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ABSTRACT

A continuous multi-component fuel evaporation model
has been integrated with an improved G-equation
combustion and detailed chemical kinetics model. The
integrated code has been successfully used to simulate
a gasoline direct injection engine. In the multi-component
fuel model, the theory of continuous thermodynamics is
used to model the properties and composition of multi-
component fuels such as gasoline. In the improved G-
equation combustion model a flamelet approach based
on the G-equation is used that considers multi-
component fuel effects. To precisely calculate the local
and instantaneous residual which has a great effect on
the laminar flame speed, a “transport equation residual”
model is used. A Damkohler number criterion is used to
determine the combustion mode in flame containing
cells. To consider the change of local fuel vapor mixture
composition, a “PRF adaptive” method is proposed that
formulates a relationship between the fuel vapor mixture
PRF number (or Octane number) and the fuel vapor
mixture composition based on the mean molecular
weight and variance of the fuel vapor mixture
composition in each cell. The laminar flame speed has
been updated to consider multi-component fuel effects,
as a function of pressure, temperature, equivalence ratio,
residual, and fuel vapor mixture PRF number. To model
the chemistry process in the unburned region in front of
the flame and in burned regions behind the flame, a
recently developed PRF mechanism is used to describe
the multi-component fuel mixture. Simulations of the
vaporization of a single droplet with a single-component
fuel (iso-octane) are compared with multi-component fuel
cases. The vaporization of a spray of multi-component
fuel injected into a chamber is simulated for both normal
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and flash-boiling conditions. The new PRF mechanism is
validated against shock tube data. In addition, gasoline
direct injection engine combustion is simulated at
different manifold absolute pressures, different end-of-
fuel injection timings, and different spark ignition timings.
The simulated in-cylinder pressures and heat release
rates are compared with experiment data and good
agreements are found.

INTRODUCTION

Vaporization of droplets and sprays has been an issue of
much interest for decades because of its significance in
engineering applications. For simplicity, fuels have been
represented as a single-component fuel in most multi-
dimensional models, such as the KIVA code [1-5].
However, single-component fuel models are not able to
predict the complex behavior of the vaporization of multi-
component fuels such as gasoline and diesel. The
preferential vaporization of light-end components in
multi-component fuels affects greatly the fuel distribution
near the spray and can not be represented by single-
component models [6]. Studies have been performed on
the vaporization of multi-component fuels [6-11].

Multi-component fuel models are classified into two
types, i.e. discrete multi-component (DMC) models and
continuous multi-component (CMC) models. The
discrete component approach has high computational
overhead when it is used for fuels with a large number of
components, because additional transport equations are
to be solved for each species in order to track the fuel
composition and the vaporization behavior. The
continuous multi-component (CMC) model, which is
based on the continuous thermodynamics method [8],
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represents the fuel composition as a continuous
distribution function with respect to an appropriate
parameter such as molecular weight. This enables a
reduction of computational load without degrading the
predictability of the complex behavior of the vaporization
of multi-component fuels [6]. The continuous multi-
component (CMC) model was first implemented into the
engine simulation KIVA code to simulate multi-
component fuel spray and evaporation by Lippert and
Reitz [6,9].

For realistic predictions of the vaporization of multi-
component fuels in typical engine operating conditions,
both normal and boiling evaporation modes must be
considered and a smooth change between these two
modes is desirable. For this purpose, based on the work
of Lippert and Reitz [6,9] Ra and Reitz [12] improved the
continuous multi-component (CMC) KIVA code for better
predicting multi-component fuel spray and evaporation
under a wide range of engine operating conditions. In
order to avoid over-prediction or under-prediction of the
evaporation mass flux depending on the ambient
temperature conditions, Ra and Reitz [12] added a sub-
model into the continuous multi-component (CMC) KIVA
code in which the droplet surface temperature (which is
not necessarily equal to the droplet average
temperature) could be separately calculated. However, in
the work of Refs. [6-12], only the effects of multi-
component fuels on spray and evaporation were
considered. In the combustion model the fuel was still
considered as a single-component fuel. For engine
simulation combustion and pollutant emissions formation
are of special concern to most engine researchers. So
the effects of multi-component fuels on the combustion
process, flame propagation, laminar flame speed, and
the effect of different fuel components on chemistry
should also be considered.

Understanding the in-cylinder ignition and combustion
processes is one of the key factors for successful
modeling. The turbulent ignition and combustion process
in Spark Ignition (Sl) engines is a complicated aero-
thermo-chemical process, especially due to the
turbulence and chemistry interactions that occur on
tremendously different time-scale and length-scale levels
[13,14]. To better model the ignition process, a Discrete
Particle Ignition Kernel model (DPIK), in which the flame
kernel position is marked by particles, was proposed by
Fan and Reitz [15]. The level set method (G-equation) is
a powerful tool to model both premixed and partially
premixed combustion occurring in S| engines. With its
application to combustion, Williams [16] first suggested
use of a transport equation for a non-reactive scalar, G,
for laminar flame propagation. Peters [14,17]
subsequently extended this approach to the turbulent
flame regime. The turbulent G-equation concept has
been successfully applied to Sl engine combustion
simulations by Dekena et al. [18], Tan [19], and Ewald et
al. [20].

