuel availability converted
into mechanical work is the engine efficiency accord-
ing to the second law of thermodynamics, i.e.,

E(t) _ Xwork,eng(t)
Xfuel,eng(t)
where Xyork,eng and Xyyereng are obtained inte-

grating over time the corresponding exergy rate
terms.

(31)

5.3. Heat exchange

The exergy transfer, due to heat exchange be-
tween the in-cylinder mixture and the cylinder’s
walls, is computed relying on Figures [6] and [7}

Kicoens(®) = (1= s ) (~Qeu(®) (32

where the term inside brackets is the Carnot heat
engine efficiency. The temperature T¢,;, at which
the thermal exchange occurs, must be higher than
the reference state temperature Typ. Also, as the
temperature T¢,; decreases, the exergy transfer is
reduced because the Carnot efficiency, function of
the ratio between the low- and high-temperature
reservoirs, is reduced. The minus before Qcyz is
modeling the direction of the heat transfer: from
inside the engine to the environment.
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5.4. Fxhaust gas

The exhaust gas exergy transfer is modeled in
accordance with Section [5.1] i.e., considering the
chemical and physical exergy fluxes for each species
o:

Xean eng( ZTLEJ cha )+¢pha( )
geS
g (t) =ip(t) fE(t),
o (t) = (ho(Ti(t) — Tose (Tr(1))) — (hy(To) — Toss(Tv)) ,
05, 5 (t) = RyasTolog (f;(o)> = RyasTp log (%)
’ T (33)

with the term ng, indicating the fraction of the
total exhaust molar flow rate for a species o and Tg
being the exhaust temperature for a given operating
condition (as shown in Figure [Bf). In this context,
exergy is transferred outside the engine, leading to
an availability decrease.

5.5. Combustion irreversibilities

Combustion irreversibilities are function of the
reaction rate and of the variations of the chem-
ical potential between reactants and products.
Thus, the entropy generation in chemical reactions
(Sgen.eng), formulated as in [42], is employed to
model the exergy destruction due to combustion ir-
reversibilities:

Xcomhenq(t) = _TOSqen enq(t) =
— 1o —v v E :
= Tt X Lm0 - O] féo)

Products

Reactants

(36)
with I and F indicating the gaseous species enter-
ing, the reactants, and exiting the system, the prod-
ucts, and v the stoichiometric coefficients of the
combustion reaction in Equation @ The chemi-
cal reaction is assumed to take place at the average
in-cylinder temperature T¢,; (Figure . Thus, for
each gaseous species ¢ in ¢ € {I, E}, the chemical
potential u is defined as:

L
R e
(37)

with g,(t) = ho( cyl( ) — Tyl (t)so (Tcyl (t)) the
Gibbs free energy. It is worth to mention that, the
entropy generation S'gen,eng, is function of T¢;: the
higher the temperature, the higher the combustion
efficiency and the lower the entropy generation. For

reactants, the minus in Equation (36)) indicates that



a

ap = (1042244 00119252 — 202 L1V = {gf + (o4 %) 90, = 29c0, = 59110 + 1 exil, + Sexifo - (o Z) exdlt
(To,Po)
(34)
Xcomb,eng(t) T, ( Vipy + Z - V + Vo (t)u/a( )} Tlf(t) =
o€eS
=7 lo(t) g5 +9n, () (vh, () — vE, () + 900, (t) (veo, — VEo,) + 9m:0() (V0 — VE,0) + 90.(t) (vb,(t) — vE, () +
cy
P, e t
+ VII\fz (t)RgasTeyi(t) log (fN2 ult ) + VCOzRqaaTu/l( ) log (f(*oz Py (1) >+
1 szO cyl fOZ Cyl
+ VH;ORgaSTcyl(t) log + V02 Ryaquyl( ) log
f 2 (' l f 2 c l
- VNZ( )Rguchul( )IOg ( N L - VCOzRguéTbyl( )10g <o id
f c l f c l
VH20R9a<TCy1( ) log ( HZO u VO2 VR gasTeyi(t) log Oz Y
To A?) I, @)
= - =T t T asTL )1 2
T {gf 2gc0,(t) ~ Sgmo(t) + (z + 1) s0u()+ 7= (o §) BT0RpwTon) o | 7627 )+
T(t)Poyi (¢ B(t)Poyi(t .
+ Ry Te(t) Y {Vg(t) log (M) — P (t) log (%ﬂ”) }nf(t)
sE€S\(N2) 0 0
(35)

