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Abstract

The present study deals with a comparative evaluation of a single-zone (SZ) thermodynamic model and a 3D computational
fluid dynamics (CFD) model for heat release calculation in internal combustion engines. The first law, SZ, model is based on
the first law of thermodynamics. This model is characterized by a very simplified modeling of the combustion phenomenon
allowing for a great simplicity in the mathematical formulation and very low computational time. The CFD 3D models,
instead, are able to solve the chemistry of the combustion process, the interaction between turbulence and flame propagation,
the heat exchange with walls and the dissociation and re-association of chemical species. They provide a high spatial resolu-
tion of the combustion chamber as well. Nevertheless, the computation requirements of CFD models are enormously larger
than the SZ techniques. However, the SZ model needs accurate experimental in-cylinder pressure data for initializing the
heat release calculation. Therefore, the main objective of an SZ model is to evaluate the heat release, which is very difficult
to measure in experiments, starting from the knowledge of the in-cylinder pressure data. Nevertheless, the great simplicity
of the SZ numerical formulation has a margin of uncertainty which cannot be known a priori. The objective of this paper
was, therefore, to evaluate the level of accuracy and reliability of the SZ model comparing the results with those obtained
with a CFD 3D model. The CFD model was developed and validated using cooperative fuel research (CFR) engine experi-
mental in-cylinder pressure data. The CFR engine was fueled with 2,2 4-trimethylpentane, at a rotational speed of 600 r/
min, an equivalence ratio equal to 1 and a volumetric compression ratio of 5.8. The analysis demonstrates that, considering
the simplicity and speed of the SZ model, the heat release calculation is sufficiently accurate and thus can be used for a first
investigation of the combustion process.

Keywords Internal combustion engines - Heat release - Single zone model - CFD combustion modeling

List of symbols p Pressure
SOI Start of ignition 1% Volume
TDC Top dead center O Heat exchanged with wall
IvC Intake valve closing U, Internal sensible energy
O Gross heat release w Work due to piston motion
k Specific heat ratio m Mass trapped
T Temperature ¢y Specific heat at constant volume
< Specific heat at constant pressure
Nu Nusselt number
>4 S.Mauro o Re Reynolds number
mstefano @diim.unict.it
b Reynolds exponent for thermal exchange
! Department of Civil Engineering and Architecture, correlation
University of Catania, Viale A. Doria, 6, 95125 Catania, n Engine rotational speed
Ttaly C,, G, Calibration constants
2 Mechanical Engineering Department, Faculty w Characteristic charge velocity
of Engineering, Marmara University, Kadikoy, TR Average piston velocity
34722 Istanbul, Turkey P
Pm Pressure of the motored cycle

Department of Engineering, University of Messina, Contrada

ey X po» Vo, Ty Reference pressure, temperature and volume
Di Dio, 98166 Messina, Italy

a
* @ Springer


http://orcid.org/0000-0002-5377-7628
http://crossmark.crossref.org/dialog/?doi=10.1007/s40095-018-0265-9&domain=pdf

216 International Journal of Energy and Environmental Engineering (2018) 9:215-226

¢ Equivalence ratio

B Bore

y* Non-dimensional distance from wall

my Mass burned

m, Mass unburned

ky, ky, Burned and unburned specific heat ratios
0 Crank angle

p Density

Introduction

The complex task of improving internal combustion engines
(ICEs), which have reached a higher degree of sophistica-
tion, can be achieved with a combination of experiments
and numerical models [1]. Essentially, two main distinct
categories of numerical models have been developed for
ICE studies. These are thermodynamic and fluid dynamic
models. In the thermodynamic models, the conservation of
mass and energy is used for evaluating the closed cylinder
system using the first law of thermodynamics. In these mod-
els, the thermodynamic system can be considered either as
a single zone (SZ) or as a multi-zone. When the system is
considered multi-zone, the first law of thermodynamics is
applied to each of the zones while, in SZ models, the entire
cylinder (Fig. 1) is the unique domain where the first law is
solved. The mathematical equations, in general, form a set of
ordinary differential equations with an independent variable,
which is the time or the crank angle [2].

The heat transfer through the walls plays an important
role in engine combustion, performance and emission char-
acteristics [3, 4]. This is due to the fact that the wall temper-
atures are considerably lower than the maximum tempera-
ture of the burned gases inside the cylinder. For this reason,
the heat transfer must be taken into account for an accurate
modeling of the engine operative conditions [2].