To better wunderstand the fundamental engine
combustion process and to further improve the versatility

of multidimensional models, attention is being given to
models incorporating comprehensive  elementary
chemical kinetics mechanisms. A large amount of work
has been done on developing detailed chemical kinetics
mechanisms for fuel oxidation and pollutant formation
[21]. Further, research on mechanism reduction and
parallel computing techniques has made it
computationally affordable to incorporate these reduced
detailed chemical kinetics mechanisms into
multidimensional engine simulations. Liang [22,23,24]
successfully incorporated detailed chemical kinetics into
the G-equation-based turbulent combustion model,
which was implemented into the KIVA-3V release2 code
by Tan et al. [25,26]. Specifically, for SI engine
combustion, detailed fuel oxidation mechanisms coupled
with a reduced NOyx mechanism are applied behind the
mean flame front for modeling post flame combustion
and NOyx formation. The chemical kinetics mechanisms
are also applied in front of the flame front for predicting
compression auto-ignition of the end-gas (knock). Also in
Liang’s work, in the course of coupling detailed chemistry
with the G-equation combustion model for the primary
heat release calculation within the flame front, the
laminar and turbulent flame speed correlations were
improved for a better description of the turbulent flame
propagation process. In the G-equation-based turbulent
combustion model the laminar flame speed is very
important for determining the propagation of the flame
front (G=0) surface. Also, the local and instantaneous
residual value has a great effect on the evaluation of the
laminar flame speed. For the calculation of the residual
value, Yang et al. [27] used several different empirical
methods. In Yang’s work [27], several improvements to
the G-equation sub-models were proposed, including the
precise calculation of “primary heat release” based on
the sub-grid scale unburned/burnt volumes of flame-
containing cells. Yang et al. [28] also proposed a
transport equation residual model incorporating a
Damkohler criterion for accurately calculating the local
and instantaneous residual in each cell and
fundamentally describing the combustion process in the
flame-containing cells. However, in the work of Refs.
[15,19,22-28], the fuel was only considered as a single-
component fuel.

In this paper, we integrate the continuous multi-
component (CMC) fuel evaporation model with the
improved G-equation combustion and detailed chemical
kinetics model. In the integration, to consider the change
of local fuel vapor mixture composition, we present a
“‘PRF adaptive” method that formulates a relationship
between the fuel vapor mixture PRF number (or Octane
number) and the fuel vapor mixture composition based
on the mean molecular weight and variance of the fuel
vapor mixture composition in each cell. The laminar
flame speed is updated to consider the multi-component
fuel effects. To model the chemistry process in the
unburned region in front of the flame and in burned
regions behind the flame, a recently developed PRF
mechanism is used to describe the multi-component fuel
mixture. To validate the continuous multi-component
(CMC) fuel model, simulations of the vaporization of a
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single droplet with a single-component fuel, a single
droplet with a multi-component fuel, and a spray of a
multi-component fuel is studied. The new PRF
mechanism is validated against shock tube data. Finally,
gasoline direct injection engine combustion simulations
at different manifold absolute pressures, different end-of-
fuel injection timings, and different spark ignition timings
are performed and compared with experiment data.

MODEL DESCRIPTION

CONTINUOUS MULTI-COMPONENT (CMC) FUEL
MODEL

Suppose a fuel mixture is composed of a large number
of components. Assuming that each component species
in the fuel mixture can be characterized by the value of
one variable, [, which represents a macroscopic
property, the amount of substance can be expressed via
a distribution function, £ (/)

n(1. L) =] (Dl (1)
where f (/) is also called the probability density function
(PDF), and n({,,1,) is the amount (without loss of
generality suppose it is the mass fraction. While

mathematically it is the probability) of the substance with
property [, such that [, <I<I,. dn=f(l)dl is the

probability in the differential interval d7. The distribution
function f (/) has the property that

[T rdr=1 2)

In this paper the independent variable I is chosen to be
the species molecular weight. The functional form of the
distribution function f(7) is limited to an analytical form,

either a Gaussian distribution or a I' (Gamma)
distribution, which will be shown later. Now consider a
spherical liquid droplet with a large number of
components vaporizing in a gaseous environment. The
governing equations for the vapor phase fuel, the liquid
phase fuel, along with the liquid-vapor equilibrium at the
interface between the droplet and surrounding gas, are
considered next.

Vapor phase transport equations

Based on the continuous thermodynamics approach, the
governing equations for the various moments of the fuel
vapor distribution in the gas phase can be derived. For
the two-parameter-type T' distribution function used in
this paper, three equations suffice for the calculations.
The governing equations for the continuity, mean
molecular weight 8, and the second moment of the fuel
vapor distribution ¥ are

—(ny)+v (pvys)=V- (PDV)’F)+ (PyF) (3)

E(Pypé’) +V - (pVyp0) =V - (pDV(y,0)) + E (pyr6)  (4)

0 _ A d s
E(pyf‘f’) +V-(pvy¥)=V-(pDV(y,;¥)) +o Yy (5)
where p is the density of the gas mixture and y, is the
mass fraction of the continuous fuel vapor. v is the

mass- averaged velocity of the gas phase mixture. D,

D and D are diffusion coefficients associated with the
diffusion processes of the vapor mass, the vapor mean
molecular weight and the second moment of the vapor
distribution respectively. Since the values of these
coefficients are very close to each other [8], they are
assumed to be equal. In this paper only source terms

d o d d
from the fuel spray, — S, — 0y, — ¥)*
r uel spray dt(pyp) dt(pyp) dt(pyp )

are considered, which are obtained from the liquid phase
calculation and the exchange between the liquid phase
and the vapor phase. The moments 8 and ¥ are
defined as

0 =j0°° F(DIdI (6)
Y= j: F(DHIdI 7)

The energy equation can be derived and simplified as
5,,%(pT)+5PV-(pVT)=V-/1VT+ @®)
[(ac —Cpy )p5+bcp6’5]VyF VT

where C, is the mixture specific heat, 7 is the
temperature, A is the thermal conductivity, C,, is the
specific heat of air, a, and b, are the coefficients of a

linear correlation of specific heat taken from Chou and
Prausnitz [29] as a function of composition. The energy
equation (8) is used for solving the droplet surface
temperature, as described by Ra and Reitz [12].