species are consumed and converted into products
(for which a “plus” sign is used). The extent of reac-
tion & models the reactants to products conversion
rate:

1, 1
—’n,CIHy (t) == T(t)

f o

£(t) = o(t) =

VEL(t)hEVJ(t)
0 (38)

with 7¢, 5, the reacted fuel. Assuming the fuel in-
jected 7y, for a given operating point, to completely
react with the intake gas (see Assumption, and
recalling that vy = 1, the following equality holds:

() = no,m, (t) = ng(t)

which leads to:

(39)

o (t) = vaitg(t), e (t) = ving(t)  (40)
To compute the hydrocarbons chemical potential
ps = gy (the fuel is considered in its liquid state),
the expression of the specific fuel exergy ay is re-
called. In accordance with [34] [43], considering a
simplified combustion reaction scheme:

C.H, + (g; + %) 05 = 2005 + %HQO (41)
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and assuming the fuel to enter the system at Py and
Ty, the work that can be obtained through the reac-
tion of Cy H,, is shown in Equation . Therefore,
inverting Equation , the fuel Gibbs free energy
is obtained:

g5 = (1 04224 + 0. 011925E - 0(3642> LHV — o
(42)
According to [12], modifications in the fuel temper-
ature lead to negligible variations in the fuel avail-
ability ay, thus, Equation (42) can be considered a
good estimate of the fuel Gibbs free energy at 7.y,
and P.y;.
Starting from Equation , while relying on
Equations (37), (39), (40), and ([42), the ﬁnal ex-

pression for Xmmb ,eng 18 given in Equation (3

5.6. Frictions
According to [30], the engine frictions, in terms
of components motion and turbulent dissipation,

are modeled according to the friction mean effec-
tive pressure (FMEP):

FMEP(t) = 1000 [C} + Caweng (t) + C35,(t)?]
(43)
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Figure 10: Availability introduced in the engine: Xfuel,eng +
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where C7, Cy, and C3 are identified coefficients.
Eventually, the corresponding exergy destruction
term is computed as follows:

1
= _FMEP(t) Vit =
tcycle(t) ( ) ditot

OJeng(t)
= 29I EMEP(t) Vi go
! (t) Vo

Xfric,eng (t) =
(44)

with teyeie(t) = 47 /weng(t) the engine cycle time
for a given operating point and considering a four
stroke engine.

5.7. Others

Recalling Equation , the exergy term for the
in-cylinder exergy transfer and destruction unmod-
eled phenomena is computed as follows:

Xothe'rs (t) = - [Xfuel,eng(t) + Xintk,eng (t)+
+ Xwo'rk,eng(t) + Xheat,eng(t) + XezhA,eng(t)‘F

+ Xcomb,eng (t) + XfTic,eng (t)}
(45)

6. Results

6.1. Exergy maps

In this section, a steady-state exergy analysis is
carried out for each engine operating point. All
simulation results are obtained considering the pa-
rameters listed in Table [Il

The availability X1, introduced in the engine,
and given by the summation of the injected fuel and
the intake air exergies, is shown in Figure The
intake air enters the cylinder at a temperature 77,
close to the reference state temperature Ty. Thus,
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in accordance with [I7], the associated exergy con-
tribution is almost negligible and accounts for at
most 1% of the total input exergy. The remain-
ing 99% comes from the fuel availability defined in
Equation . According to Section |5 and recall-
ing Figure|8|, a portion of X1, is transferred outside
the system by mechanical work, heat exchange with
the cylinder’s walls, and exhaust gas flow (Xoue)-
The remaining input availability is destroyed in two
principal ways (X Dest): frictions and combustion
irreversibilities. To assess the relative contribution
of each exergy transfer and destruction term, the
following relationship is introduced:

Xy,

Xy (%) = = .
g ( 0) Xfuel,eng +Xintk,eng

x 100

(46)

With Xk E K = {Xfuel,enga).(intk,enga Xwork,enga
Xheat,enga Xea:h,enga Xcomb,enm Xfm'c,eng; Xothers}~

Increasing the load leads to higher in-cylinder
pressure, heat transfer, and temperature (Figures
|§|, and . In this scenario, the percentage con-
tribution related to combustion reactions decreases:
from 40% at low loads to around 30% (Figure [L1{).
This is reasonable since, at higher in-cylinder tem-
peratures, the combustion becomes more efficient
and entropy generation is reduced. Conversely, the
efficiency ¢ — defined in Equation — increases,
leading to higher availability transfer due to me-
chanical work generation (up to 38%), as shown in
Figure[ITh. An increased load means also increased
exhaust gas temperatures (1), leading to higher
availability transfer due to exhaust gases (Figure
).

Recalling Equation (32)), an increasing load in-
creases the exergy transfer due to heat exchange
(the Carnot efficiency increases). However, com-
pared to the other exergy transfer and destruction
terms, the relative contribution becomes smaller.
This effect is emphasized at high engine rotational
speeds because of the lower available time for heat
exchanges. As shown in Figure [[Ip, the contribu-
tion related to heat transfer goes from 12%, at low
loads and speed, to 2.5%, at high loads and speed.

According to Section[5.6] the exergy term related
to frictions is a function of the engine rotational
speed only and increases with it. At a given speed,
increasing the load leads to no variation of the fric-
tion exergy term, thus, its relative contribution de-
creases, reaching 5% (Figure [[Tg). At low loads, a
contribution of 25% is obtained: this is in line with
the fact that the efficiency ¢ is reduced.



1200 T

Xwork eng (%)

1000 |
— 800}
E 2]
=
2 600 .
o »
5 ) a0
& 400 - S

35

& Xpeateng (%)

/ 25-
I
200~30—— 0 2 2009 ] 6 S~
525 I g6 \ 7
15 L e _
0’1;’ ‘ﬁ1r\5/_/_15~y?—‘/5* 0 12\128 6 {4 —3
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Rotational speed (rpm) Rotational speed (rpm)
(a’) X’onk,e'n_q (b) Xheat,eng
1200 T 1200 T
Xeah eng (%) @& Xeombyeng (%)
1000
— 800
g
Z .
o 600
=]
g /\‘
& 400 — s
\ ﬂasﬁaﬂi/ /,375~
200 _ W B
10— 10 — ¥ WJW 5 0~ i
1 0
TT——5- 10— — 195 0 37.5 37.5':“;9\40\
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Rotational speed (rpm) Rotational speed (rpm)
(C) Xemh,eng (d) Xcomb,eng
1200 : — 1200 : | : :
@ Xfriceng (%) @ Xothers (%) 8
1000 1000
6
e 800 — 800
3 J '
o 600 o 600
= = 2
3 8
& 400 & 400 0
200 200 9

1000 1500
Rotational speed (rpm)

(e) Xfric,eng

2000 2500

1000

1500 2000 2500
Rotational speed (rpm)

(f) Xothers

3000

Figure 11: Percentage contribution of the different exergy transfer and destruction terms with respect to X fuel,eng +Ximk,eng-

Considering Xothe'rs: colors are used to improve readability.

The term Xoers accounts for all the unmodeled
exergy transfer and destruction phenomena. In ac-
cordance with results shown in 21} [12], this term
accounts for 8 to 2% (Figure ) On average, a
contribution of 3.5% is obtained.