Several thermodynamics models have been developed
during the last few years, because of the great importance of
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Fig.1 Control volume of the CFR engine combustion chamber in a
single-zone model
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the heat release evaluation. The first simple models needed
only in-cylinder pressure data but presented a great disadvan-
tage: the assumption of a constant value for the polytrophic
exponent [S5]. Gatowski et al. developed a simple and quite
accurate SZ model [6] which was further optimized for a
charge with high swirl motion by Cheung and Heywood [7].

The thermodynamics model, developed in a previous
work by the authors [10], is a SZ model which takes into
account the variability of the specific heats [k = k(T)] and
the heat exchange between gas and cylinder walls. In this
way, both gross and net heat release can easily be calculated.

The fluid dynamic models, also known as computational
fluid dynamics (CFD) models, are inherently unsteady,
tridimensional models and are based on the conservation
of mass, chemical species, momentum, and energy at any
location within the engine cylinder domain. Thus, the CFD
models solve the Navier—Stokes equations, and the gen-
eral transport equations for each physical quantity. As is
widely known, CFD models are based on numerical itera-
tive techniques which lead to a set of equations filtered in
time, named RANS equations, or in space, named LES
equations. This is done in order to take into account the
viscous stresses in a discretized computational domain
that covers the whole cylinder volume [8]. Both time and
spatial coordinates are considered independent variables,
so a full spatial and temporal resolution of the properties
of the gas inside the cylinder is possible [2]. In this way,
the physics of the combustion process and, specifically,
the flame propagation and its interaction with turbulence,
is modeled. The heat release and the rate of heat release
are, therefore, easily obtainable. Furthermore, the heat
exchange with walls is taken into account using the real
heat transfer coefficients.

The cooperative fuel research (CFR) engine was used for
the calibration and validation of both the thermodynamic
and the CFD models. The CFR engine was developed by
the Waukesha Motor Company, specifically for testing the
knocking characteristics of fuels. This engine has an adjust-
able compression ratio (CR), an adjustable ignition timing,
and the capability to test fuels in sequence [8, 9]. The engine
specifications and operating conditions used in this study are
listed in Table 1.

The innovative idea presented in this paper is thus the
development of a numerical methodology which is based
on the joint use of SZ models and CFD models, in order
to support ICE design and optimization and, specifically,
the combustion modeling. Indeed, a direct experimental
validation of the heat release calculation is very difficult to
carry out and is usually missing in the scientific literature.
Therefore, having a reliable CFD model of the combus-
tion process would be a good reference for the evaluation
of the 0D model results. As the CFD models are certainly
more physically accurate, the comparison between SZ and
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Table1 CFR engine specifications and measured operating condi-
tions (research method)

Engine model and type Single cylinder, spark ignition, natu-

rally aspirated, four stroke, water

cooled
Bore 82.55 mm
Stroke 114.3 mm
Connecting rode length 254 mm
Compression ratio 5.8
Displacement 612 cm?
Speed 600 r/min
Spark advance 13°ca
Fuel CgH g
Equivalence ratio 1
External pressure 100 kPa
External temperature 300 K
Suction air temperature 326 K
Average wall temperature 420K

CFD heat release calculation results may be very useful
for a rapid evaluation of the predictive capabilities of a
0D model.

Numerical models

In this section, the main features of the numerical models are
presented. Both the models were developed by the authors.
While the SZ model was originally developed in a previous

was specifically implemented in this work using the com-
mercial solver ANSYS® Forte. Only the closed valves condi-
tion was considered for simulating the heat release; there-
fore, the crank angle interval was between 214° and 500°.
The fluid properties and all the relevant boundary conditions
were exactly the same for both the models and are reported
in Tables 1 and 2. These data were obtained during the CFR
engine experimental tests.

Single-zone model

The SZ model is a 0D model which has quite a good accu-
racy of the physics of the phenomena and a great simplicity
in the mathematical formulation [10]. The equation for the
evaluation of the heat release rate is [6, 10, 11]:

kD) K(T)
“xm -1 Tk =1

do,, dV +

Vdp +dQ,,. (1)

In Eq. (1), both the dependence of k on temperature and
the heat exchange with wall Q, are present.