Liquid phase governing equations

Assuming no absorption of ambient gas into the liquid
droplet, a general form of the governing equation for the
change rate of the various moments of the liquid fuel
distribution is [12]

RdO," .6 . ..
P =i (6 -67)  (1=12,0) 9)
)

where p, is the mass density of the liquid fuel, R is the

droplet radius, 8." and 6," are the nth moments of the

fuel distribution in the liquid phase and vapor phase
respectively, as defined in equations (6) and (7), n is
the vaporization mass flux. Substituting n=1 and n=2 into
equation (9), the governing equation for the change rate
of the first and second moments of the liquid phase
composition can be obtained as

de, _ 3m HL(H ~6,) (10)
dr pLRH
d¥, 3m QL(‘I‘ —y) (11)
dt pR¢9

The vaporization mass flux # is closely coupled with the
source terms in the vapor phase transport equations (3)
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to (5). Ra and Reitz showed the calculation of 7 in detail
in [12]. The source terms in the vapor phase transport
equations (4) and (5) can be derived as [6]

s 1
e = YF,RHR _E(Hmy o _HRYF,R) (12)

s 1
Y= YF,R\PR _E(\Pmy - _\PRYF,R) (13)

where Y, , is the fuel vapor molar fraction at the droplet

surface, 6, and ¥, are the mean molecular weight and
the second moment of fuel vapor distribution at the
droplet surface, Y, . is the fuel vapor molar fraction at an
infinite ambient, which can be approximated as the
studied cell’'s value, 8_ and ¥_ are the mean molecular
weight and the second moment of the fuel vapor
distribution in the studied cell, B is the Spalding number,
which is calculated as

B:(YF,R_YF,m)/(l_YF,R) (14)
The calculation of Y, ,, 6, and ‘¥, will be shown later.

Distribution function and vapor-liquid equilibrium

The T distribution function is chosen in this paper
because of its ability to adequately represent petroleum
fractions [8]. The I distribution function for the liquid
phase droplet is formulated as

(= I-y

S =" exp| — (15)
BT(a) B

where o and [ are parameters that determine the

shape of the distribution and y is the origin of the

distribution function. The distribution function is molar-
based for the droplet. In KIVA all calculations are mass-
based for the gas phase. The conversion between the
mass-based formulation and the molar-based
formulation is

Snass DAL= [0, (1)

1

dl (16)
molar

From the T distribution function, the mean molecular

weight (the first moment of the distribution function) &,

the second moment ¥, and the variance ¢’ in both the

molar-base and mass-base are (assuming y =0)

0 oir = O

Yoo =@+ :

Ot = O (17)
B,y =(@+ D[

¥, = (@+ (@ +2)p°

In the continuous thermodynamics approach, the
equilibrium at the interface between the liquid droplet and
the surrounding gas is based on the assumption that the
chemical potential for the liquid phase and the vapor
phase are equal for each value of I. The fuel vapor
mole fraction at the droplet surface can be determined by
using Raoult’s law as

P, explA(1-yB)]
Y, FR="p 1 o pa o

P (1+4BB, )"
where P, is the reference pressure of 101.325 kPa, P

is the pressure, 4 and B are functions of temperature
from the integration of the composition-dependent
Clausius-Clapeyron equation. The Clausius-Clapeyron
equation is of the form

(18)

, S, T, ()
P“(I)=P, -exp| Z|1--22 19
( ) atm Xp{ R ( T j} ( )
where s, is the entropy of vaporization (which is
expressed using Trouton’s law as

S =1L, 1T, = 10.6R =87.9, L, is the vapor latent heat of

evaporation, 7, is the boiling point temperature), R is
the universal gas constant, T, is the normal boiling point

temperature of component 7, and T is the droplet
temperature. Assuming a linear variation of the normal
boiling point temperature with composition
T,(I)=a,+b,1 , with a, and b, constants obtained from

regression of boiling data for the particular homologous
family of components (a,=208.53, b,=1.5763), the

vapor pressure can be expressed as

P*(I)= P, -explA(l-B1)] (20)

In this study, 4 and B are expressed as

Azsé 1_208.53 B 1.5763 21)
R T T —208.53

Using equations (17) to (21), a simple relation between
the distribution parameters in the liquid and vapor
phases can be obtained as [6]

2
QV = 7/+6L—_7/2, UVZ =O_L2 M (22)
ABoL 6, -7y
1+ )
6, -y

Determination of surface temperature

For more accurate predictions of the vaporization rate
and heat flux, a surface temperature calculation model
was incorporated in the continuous multi-component
(CMC) fuel model by Ra and Reitz [12]. The surface
temperature of the droplet is determined from a heat and
mass transfer balance at the interface between the
droplet and the surrounding gas. The rate of heat
transfer balances with the required heat for vaporization
at the surface following

where L(T,) is the latent heat of the fuel at the surface
temperature 7., m is the vaporization mass flux, ¢, is
the heat transfer from inside the droplet, and ¢, is the

heat transfer from outside of the droplet. Ra and Reitz
gave the detailed calculation of ¢, and ¢, in both normal
evaporation and boiling cases in Ref. [12]. Neglecting the
effect of radiation, the temporal change of the droplet
temperature is given as
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ﬂ_ Ah[,q[f(]-;' _Td)

for normal evaporation (24)
dt pcV
Ay AT =10 for fiash boiling (25)
dt pcV

where p is the droplet density, 4 and V' are the droplet
surface area and volume, respectively, c, is the specific
heat at constant volume of the liquid phase at the droplet
temperature, 4, and o are the effective heat transfer
coefficients for the normal evaporation and boiling cases,
respectively, and 7, is the boiling temperature.