In Table 2] simulation data for the engine op-
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erating at 1400rpm and 258 Nm are compared to
results from [I6] obtained for a turbocharged diesel
engine with a cylinder displacement of 1 liter (simi-
lar to the ICE considered in this work, for which the
cylinder displacement is 0.8 liters). Given the dif-
ferent engines, and the dissimilar underlying control



Engine maps
Exergy term (%) Ref. [10] (Figure
KXuwork.eng 34.4 32.5
Xheateng 5.7 6.0
Xeaheng 13.6 12.2
Xcomb,eng + Xfric,eng+ 46.3 193
+Xothers

Table 2: Comparison of exergy terms and irreversibilities at
1400rpm and 258 Nm. In [I6], terms Xcomb,engs X fric,engs
and Xothers are lumped together.

strategies, the comparison is not rigorous. How-
ever, it provides useful insights showing that the
outcomes of the proposed modeling strategy are
in line with the results in the literature. As a fi-
nal remark, it is worth mentioning that values in
Figure [TI] are comparable to the ranges reported
in [12] for diesel engines, i.e., the indicated work
rate (Xwork,eng + Xfm-c,eng) accounts for 40-45%,
the heat transfer term for ~10%, the exhaust gas
for 10-20%, and the combustion irreversibilities for
~25% (at full load).

6.2. Exergy analysis over a driving cycle

The exergy analysis is performed considering the
DCES5 Urban Assault military driving cycle, shown
in Figure The whole model of the series HEV
in Figure [} described in [25], is simulated. An en-
ergy management strategy based on the Pontrya-
gin Minimum Principle (PMP) [26], optimizes the
power split between the battery pack and the ICE,
minimizing a cost function accounting for fuel con-
sumption while ensuring charge sustaining condi-
tions. The optimal sequence of engine operating
points (i.e., the Supervisory control of the block di-
agram in Figure E[), for an EGR rate of 20%, is
shown in Figure It is worth to mention that
each operating point is analyzed under Assumption
[£33] Focusing on the ICE only, the analyses of other
components of the powertrain and of the optimal
power split are out of the scope of this work.

Figure[I4]shows the exergy balance simulation re-
sults considering four different EGR rates, namely:
0, 10, 20, and 30% (a reasonable range for diesel
engines [31I]). In this scenario, the contribution of
each exergy term is computed as:

Xy (%) = al

= x 100
Xfuel,eng + Xintk,eng

(47)
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with X} obtained integrating the correspond-
ing exergy rate term inside the set X, intro-
duced for Equation . In this context, the
summation of the mechanical work and friction
terms (Xwork,eng + X fric,eng) is the indicated work
Xind,eng-

Given an engine operating point and equivalence



ratio A\, an increment of the EGR rate leads to ad-
ditional recirculated exhaust gas mass and to an
increase of the in-cylinder thermal inertia. This
causes a decrease of the in-cylinder temperature
Teyi, of the heat transfer Qcyh and, consequently,
of the exergy term Xpeat,eng. At lower tempera-
tures, the combustion reaction becomes less effi-
cient, leading to an increased entropy generation
and to a higher contribution of Xcomp, eng to the to-
tal exergy balance. The additional mass of exhaust
gas introduced in the cylinder must be transferred
outside the system, increasing Xezpn eng- The per-
centage contribution of the indicated work to the
overall balance is, in practice, not changing varying
the EGR, with the efficiency ¢ being 33%. Only a
slight reduction, lower than 0.5%, is caused by the
intake flux exergy increase (Xintk,eng). The term
Xothers remains constrained to values in line with
the literature and reaches a maximum for 0% EGR;
this latter condition is, however, unlikely for diesel
engines, because it would lead to unacceptable NO,
emissions.

The EGR rate xggg, is generally a function of
time and could be an additional map to be used
together with the information provided in Figure
[Bl In this work, given that an EGR map was not
available, the authors chose to use a constant EGR
rate (zggr) and perform the sensitivity analysis
above.