The thermodynamic (pressure, temperature, composition,
etc.) and transport (viscosity, conductivity, etc.) properties
of the mixture are considered uniform in an SZ model. The
thermodynamic state is calculated by applying the first law
of thermodynamics. The application of the first law of ther-
modynamics to the closed system in Fig. 1 requires an esti-
mation of the heat loss between the combustion chamber
and the walls. The relevant equation for the system in Fig. 1
reads:

work and was adapted for this study [10], the CFD model dU, = dQ + dw, @)
Table2 Grid features, Grid Grid 1 Grid 2 Grid 3
CFD settings and boundary
conditions Number of cells ~ 188,000 ~ 500,000 =~ 1,600,000
Global volume mesh size (mm) 2 1 0.5
Number of inflation layers on the walls 2 4 8
Calculation time (h) ~3 ~7 ~ 24
Solver ANSYS Forte Unsteady-RANS
Time steps used 3x107%s
Solution algorithms SIMPLE, ALE method
Turbulence model RNG k-
Laminar flame speed model Giilder
Turbulent flame propagation model G-equation
Chemistry solver CHEMKIN Pro
Engine speed 600 rpm
Ambient pressure/temperature 100 kPa/300 K
Air pressure/temperature at [IVC 170 kPa/340 K
Average wall temperature 420K
Initial turbulent kinetic energy 26,000 cm?/s?
Initial turbulent length scale 5 mm
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where:

dW = —pdV, 3)

dU, = mc(T)dT, 4)

dT = d(pV)/mR, 5)
R

o D! ©

with the assumption that gas constant R does not change
during the combustion process.

Substituting Eqgs. (3)—(6) in the first law (2) and rearrang-
ing the terms, it is possible to obtain the Eq. (1) for the heat
release rate.

The heat exchange between the gas and cylinder walls
is taken into account using the Woschni model [12]. In this
model, the heat exchange coefficient is:

h, = 3.26C, B>~ p, TO75=162by0 [W /(m® K)]. @)

In Eq. (7) b is set to 0.8 (from the thermal exchange cor-
relation: Nu = C Re®) and b is expressed in (m), p in (kPa),
vin (m/s) and T in (K). The expression for w is:

w =228, +3.24x 10~ 3C2—V(p P 8)
PoVo
where p,, V,, and T, are referred to the start of ignition
(SOI).
A polytrophic equation is used for the evaluation of p,,
[7, 10], where the exponent 7 is set to 1.3:

V n
zm=m<§>- ©)

In the heat transfer model, C; and C, constants are not
physical quantities and may differ from engine to engine.
Changing these constants allows the model to be easily
adjusted [7, 10]. Owing to these changes, these constants
are calibrated with actual engine data. To comprise the heat
release results, the SZ model is initialized using CFD cal-
culated pressure data of the CFR engine. The CFD pressure
data, in turn, were validated using experimental data of the
CFR engine, as reported in Fig. 4. This was done in order
to have the possibility to compare the heat release calcula-
tions using identical pressure data thus allowing for a more
meaningful comparison.

The specific heat ratio k has great influence on the heat
release peak and on the shape of the heat release curve [10,
13, 14]. In this paper, a five-order logarithmic polynomial
function (10) is used to provide the dependence of £ on tem-
perature [10].

k(T) = f{ay + a; In(T) + a, In(T)* + - + a5 In(T)’ }. (10)

* @ Springer

Since k depends on temperature and on charge composi-
tion, and the mass fraction burned (MFB) is not dependent
on the value chosen for the constant k [10], it is possible to
write the function k(7)) as:

k(T) = ky,(Txp(T) + [1 — x,(T)]k(T), (11)
where x,(T) is the MFB which can be evaluated from the

cumulative gross heat release with k = cost, starting from
the Eq. (12):

0
X (9) = — b - “Eimax (12)
my + my, Qgross(’-())
where:
gross Z AQhr (13)
SOI

Further details about the SZ model can be found in [10].
Figure 2 shows a flow chart with the relevant steps for the
SZ model calculation.

Computational fluid dynamics model

The unsteady CFD 3D model was developed using the com-
mercial CFD software ANSYS® Forte. This software allows
for the simulation of combustion processes in ICEs. It does
so using an efficient coupling of detailed chemical kinet-
ics, liquid fuel spray and turbulent gas dynamics. ANSYS®
Forte can solve both the full unsteady RANS equations and
the LES equations, thus providing accurate flame propaga-
tion models with specific turbulent flame interactions. The
following transport equation for the conservation of mass,
momentum, energy and turbulence properties is solved:

0
X0 19 - () =

V- (IyV(@) + Sy 14
where ¢ is the generic transported variable, I is the convec-
tion term, and S b is the source term.