Equations (24) and (25) are solved implicitly in the
computer code.

G-EQUATION COMBUSTION MODEL AND ITS
IMPROVEMENTS

G-equation description of modeling premixed turbulent
flame propagation

A G-equation combustion model for describing turbulent
flame propagation has been developed and implemented
into the KIVA-3V release2 code by Tan and Reitz [25,26].
Subsequently, consideration of detailed chemical kinetics
was incorporated into the KIVA-3V release2 G-equation
code to model the post-flame chemistry and end-gas
auto-ignition chemistry by Liang and Reitz [22,23,24].
The G-equation combustion model is mainly based on
the turbulent premixed combustion flamelet theory by
Peters [14], where a set of Favre-averaged level-set
equations was derived, including equations for the Favre
mean, G, and its variance, G'”, and a model equation
for the turbulent/laminar flame surface area ratio o,
which, in turn, results in an explicit expression for the
turbulent flame speed S;. These equations, together
with the Reynolds averaged Navier-Stokes equations
and the turbulence modeling equations, form a complete
set to describe premixed turbulent flame front

propagation. The equation set suitable for
implementation in CFD codes is [14,22,26]

96 | Gi—ii, )-VG= Le 51V G|~ D,k |V G| (26)
ot ’ p
2o 5 ~ ~
G i VG =V, PV G?) 42D, (VG
ot N P 27)
-6, =G
k

0 2 2 2 ' %
8Eors, |t f_l(b e _f} 2s)
S, 2b, I, 2b, 1, S

where i is the Favre-average fluid velocity; u,,. is the
mesh vertex velocity which accounts for mesh
movement; VG is the gradient of (N}; VG s the
gradient of G p. is the Reynolds-average of the

unburned mixture density; p is the Reynolds-average of

the cell gas density; S, is the turbulent flame speed; D,
is the turbulent diffusivity; V, denotes the tangential
gradient

operator; c, is a modeling

constant (cf. Ref. [14]); k and Z are the Favre mean
turbulent kinetic energy and its dissipation rate from the
RNG k-¢& model [30]; u' is the turbulence intensity; S
is the laminar flame speed; /, and /, are the turbulence

integral length scale and the laminar flame thickness,
respectively; and a,, b,, b, are constants from turbulent

flame speed model [14]. The term [, in Eq. (28), called
a progress variable in Ref. [22], takes the form

1/2
I= [1 —exp(—c,, ’;’0 )} (29)

where ¢,, is a model constant; 7, is the spark timing;

r=k/Z is the turbulence time scale. Physically, the
progress variable I, models the increasingly disturbing

effect of the surrounding eddies on the flame front
surface as the spark-ignition kernel flame grows from the
laminar stage into the fully developed turbulent stage.

The effect of residual on flame speed

The laminar flame speed correlation used is [Ref. 22]

a B
T
S1 =S [T—] [LJ Fu (30)
u,ref p ref

where S, . is the laminar flame speed at a reference
state, T, is the unburned mixture temperature, 7, . is

the unburned mixture temperature at the reference state,
p is the pressure, p, . is the reference pressure, and o

and B are correlated as functions of equivalence ratio.
F,, is a factor that accounts for the presence of diluents,

which can be expressed as

Fo=1=fuYu (31)
where £, is an experimentally determined constant, and
Y,, is the "residual mass fraction", including CO,, H,0O,

residual N,, and other residual components. From the
above correlations, it is seen that the turbulent flame

speed S; decreases as the “residual mass fraction” Y,,

increases and the evaluation of turbulent flame speed is
sensitive to the “residual mass fraction”.

The effect of residual value on the flame speed can be
seen in Figure 1 [31] and Figure 2 [32]. In Metghalchi
and Keck’'s work, as shown in Figure 1, the effect of
diluting stoichiometric isooctane-air mixtures with
simulated combustion products was measured for an
initial temperature T,=298K and P,=1 atm. A mixture of
15% carbon dioxide and 85% nitrogen by volume was
used to simulate combustion products. This mixture has
a molecular weight of 30.4 and a heat capacity which
approximately matches that of the combustion products.
In Figure 1, the ratio of the burning velocities with and
without dilution are plotted as a function of unburned gas
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temperature for diluent mass factions Yg=0.1 and
Y4=0.2. It can be seen that the decrease in burning
velocity ratio is independent of temperature and can be
represented by the expression

S, (Y, T,)/8,(0,T))=1-2.17,, (32)
1.0 ,
Isoo.ctane and Al'r —o—Y =010
Equivalence Ratio=1.0 o
0.9 Pi=1 atm _O_Ydil_o'zo
O|_h:!
=) 0.8+ 0——O0—O—O0——0— 00— 1
Q:
= o7
>
» 0.6 1 o~ _O———0—0—0—0—0—0
0.5

320 340 360 380 400 420 440 460 480
Unburned Gas Temperature (K)

Figure 1 Effect of diluting stoichiometric isooctane-air
mixtures with simulated combustion products [31]

90+
80~ —o— 500K
L ] ~- —o— 353K
S
8 60 "~
Q 50_- \D\
@] - D\D\
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8 30 o [
- O\O\o\
g 20 O\O\O
£ 104
|
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0 10 20 30

N, Dilution Ratio (Percentage)

Figure 2 Laminar flame speed of 87 octane gasoline at
atmospheric pressure with N, dilution for equivalence
ratio of 0.84 at 353 K and 500 K [32]

In Zhao et al.’s work, as shown in Figure 2, the dilution
effect on the laminar flame speed was studied for 87
octane gasoline at 353 K and 500 K for equivalence ratio
of 0.84 with N, as diluent. The laminar flame speeds in
Figure 2 exhibit nearly linear dependencies on the
dilution ratio.