7. Conclusions

In this work, the derivation of a comprehen-
sive mean-value exergy-based model for compres-
sion ignition diesel ICEs is shown. Starting from
the mean-value modeling of the in-cylinder behav-
ior, the exergy balance is solved for each engine
operating point and static maps, describing the
availability transfer and destruction as function of
the engine speed and load, are obtained. For the
first time, the concept of availability is extended to
model the whole engine operating field and not, as
it has been done so far, a restricted set of operating
points. This allows to extract useful information on
the engine efficiency (and inefficiency) and quantify
how a modification of the operating conditions af-
fects the exergy balance.

The method proposed in this paper has the po-
tential of being disruptive in the vehicular commu-
nity. As a matter of fact, the outcomes of the ap-
proach are (low computational burden) static maps
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providing a mean-value and control-oriented de-
scription of the engine, that could enable the devel-
opment of optimized “exergy management strate-
gies” aiming at minimizing the overall operational
losses. Other than some engine technical specifi-
cations, the only information needed to compute
the balance is the BSFC, A, exhaust gas tempera-
ture, and EGR rate maps (typically all available
to engine practitioners). If crank-angle resolved
in-cylinder pressure, heat transfer, and tempera-
ture data are accessible for all the operating points,
these should be used for the direct computation of
maps in Figures [5 [f] and [7] without the need of
implementing and calibrating the in-cylinder model
described in Section [£.:4.1] It is worth mentioning
that, for a given engine, the static maps must be
computed only once.

Ultimately, the proposed approach can be applied
to any vehicle or device equipped with an ICE (and
not only to series HEVs) and easily extended to
spark ignition engines (the principal difference is
that fuel is injected into the cylinder during the
intake stroke).
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Appendix A.

Proposition A.1. In steady-state conditions, the
mean-value availability introduced in the engine at
a point in time ¢, denoted by X,,, is transferred via
mass, heat, and work outside the system (XOut) or
irreversibly destroyed (X Dest)- The summation of
these terms satisfies the following equality:

Xeng(t) = X1n(t) + Xout (t) + Xpesi(t) =0 (A1)

Remark A.1. Given the model developed in Section

and considering one engine operating point, Xp,,



Xout, and Xpes are constant. Therefore, X.p4 is
also a constant value.

Remark A.2. Proposition A[l]is formulated under
the assumption that Xothers = 0. The proof pro-
posed in this appendix can be extended to the sce-
nario Xoihers # 0 adding to the equality in Equa-
tion the term Xoters (similarly to Equation

(25))-

Proof. First, the proof is carried out considering
one cylinder, then, results are extended to a n.y
cylinders engine. According to [31], and considering
one cylinder cycle, at steady-state (i.e., at a given
operating point) the following condition holds:

dXeng _
/;;ala o 6 =0

For convenience, recalling that df = wenqdt, Equa-
tion (A.2]) is rewritten in the time domain as:

(A.2)

tcycle .
/ Ko ()t = 0 (A3)
0
The mean-value model assumes that combustion
takes place continuously over one cycle. Therefore,
we can write the following integral:

(A4)

with 6 € R. Given Remark A Xeng is a constant
value and Equation (A.4)) is rewritten as:

teycle

Lt = 5= Xy = ——

0 cycle

Xeng (A.5)

From Equation (A.3)), we know that the exergy bal-
ance over one cycle is zero, consequently:

. 0
Xeng=——=0

tcycle

(A.6)

Considering n¢y; cylinders working at steady-state
conditions, and recalling Assumption [£.4] Equation
(A.6) can be easily extended as follows:

Xeng = Neyt X 7t l =0
cycle

(A7)

O

The proof is developed for one engine cycle.
Considering N cycles, the following result holds:
Xeng =N x (ncylé/tcycle) =0.
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Figure B.15: Maximum of P, for each engine operating
point. Results obtained considering the parameters listed in
Table 1.
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Notation