The conservation equation for the chemical species & is:

opr Pr —s
E-FV (pku) [pDTV< Fi >] +pk +pk k=1,...,K),

as)
where p is the density, subscript & is the species index, K is
the total number of species and u is the flow velocity vec-
tor. The application of Fick’s law of diffusion results in a
mlxture averaged turbulent diffusion coefficient Dy. p; “and
pk are source terms due to chemical reactions and spray
evaporation, respectively.
The unsteady-RANS re-normalized group (RNG) k—e
model was used for turbulence modeling [15]. The RNG the-
ory for turbulence calculations considers velocity dilatation



International Journal of Energy and Environmental Engineering (2018) 9:215-226 219

Initialize with
in-cylinder
pressure data

Calculate Gross heat
release with k constant

A

Calculate MFB with
k constant

Y

Interpolate real cy(T)
with VolLP

A

Evaluate k(T) from MFB
and Gross heat release

A 4

Calculate MFB
with k(T)

A 4

Calculate Gross and Net
heat release with k(T)

Fig.2 Flow chart of the SZ model

in the e-equation and spray-induced source terms for both &
and € equations:

opk . -
%+V(ﬁﬁk) - —%ﬁkV-ﬁ+(6—I‘) . Vii
(u~+ ) - | TS
+V[P—rka — pE+ W3, (16)

dpE 2 Y
% + V(piiE) = —(%cel —cES)psv A+ V- [%w]

+ %(csl(é' —T) : Vii—c,,pE + c,W).

)

In (16) and (17), c, are model constants, W* is the nega-
tive of the rate at which the turbulent eddies are doing
work in dispersing the spray droplets and ¢, was sug-
gested by Amsden based on the postulate of length scale
conservation in spray/turbulence interactions. All these
parameters are reported in [15].

The RNG k—e model uses a standard wall function for
the near-wall treatment. Therefore, the y© was always kept
between 30 and 300 in the present work.

The use of advanced LES turbulence modeling was
evaluated. However, the CFR engine was designed specifi-
cally with very low turbulence levels inside the combus-
tion chamber. The absence of significant swirl and tumble
motions, due to the particular position of the intake and
exhaust valves (Fig. 1), greatly simplifies the flow field
inside the cylinder. Moreover, only the closed valves phase
was modeled. For these reasons, the RNG k—& model
proved to be sufficiently accurate as widely demonstrated
in the scientific literature [15, 16]. The numerical-experi-
mental in-cylinder pressure data comparison presented in
Fig. 4 further supports this assumption. An LES simula-
tion would require a noticeable computation time incre-
ment without considerable advantages in the simulation
accuracy.

The initial turbulent boundary conditions were esti-
mated based on Heywood suggestions [17], according to
the following formulas:

172 - stroke - n1?
= - —— 1
k 2[ 60 ] ’ (18
e=CKk"L, (19)

where k, is the initial turbulent kinetic energy, n is the engine
rotational speed, C,, is a model constant equal to 0.0845 [15],
€ is the dissipation rate and L is the turbulent length scale.
The values are reported in Table 2.

The complex chemical reactions, which occur dur-
ing the combustion process, are described by chemical
kinetic mechanisms. These mechanisms define the reac-
tion pathways and the associated reaction rates, thus
leading to the change in species concentrations. The
ANSYS Forte solver, coupled with the advanced chem-
istry solver CHEMKIN-PRO, allows for the modeling
of the chemical kinetics of all the K species related to
the combustion process. Specifically, in this work, a

a
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reduced mechanism chemistry set of 59 species (defined
as Gasoline_Icomp_59sp, which represents gasoline with
the single-component iso-octane as the fuel surrogate) was
used. The mechanism captures the pathways necessary for
only the high temperature reactions and focuses only on
capturing emissions from combustion. This mechanism
was reduced from a larger kinetics mechanism consisting
of ~ 4000 species, which has been thoroughly validated
against fundamental experimental data for the operating
conditions of interest in engines, under the “Model Fuels
Consortium” [18]. The mechanism was originally reduced
from this comprehensive “master” using the Reaction
Workbench software. Iso-octane (CgH,g4) was used as a
primary reference fuel in both the numerical and experi-
mental analysis. The iso-octane properties were provided
in the CFD code using the original CHEMKIN-PRO fuel
database.