For the engine simulation, the residual value of the cell at
the location of the spark plug at the time of spark ignition
was used in every cell in the combustion model of Liang
[22,23,24]. However, the local and instantaneous
residual value should be used for more accurate results.

The effect of residual value on burning velocity for a
GTDI engine simulation was studied by Yang et al. [27].

Transport equation residual model

Yang et al. [27] explored different methods to calculate
the “residual mass fraction”, including using the residual
value in the cell at the location of the spark plug at the
time of spark ignition and the overall residual value of the
cylinder. An improved method to account for the local
residual mass fraction was introduced. In this method
(called “Resid_save”) the local residual mass fraction
distribution in the combustion chamber before spark
ignition is stored into an array. During combustion, the
stored local residual mass fraction for each cell is used
to calculate the flame speed. The results showed that the
“‘Resid_save” method was better than others. However
this method only considers the “local” characteristics of
the residual, and it does not consider the transport either
by diffusion or by convection and source terms of
residual. That means it does not consider the
“instantaneous” characteristics of the residual. To
accurately calculate the residual value distribution and to
distinguish between burned gas combustion products
that originate from the EGR gases and those from the
current combustion event, a transport equation residual
model was proposed by Yang et al. [28].

For N residual species each with density p,, , we have

N ap. - ’
3| 9, 1)= LoV, b (5, e |

i=1

9P
DR N

=3 4V.p, il|=V-|oDVp, [+ (p.).
o p,Z[Ru P pzl_R El (Pix) chem

=} i=1

Defining a “pseudo” species, named “Ar’, which is the
v N

ZiR’ and ertlng z(piR)ChemK as (pA)')ChemK’ the above
= i=1

equation becomes

3 . .
g;r +V. (pAru) =V [pDvar]+ (Par) chemi (33)

Equation (33) is the final residual transport equation. To
calculate the chemical source terms (2,.)comk s (Piz) chomi

of each species is calculated separately, then (0,,) ¢
is the summation of (p,;)q..« Of all residual species.

The initial amount of the “pseudo” species “Ar” actually is
the summation of the assigned value of each residual
species at the beginning of the calculation.

To solve the residual transport Eq. (33), V-[pDVp, | is

calculated in the species mass fraction iteration
subroutine (in KIVA: “yit-transp.f’), and V-(p, i) can be

calculated in the advection flux calculation subroutine (in
KIVA: “ccflux-transp.f’). As mentioned earlier, (0., )k

is the summation of (p;)..« Of all residual species. For
the calculation of (p;)oux CHEMKIN is called to
calculate (p,).,..« for each cell “i4” and because
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(p[ )ChemK = (p[R )ClwnzK + (p[NmR )ClwnzK ’ we have
pAr

i4

(piR)ChemK = (pi)ChemK X

It should be noticed that the equation of state is still

nsp
P=ROTZ(%), where “nsp” excludes the fictitious

i=1 i

species “Ar”, because the p, is already the density of the

“wm

all “” species, which includes the residual part of the
species “I". It should also be noticed that in both the
species mass fraction iteration subroutine and the flux
calculation subroutine, the diffusion and convection of
the “pseudo” species “Ar” do not contribute to the mass
and enthalpy change of the computed cell, because the
diffusion and convection are already calculated for each

species “I".

After solving the residual transport equation, the “residual
mass fraction” can be calculated as Y, = p, / p,, in each

computational cell.

Damkohler number criterion for combustion regime in
flame containing cells

In previous implementations of the G-equation
combustion model with detailed chemical kinetics in
Refs. [22,23,24], once a flame front cell is identified, the
G-equation flame propagation method in which the
chemical equilibrium solver is applied, is used for the
calculation of species density change and energy
release, and CHEMKIN is used in front of and behind the
flame-containing cells. A new criterion was used to
choose between the CHEMKIN and G-equation models
in the flame front region by Yang et al. [28] and Tamagna
et al. [33]. In this criterion a Damkohler number is
introduced that is the ratio between the laminar flame
propagation timescale and a chemical timescale. These
time scales are used to evaluate, for every computational
cell in the flame front region, whether combustion is
locally controlled by flame propagation (e.g., flamelets) or
by volumetric heat release.

CTow R d[Fuell/dt
\\ /,, 7 > \‘\
/’;_/,/,, Thigh ’ =Tchem
’ Burnt
id \ i4

Mean flame front

Figure 3 Damkohler number criterion for combustion
regime in flame containing cells

The Damkohler equation is defined as (refer to Figure 3)

Damk = LHan_ (34)
Tchem
where
Tlam = % = % and T('hem = d [Fuel] (35)
; | [Fuel]/ dt

and D, is the laminar diffusivity, S, is the laminar flame
speed, J, is the laminar flame thickness, and [Fuel] is

the effective fuel concentration (i.e., fuel+CO+H,
species). Note that the use of the laminar time scale
(based on the laminar flame speed and diffusivity) is
consistent with the interpretation that at a subgrid level
flamelets control the combustion rate. In the case that
flame propagation is dominant (bigger chemical
timescale) the G-equation model is used for the
combustion calculation in that cell. Otherwise (bigger
laminar timescale) CHEMKIN is adopted to compute the
combustion rate and energy release.