0 Reference state

* Restricted state

o Chemical species

L Index indicating intake and exhaust: ¢ € {I, E'}

J Engine operating point

k Index to indicate an exergy term in a set IC

K Set collecting exergy terms

S Set collecting the chemical species o, defined as
{N3,COq, H;0, 02}

dx/df Crank-angle derivative of a variable x

X Time derivative of a variable x

a, f,s Subscripts for air, fuel, and stoichiometric, re-
spectively

exh Exhaust gas introduced in the engine by the EGR

I,E Intake and exhaust

EGR Exhaust gas recirculation

EC End of combustion

SC Start of combustion

S1 Start of injection

TDC Top dead center

Nomenclature

€ Second law efficiency (—)

~y Specific heats ratio (—)

A Air-fuel equivalence ratio (—)

b Hohenberg model coefficient (—)

c,d Wiebe function coefficients (—)

CN Cetane number (—)

f Mole fraction (—)

N Number of cycles (—)

Neyl Number of cylinders (—)

re Compression ratio (—)

T,y Fuel chemical formula coefficients (—)

TEGR EGR rate (—)

xfp Fuel burning rate (Wiebe function) (—)

t,dt Time and its differential (s)

teyele Engine cycle time (s)

3 Extent of reaction (1/s)

a Crank radius (m)

l Rod length (m)

B Bore (m)

L Stroke (m)

A Combustion chamber area (m?2)

Ap Cylinder head surface area (m?)

Ach Piston crown surface area (m?2)

\% Combustion chamber volume (m?)

Vi, tot Engine displacement (m?)

Sp Mean piston speed (m/s)

AFR Air-fuel ratio (mol)

v Stoichiometric coefficient (mol)

det Summation of stoichiometric coefficients

(mol)

n,n Moles and molar flow rate (mol), (mol/s)

m,m Mass and mass flow rate (kg), (kg/s)

M Molar mass (kg/mol)

FMEP  Friction mean effective pressure (Pa)
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C1,C2,C3 FMEP coefficients (kPa),(s kPa),(s>kPa/m?)

Py Reference state pressure (bar)

Py Intake gas pressure (bar)

Py In-cylinder gas temperature (bar)

Peyt In-cylinder pressure, crank-angle domain
(bar)

To Reference state temperature (K)

T, Tg Intake and exhaust gas temperature (K)

Tw Average wall temperature (K)

Teyt In-cylinder gas temperature (K)

eyl In-cylinder gas temperature, crank-angle do-

main (K)

Qeyl In-cylinder gas to wall thermal exchange (J)

Qeyt In-cylinder gas to wall thermal exchange,
crank-angle domain (J)

Qf Heat release during combustion (J)

I Chemical potential (J/mol)

Yeh, ¥pr  Chemical and physical exergy flux (J/mol)

E, Apparent activation energy (J/mol)

exch Specific chemical exergy (J/mol)

g Gibbs free energy (J/mol)

h Specific enthalpy (J/mol)

Rgas Ideal gas constant (J/(mol K))

s Specific entropy (J/(mol K))

af Fuel specific chemical exergy (MJ/kg)

LHV Fuel lower heating value (MJ/kg)

X, x Exergy in the crank-angle domain (J), (W)

X, X Exergy and exergy rate (J), (W)

S, S Entropy and entropy rate (J/K), (W/K)

Peng ICE power (W)

heyt Convective heat transfer coefficient
(KW /(m?K))

0,do Crank-angle and its differential (rad)

Ocorr Crank-angle correction (rad)

Orc Crank-angle at EC (rad)

Osc Crank-angle at SC (rad)

Osr Crank-angle at SI (rad)

Orpc Crank-angle at TDC (rad)

A6 Combustion duration (rad)

Tid Ignition delay (rad)

Weng ICE rotational speed (rad/s)

Teng ICE (Nm)
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