For the flame propagation modeling, the solver tracks the
growth of the ignition kernel using the discrete particle igni-
tion kernel flame model by Tan and Reitz [19]. Taking on
the shape of a spherical kernel, the flame front position is
marked by Lagrangian particles, and the flame surface den-
sity is obtained from the density concentration of these par-
ticles in each computational cell. The chemistry processes
in the kernel-growth stage are treated in the same way as
in the G-equation combustion model. A power-law correla-
tion of laminar flame speed to pressure, temperature and
equivalence ratio was chosen. This was the Giilder laminar
flame speed formulation [20]. The Giilder reference formu-
lation was developed and validated against numerous ICE
experimental flame propagation data [21]. The equation for
the laminar speed reads:

St rer = 05O 20)
where the constants @, 7, &, o are experimental data-fitting
coefficients determined in [20, 21].

Once the laminar flame begins to develop within the
cylinder domain near the spark plug, the flame—turbulence
interaction is solved, based on the RNG k—e transport
equations. This results in a turbulent flame development.
The turbulent flame speed can be controlled through a
series of parameters. The local turbulent flame develop-
ment is modeled by means of the G-equation, which pro-
vides a strict correlation to the laminar flame speed which,
in turn, is a chemical property of the gas mixture. The
G-equation combustion model is based on the turbulent
premixed combustion flamelet theory of Peters [22]. This
theory addresses two regimes of practical interest. The
first is corrugated flamelet regime where the entire reac-
tive—diffusive flame structure is assumed to be embedded
within eddies of the size of the Kolmogorov length scale
n. The second is the thin reaction zone regime where the

* @ Springer

Kolmogorov eddies can penetrate into the chemically inert
preheated zone of the reactive—diffusive flame structure,
but cannot enter the inner layer where the chemical reac-
tions occur. For application of the G-equation model to
ICEs, this theory was further developed and validated by
Tan and Reitz [19] and by Liang et al. [23, 24].

For the turbulent flame speed within the G-equation
model, the following formula was used:

, 5 5 1/2
S—$=1+IP —%ﬁ+ abs b +a4bzﬂ :
50 2b, I 2b, I 01
@
where I, is a progress variable, I; and I, are the turbulence
integral length scale and the laminar flame thickness, b,
b; and a, are generic for any turbulent flame and were cali-
brated by Peters [22] by fitting experimental data.

The governing equations are discretized with respect to
the spatial coordinates of the system on the computational
grid, based on a control volume approach. In addition,
in order to provide time-accurate solutions, the equa-
tions are further discretized with respect to time, follow-
ing the operator-splitting method. To integrate the equa-
tions in time, a temporal differencing of the equations is
performed. During time integrations, the solver employs
three stages of solution for each time step. The time step-
ping employs the operator-splitting method to separate
the chemistry and spray source terms and the flow trans-
port. The flow transport solution is based on the arbitrary-
Lagrangian—Eulerian (ALE) method. Moreover, the solver
uses a modified version of the SIMPLE implicit method,
which is a two-step iterative procedure used to solve for
the flow field variables. The SIMPLE method extrapolates
the pressure, iteratively solves for velocities, then tempera-
ture, and finally the pressure. Convection terms are instead
solved using the quasi-second-order upwind method.

The chemistry solver employs an advanced operator-
splitting method to solve the conservation of the species
and energy conservation equations for time-accurate tran-
sient simulations. This method splits the transport equa-
tion into two sub-equations and solves the sub-equations
with overlapping time steps.

The first step for the generation of the CFD model of
the CFR engine was to reproduce the domain. In this case,
the geometry was simply a cylinder with the dimensions
reported in Table 1, which represented the combustion
chamber, at that specific CR, when the piston was at the
top dead center (TDC). Valves, intake and exhaust ducts,
spark plug and crevices were neglected due to the fact that
only the closed valves phase is essential for heat release
calculations. However, this can only be done if the appro-
priate boundary conditions are known. The boundary
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conditions like pressure, temperature and composition at
intake valve closing (IVC) were obtained from the CFR
engine experiments and are reported in Table 2.