PRF-ADAPTIVE MODEL FOR INTEGRATING THE
CMC FUEL MODEL AND THE G-EQUATION
COMBUSTION MODEL

In the continuous multi-component (CMC) model
described earlier, the fuel composition is represented by
a probability density function (PDF) or distribution
function. In the calculation the mean molecular weight
(the first moment of the distribution function) &, the

second moment ¥, and the variance o’ can be
tracked. However this kind of composition representation
is just an "abstract" composition representation, and it is
not convenient for the combustion calculation in KIVA. In
the CMC model, which has been implemented into KIVA
[6,7,9,12], although the fuel composition in terms of &4,

¥, and o’ is already obtained, p, is the total density of

all fuel species. But the real quantity of each fuel species
is needed in the combustion calculation after fuel
evaporation. To track the "actual" fuel composition, a
PRF-adaptive model is introduced in this paper. In this
model, to consider the change of local fuel vapor mixture
composition, a relationship between the fuel vapor
mixture PRF number (or Octane number) and the fuel
vapor mixture composition based on the mean molecular
weight and variance of the fuel vapor mixture
composition in each cell is formulated. This model is
described as follows.

The cetane number (CN) has been measured for a
variety of pure hydrocarbons [34]. The data for paraffins
(alkanes) is shown in Figure 4. The cetane number
increases with molecular weight up to octadecane
(MW=254.48, CN=110) after which no further increase is
observed. This data was curve-fit with a third order
polynomial (R2=O.9878) which can be written as

CN,, =29.295+0.14675x6+1.7080x10™

X0* —4.2438x107°x &’
where @ represents the mean molecular weight of the
vapor distribution.

(36)
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The CN is evaluated based on the mean molecular
weight of the computational cell composition distribution.
It should be noted, however, that Eq. (36) cannot be
used directly as a calculation of the cetane number in the
computational cell because the gasoline fuel vapor exists
as a blend of many components, which have not been
taken into account explicitly [6]. Hence the cetane
number was adjusted to account for the composition by
means of a second correction, also shown in Figure 4.
Before the adjustment, a relation between the cetane
number (CN) and the research octane number (RON)
which was proposed by Kalghatgi [35] is introduced, viz.,

CN =54.6—0.42x RON (37)

In Kalghatgi's work [35], cetane numbers were measured

for PRFs using the ASTM D613 (engine) method, and

the measured cetane numbers were plotted against

RON. For DF2 (diesel fuel #2) the PRF (RON) is 29,

according to equation (37), the cetane number of DF2 is
CN=54.6-0.42x29=42.42.

Thus the second correction can be constructed such that
gasoline (MW=85.5) yields a CN of 14.532, and DF2
(diesel fuel #2 with MW=185.0) yields a CN of 42.42.
This correlation is based on the data of Table 1, and can
be expressed as

CN =14.532+0.767123x (CN . — 51.676) (38)

Y=29.295+0.14675*X+1.7080%10*X>-4.2438*10°*X>

120 1 = Paraffine Data

1109 ___ polynomial Fit

100+ - - - Gasoline Fuel Blend
90
80-
70-
60
50 -
40 -
30- -7
?g‘. _ =7 Y'=14.532+0.767123*(Y-51.676)

0

Y (Cetane Number)

X (Mean Molecular Weight)

Figure 4 Cetane number as a function of paraffin
(alkane) molecular weight (after Rose and Cooper [34])

Table 1 Parameters for different fuels

60 90 120 150 180 210 240 270 300

Fuel Gasoline DF2 (Diesel
fuel #2)

Mean Molecular | 85.5 185.0

Weight

RON 95.4 29

CN 14.532 42.42

CNpar 51.676 88.030

Inserting equation (36) into equation (38) gives

CN =14.532+0.767123x(=22.381+0.14675x 60 +
1.7080x107° x 8* —4.2438x107° x 6%)

and with equation (37) gives

RON =136.279-0.2686 —0.003126" (39)
+0.000007756°

Y=136.279-0.268X-0.00312X°+0.00000775X>
100

90-
80-
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60
50-
40 .
<0 SO S S .
20- ' ' :
101
.

Gasoline Range

Y (RON)

40 60 80 100 120 140 160 180 200 220 240
X (Mean Molecular Weight)

Figure 5 RON as a function of computational cell fuel
vapor mixture mean molecular weight

Equation (39) is a relationship between the fuel vapor
mixture PRF number (or Octane number) and the fuel
vapor mixture composition based on the mean molecular
weight of the fuel vapor mixture composition in each cell.
Equation (39) is shown in Figure 5. Because the CMC
model traces the mean molecular weight (the first
moment of the distribution function) 8 of each cell, the
octane number of the fuel vapor mixture can be
calculated. For gasoline, mole fractions of iso-octane and
n-heptane are assigned in each cell for modeling the
combustion process.

NEW LAMINAR FLAME SPEED CORRELATION FOR
MULTI-COMPONENT FUEL

In the laminar flame speed correlation of equation (30),
S}, is the laminar flame speed at a reference state,

o=2.18-0.8(¢p—-1), p=-0.16+0.22(¢—1). However
equation (30) and the correlation for Sf)mf [22,23,24]

apply for iso-octane. To consider multi-component fuel
effects, the laminar flame speed correlation should be
updated. Also, to prevent the flame speed from
becoming negative at high residual mass fraction the
correlation for F,, equation (31), was modified.
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Experimental laminar flame speeds of different PRF
mixtures at the reference condition have been obtained
by Huang and Davis et al. [36], as shown in Figure 6(a).
Based on these experimental laminar flame speed data,
the laminar flame speed at the reference state was
curve-fit for different PRF number as

S} = 341971 exp(-3.86(¢ —1.146)") +

(40)
(0.13482¢ — 0.09752¢> + 0.01746¢° )(100 — PRF)
i —o— PRF-100[Huang]
40 ] —o— PRF-95[Huang]
m 354 PRF-0[Davis, Law]
E | —v— PRF-100[Davis, Law]
S 304 PRF-0[Huang]
S PRF-85[Huang]
8 25 —>— PRF-90[Huang]
(% ]
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Figure 6 Comparison between the new laminar flame
speed correlation and the experimental data

The range of equivalence ratio, ¢, in equation (40) is 0.0

to 2.5. Equation (40) is shown in Figure 6(b). From a
comparison between Figure 6(a) and Figure 6(b), it is
seen that the laminar flame speeds at the reference

condition from equation (40) are close to the
experimental laminar flame speeds for each PRF
number.

The correlation for F,, was modified as

e (41)
where Y,, is the residual mass fraction, and a=2.1, b=-

0.6, ¢c=21.85. Figure 7 shows different correlations for
calculating the effect of residual mass fraction Y,, on

F,, . From Figure 7, it is seen that F,, from correlation
(41) is always positive.
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Figure 7 Comparison of different residual effect

correlations

NEW PRF MECHANISM FOR MODELING CHEMICAL
KINETICS

As mentioned earlier, detailed chemistry is used to
simulate the low-temperature auto-ignition process of the
end-gas. Each computational cell ahead of the flame
front is modeled as a WSR (Well-Stirred-Reactor) for
calculating the chemistry source terms of the species
and energy transport equations. The WSR
approximation has been proven to be an effective way of
modeling HCCI combustion in several previous
studies [38,39]. In the present model, the CHEMKIN
code [40] is used for solving the detailed chemical
kinetics mechanisms.

In Liang’s study [22,23,24], a 22-species, 42-reactions
iso-octane (iC4H ) mechanism, which was extracted

from a 32-species, 55-reactions primary reference fuel
(PRF) mechanism by Tanaka et al. [41], was adopted to
model the auto-ignition process of the
gasoline/air/residual-gas mixture ahead of the flame front
in gasoline S| engines. This PRF mechanism was
originally validated in a rapid compression machine
(RCM) for fuel-lean mixtures over a wide range of initial
temperature and pressure conditions, where the
maximum equivalence ratio studied was 0.5[41]. In
Liang’s work [22,23,24], the mechanism was further
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reduced and further validated for both lean and rich
mixtures by comparing calculated ignition delay times
with experimental data obtained from the shock-tube
measurements by Fieweger et al. [42].

The MIT PRF mechanisms [41] match of ignition delay
between experimental data and simulation results
deteriorates for rich mixtures and low PRF mixtures.
Recently Ra and Reitz [43] have developed a reduced
chemical kinetic mechanism for the oxidation of primary
reference fuels (PRF) and applied it to model internal
combustion engines. The final version of this PRF
mechanism consists of 41 species and 130 reactions.
This new PRF mechanism was validated and used in this
paper.

RESULTS
CODE DEVELOPMENT

In the present ERC-KIVA-3V release2 code, the
continuous multi-component (CMC) fuel evaporation
model was integrated with the improved G-equation
combustion and detailed chemical kinetics model. In the
integration, the “PRF adaptive” described above method
was used. The updated laminar flame speed correlation
was also implemented into the code. The new PRF
mechanism was used for gasoline engine simulation.

VALIDATION OF THE CONTINUOUS MULTI-
COMPONENT (CMC) FUEL MODEL

The continuous multi-component (CMC) fuel evaporation
model was applied to study single stagnant droplet
evaporation and spray evaporation in a cylindrical
chamber.

Single stagnant droplet evaporation

In the simulation of an evaporating single droplet, the
parameters of the I" distribution function were chosen as
shown in Table 2 for the composition of gasoline and iso-
octane in the multi-component fuel model.

Table 2 Fuel distribution parameters

Fuel Gasoline Iso-octane
0] 5.7 100

B 15 0.1

Y 0 104.2

0 85.5 114.2

c 35.8 1

The simulation results for normal evaporation of gasoline
droplets are shown in Figure 8(a,b,c). In Figure 8 the
initial ambient temperature and pressure are 1000 K and
1.0 bar, respectively, and the initial temperature and size
of the droplet are 300 K and 100 um, respectively.
Because of preferential vaporization of the highly volatile

light-end components in the gasoline composition, the
mean molecular weight of the composition increases and
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Figure 8 Evaporation of a stagnant gasoline droplet in
quiescent ambient air
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the variance decreases steadily. The mass fraction of
fuel vapor at the droplet surface decreases initially due to
the increase of the mean of composition and the
decrease of the surface temperature; it then increases
because the heating effect is more than the reducing
effect of the increase of the mean of composition.