The spatial discretization is of utmost importance
because of the necessity to find the best balance between
accurate spatial resolution and reasonable calculation time.
In light of this, a grid independence study was carried
out. Structured hexahedral cells are generated by means
of a dynamic mesh layering which is related to the piston
motion within the crank angle interval (214°-500°). The
layer dimension, and thus the minimum cell dimension,
can be controlled by the user through the global volume
mesh size control. Moreover, a prescribed number of infla-
tion layers on the wall surfaces was used to improve the

Head - Wall, T =420 K

Liner - Wall,
T=420 K

Piston head - dynamic wall,
T=420K

Fig.3 Detail of the discretized computational domain at TDC and
boundary conditions

solution of the thermal gradients. Three grid refinements,
which were obtained by modifying the global volume
mesh size and the number of inflation layers on the wall
surfaces, were tested [25-27]. Details of the grids along
with a summarization of the CFD settings are reported in
Table 2.

The grid independent solution was evaluated by com-
paring the in-cylinder pressure trends. When pressure
trends did not significantly change with grid refinements,
the solution was considered independent from the grid.
This was obtained with the second refinement level (Grid
2), as reported in Fig. 3. In Fig. 2 a detail of the discre-
tized computational domain with the piston at the TDC
is shown.

The CFD solver allows for the specification of the
spark plug characteristics. The spark starts 13 crank angle
degrees before the TDC and the duration is 7°. The energy
release rate for the specific spark plug was 50 J/s with an
initial kernel radius of 0.5 mm.

The boundary condition for the head, the liner and the
piston was a wall boundary condition with a prescribed wall
motion for the piston surface which is determined by the
rotational speed, the stroke, the connecting rod length and
the crank angle interval. In doing so, the piston moves and
generates the dynamic mesh layers at the same time (Fig. 3).

The initial premixed composition was provided using
the specific composition calculation utility. The fuel was
pure iso-octane with an equivalence ratio equal to 1. The
calculation utility automatically defined the mass trapped
and its composition from the knowledge of the fuel, the
equivalence ratio and the boundary conditions at IVC.

Numerical - experimental in-cylinder pressure comparison and grid sensitivity

6
~ Grid 1
5 — Grid2
Grid 3
4 ——Experimental

Pressure [MPa]

250 270 290 310 330

350 370 390 410 430 450

Crank Angle [deg]

Fig.4 Calculated CFD—experimental in-cylinder pressure comparison at CR = 5.8
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The simulations were carried out on an HP Z820 work-
station with 24 available threads for parallel calculation and
128 Gb of RAM memory.

The convergence criteria were automatically checked by
the ANSYS Forte solver in such a way as to ensure that all
the residuals within each temporal step were below 1076,

Results and comparisons

The main objective of this paper was to provide a numerical
procedure in order to carry out a reliable evaluation of the
heat release in ICE. The joint use of SZ 0D models and CFD
3D models leads to the possibility of an accurate calcula-
tion of the heat release for numerous operative conditions,
without the need for further experimental data. The idea was
to validate the CFD 3D model by comparing the numeri-
cal-experimental in-cylinder pressure data. The calculated
CFD pressure data were subsequently used for initializing
the SZ model in order to have a precise and direct com-
parison between the OD and 3D heat release calculation.
In doing so, it was possible to check 0D model accuracy
and, eventually, understand how to modify and improve the
SZ model. Moreover, the CFD model may provide different
in-cylinder pressure data in such a way as to have the pos-
sibility to run different operative conditions with both the
models without the necessity of further experiments. Once
the accuracy of the OD model is checked, a fast and reliable
heat release calculation can be obtained for a wide range of
engine operative conditions.

The comparison between the CFD prediction of the in-
cylinder pressure and the experimental measurements, pro-
posed in Fig. 4, showed a good compatibility. Only slight
differences are evident after the SOI, near 350 crank angle
degrees and at the pressure peak. However, considering the
general good accordance along the entire crank angle inter-
val, the CFD model demonstrates quite a good predictive
capability and can be considered experimentally validated
for this specific condition.

Two operating conditions of the CFR engine were ana-
lyzed (CR = 5.8 and 7). The results for other CRs were
quite similar and, therefore, are not presented. In Fig. 5, the
calculated CFD in-cylinder pressure and temperature trend
for the operating condition with CR = 7 is shown. These
data were used for the initialization of the SZ model whose
results are presented in the following figures.

Specifically, in Fig. 6 the calculated MFB for the two dif-
ferent compression ratios (CR = 5.8, 7), as a function of the
crank angle position, is presented. The trend is very similar
for both the operating condition and the differences between
the numerical approaches are rather negligible. Considering
the great simplicity and rapidness of the SZ model, the MFB
appears to be well predicted.

In Fig. 7, the net heat release comparison is shown. The
trend is quite similar for both the CRs. The SZ model shows
an over-estimation which is probably due to the lack of the
real chemical dissociation and re-association phenomena in
the modeling. Indeed these phenomena are not taken into
account in the SZ model. The chemistry solver within the
CFD model, instead, is able to calculate the heat absorbed
and released during the dissociation and re-association

Calculated CFD in-cylinder pressure and temperature - CR 7

3000

— « Temperature

— — Pressure

2500

2000

1500

Temperature [K]

1000

500

330 350
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i 30
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370 390 410 430

Crank Angle [deg]

Fig.5 Calculated CFD in-cylinder pressure and temperature for CR 7
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reactions related to chemical species like NO, and CO.
Indeed, the differences between the models are drastically
reduced after 400 crank angle degrees. This happened due
to the fact that a part of the heat absorbed during the dis-
sociation is given back with the chemical re-association
[17]. Since the net heat release takes into account the heat
exchange with walls, the discrepancies evidenced at 450
CA are certainly due to the differences in the heat transfer

Mass fraction burned - CR 5.8

modeling between the models. This comparison will thus
be very helpful in the improvement of the Woschni heat
exchange model.

The above is confirmed by the heat release rate compari-
son proposed in Fig. 8 and the gross heat release comparison
shown in Fig. 9. Indeed, in Fig. 8, both models predict a sim-
ilar ROHR trend in the initial combustion phase. The ROHR
peak, instead, is higher in the CFD results but the subsequent

Mass fraction burned CR 7

- e 5Z model
0.9 SZ model 0,9
el CFD model o « CFD model
L 08 L 08
o
% o7 g o7
E 5
a 06 a 06
§ 05 5 05
% 04 & 04
g 0, =
2 03 2 03
. N
3 02 2 02
0,1 0,1
T [ ST TR e S L L0 P PPy (M 1]
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Fig. 11 NO, formation and in-cylinder temperature comparison

decrease is faster. This denotes a different dynamic of the
combustion prediction between the numerical models. More-
over, after 375 crank angle degrees the CFD model predicts
a small amount of heat release due to chemical dissociation
and re-association phenomena (Figs. 10, 11). However, the
global trend of the ROHR is quite similar for both the mod-
els and the operating conditions, therefore, demonstrating
an acceptable reliability of the SZ model.

* @ Springer

NO.

NO, Formation and Temperature- CR 7

3000 0,18
— -Temperature l‘:!'

t o
2500 ----NO2 F N Tl 0153
= %
* 2000 =11} T 0.12%
g N 5| 2
2 i b €
& 1500 It \ 0,09
E I \ g
2 I £

| 4 ] 0 -
& 1000 il 0,06 §
! ¥ -]
Y . 1+
500 (Dt —_ ; 0,03 &
3 e - 4 =z

/
o < 0

270 290 310 330 350 370 390 410 430 450
Crank Angle [deg]

In Fig. 9, the gross heat release calculation results are
presented. Nevertheless, in the CFD model the flame is
quenched at near 370 crank angle degrees (Fig. 6), then a
small amount of heat is gradually released from 370 to 440
crank angle degrees. In fact, the gross heat release is actu-
ally the heat release due to a combination of all the chemi-
cal reactions (combustion, dissociation, re-association).
Therefore, the different trend between the models in Fig. 9
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is ascribable to chemical reactions which initially absorb a
part of the heat generated by the combustion (dissociation)
and then gradually release heat during the expansion phase
(re-association) [17]. However, the final value of the cumula-
tive gross heat release is very compatible for both the operat-
ing conditions. Thus, the SZ model lacks the capability of
predicting the real combustion dynamics but demonstrates
accuracy in the evaluation of the cumulative heat, released
during the combustion. No strong differences are evident
between the two analyzed operating conditions.

The presented results demonstrate that the use of powerful
CFD models would be very helpful for the validation of SZ
models. Moreover, from the comparison of the calculated heat
release, one can easily identify the areas in which the SZ model
may be improved in order to reduce errors. Further possibilities
are to calibrate the SZ model for the simulation of the use of
different fuels, water injections or other combustion control
strategies. This will be done in future works. The CFD model
allows for an engine virtualization which may limit the experi-
ments, thus providing an accurate and reliable reference for the
SZ model heat release calculation of any other engine at any
operative condition. Moreover, the CFD model is able to pro-
vide details about the in-cylinder flow field, the chemical reac-
tions, the pollutant formation, the flame development which
may be of utmost importance for 0D model improvements and,
in general, for ICE analysis and optimization. Clearly, the pro-
posed numerical procedure must be implemented, verified and
calibrated case by case, based on the engine type. The present
work would, therefore, propose an innovative idea for a better
evaluation of the heat release calculation in ICEs.

In conclusion, in Fig. 10 the calculated CFD pollutant for-
mation along with the net heat release is shown. The details
provided by the CFD analysis support the previous hypothesis
that the chemical dissociation and re-association phenomena
influence the gross heat release evidenced in Fig. 9. Indeed,
as expected, during the expansion phase, the chemical re-
association releases a small amount of heat which has been
absorbed during the initial combustion phase. This explains
the differences highlighted in Figs. 7, 8, and 9. During the
first stage of the combustion, the pollutant formation absorbs
heat which is gradually restored in the expansion phase. Since
the SZ model does not take into account the dynamics of the
chemical reactions, in the first combustion phase the SZ model
overestimates the heat release while in the expansion phase
the error is balanced by the heat restored due to the chemi-
cal re-association. In Fig. 11, the NO, formation is compared
with the in-cylinder temperature trend, calculated through the
ANSYS Forte simulation. Also, in this case, a strong relation
between temperature and pollutant formation is clearly evident.

Some of the numerous possibilities offered by the com-
bustion virtualization, obtained with the proposed CFD
model, are presented in the figures above. The opportunity to
have a powerful tool, which might not only be a fundamental

reference for the validation and optimization of the SZ
model [for example the calibration of the constants of the
Eq. (8)], can be inferred. The joint use of both SZ and CFD
3D models would be an important numerical methodology
for the study and the optimization of ICEs, therefore, reduc-
ing the expensive heat release experimental analysis.

Conclusions

In the present study, two different numerical models, an SZ
model and a CFD model, were implemented for the simu-
lation of the closed part of the cycle of a CFR engine in
order to obtain an accurate heat release evaluation. The CFD
model was validated using the in-cylinder pressure data for
the CFR engine, fueled with pure iso-octane, with a volu-
metric CR of 5.8 in the research method test condition. The
CFD in-cylinder pressure data were subsequently used for
the initialization of the SZ model in order to obtain a perfect
comparison of the heat release calculation capabilities.

Despite the strong mathematical simplicity and the
extreme rapidness of the SZ model, the comparison between
0D and CFD 3D heat release calculations demonstrates that
the SZ model is sufficiently accurate and reliable. The CFD
model is obviously more physically accurate and allows for
a reliable prediction of the chemical reactions and, thus, for
the heat absorbed and released because of them. However,
the calculation time for the CFD model is higher by several
orders of magnitude.

In the specific case of the CFR engine, the main differ-
ences between the models were found to be due to the lack
of the chemical kinetics in the SZ model and partially to
the wall heat exchange model of Woschni which probably
necessitates further calibrations case by case.

The proposed model comparison shows the perspectives
of the joint use of both 0D and CFD 3D model for ICE
combustion investigations. On the one hand, the CFD model
will be a powerful reference for the improvements of the SZ
model, thanks to the possibility of detecting the areas where
the OD model is not as accurate. Moreover, the CFD model
may provide numerous in-cylinder pressure data by vary-
ing the volumetric CR, the equivalence ratio, the rotational
speed and so on. This may allow the SZ model to virtually
run any kind of engine operative condition without the need
for further experimental data. In this way, although the heat
release calculations are already obtained with the CFD anal-
ysis, the possibility to have accurate references may allow
the SZ model to be calibrated and improved in a wide range
of conditions. On the other hand, having a reliable numeri-
cal strategy, with the joint use of 0D and CFD 3D models,
will be a very powerful tool for the investigation and the
optimization of the combustion phase in ICEs.

a
* @ Springer



226 International Journal of Energy and Environmental Engineering (2018) 9:215-226

Therefore, the present study intends to provide a 0D-3D
numerical procedure for the analysis of the heat release in
ICEs which will have to be further refined and validated on
other types of engines with different operating conditions.
Both models must be implemented, refined, calibrated and
validated specifically on the engine characteristics.

In light of this current information, future works in this
field will regard the improvement of the SZ model for a
wide range of engine operating conditions. Moreover, fur-
ther studies will be made on the implementation of specific
modifications, in the OD model, for the simulation of com-
bustion control strategies like water injections or for the use
of alternative fuels.
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