Figure 9 shows a comparison of the predicted history of
the droplet interior temperatures for gasoline and iso-
octane droplets at ambient air pressures of 0.3 and 1.0
bar. The ambient temperature is 500 K, the initial droplet
temperature is 300 K, and the initial droplet diameter is
100 um. The gasoline droplet at the ambient pressure of
0.3 bar is vaporized through flash boiling initially and the
other cases are in the normal evaporation mode. The
gasoline droplets initially experience a cooling process,
while the iso-octane droplets are heated up from the
beginning [12]. Figure 9 also shows an interesting
characteristic of multi-component fuel vaporization:
gasoline droplets do not reach an equilibrium
temperature as in the case of the single-component iso-
octane droplet, because the composition of the droplets
is continuously changing as the more volatile
components are vaporized.

4507 —— gasoline,Pamb=1.0bar

- - - - gasoline,Pamb=0.3bar
I R iso-octane,Pamb=1.0bar
400 |----- iso-octane,Pamb=0.3bar

Droplet interior temperature [K]

1 3 Tamb=500K
I Tini=300K, Dini=100um
250 - T T T T T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10
Time [s]

Figure 9 Predicted history of the droplet interior
temperature for gasoline and iso-octane droplets

Figure 10 shows the comparison of surface regression
profiles for two ambient temperatures for gasoline and
iso-octane droplets: 500K and 1000K. In Figure 10, the
ambient pressure is 1.0 bar, the initial droplet
temperature is 300 K, and the initial droplet diameter is
100 um. From Figure 10, it is seen that as the ambient
temperature increases the life time of the droplet
decreases. Because the highly volatile light-end
components in the gasoline composition evaporate
preferentially, the gasoline droplet size decreases rapidly
at the initial stage. However, compared with the iso-
octane the evaporation rate of gasoline slows down in
the late stage.

Figure 11 shows the corresponding evolutions of droplet
interior temperature and surface temperature for

gasoline and iso-octane droplets. For iso-octane, initially
the surface temperature is higher than the interior
temperature, and then there is an equilibrium drop
temperature at which the interior and surface
temperatures of the drop become equal when no heat
transfer between the interior and the surface of the drop
occurs. For gasoline, because of the evaporation at the
surface, the cooling process of the surface is more
obvious than the droplet interior, so the initial surface
temperature is lower than the interior temperature. Then
as it is heated up by the ambient gas, the surface
temperature is higher than the interior temperature.
Finally, the surface temperature is equal to the interior
temperature. However, as mentioned above, the
gasoline droplet does not reach an equilibrium
temperature.
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Figure 10 Comparison of surface regression profiles for
gasoline and iso-octane at two ambient temperatures
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Figure 11 Comparison of profiles of droplet interior
temperature and surface temperature of iso-octane and
gasoline vaporization

Spray evaporation in a cylindrical chamber

The CMC model was also applied to simulations of solid
cone sprays injected into a cylindrical chamber. Detailed
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specifications of the chamber and the injection
parameters are listed in Table 3.

Table 3 Chamber specifications and injection
parameters for the spray simulations

Parameters Value
Chamber Bore (cm) 14.0
Chamber Height (cm) 10.0
Number of Injector Holes 1

Hole Diameter (cm) 0.0153

Spray Cone Angle (degree) | 30
Injection Duration (degree) 16.0
Injection Amount (mg) 13.6

The evaporation of multi-component gasoline sprays and
single-component iso-octane sprays was considered. In
both cases, the physical properties of the liquid fuel were
set to those of iso-octane. The ambient conditions were
500 K and 0.5 bar, 1.0 bar, 1.5 bar and 2.0 bar. An initial
droplet temperature of 360 K was used for simulating
boiling evaporation of the spray droplets, since, based on
the stagnant droplet vaporization results at 0.5 bar, the
boiling temperatures of the iso-octane and gasoline
droplets are 348.7 and 286.3 K, respectively [12].
Predictions of the shape and position of the gasoline
spray using the continuous multi-component (CMC)

CA =365.05 CA=372.55 CA =380.02

(a) Ambient pressure 2.0 bar

CA =365.05 CA=372.55 CA=380.01
(b) Ambient pressure 1.5 bar

CA =365.01 CA=37251 CA=380.00

(c) Ambient pressure 1.0 bar

CA =365.02 CA=372.52 CA=380.05
(d) Ambient pressure 0.5 bar
Figure 12 Cross-section view of the flow field and
droplet distribution of gasoline sprays at various times;
Planes cross through the axis of the spray

model are shown in Figure 12. In the calculations, the
speed was set as 1666.7 rev/min, thus the crank angle
“CA” denotes the elapsed time.

From Figure 12, it is seen that as the ambient pressure
decreases, the penetration length increases, the cone
angle decreases, and most of the droplets move along a
straight line without being influenced very much by the
flow of the gas mixture. For the ambient pressure 0.5 bar
case, because there exists flash-boiling, the droplet
spatial distribution is more scattered. The first drop
radius and total parcel number at the last crank angle of
the ambient pressure 2.0 bar, 1.5 bar, 1.0 bar, 0.5 bar
cases are 0.0072788 cm, 1197, 0.007199 cm, 1196,
0.0071775 cm, 1191, 0.0071002 cm, 1184, respectively.
Because the drop size, parcel number, and ambient
pressure decrease, the velocity increases. As the
ambient density increases, the drag force increases and
thus the droplets lose their initial momentum more
quickly, and both the radial and axial penetrations
decrease.

Figure 13 shows predictions of the shape and position of
the iso-octane spray using the continuous multi-
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component (CMC) model. The ambient conditions are
the same as in Figure 12. From Figure 13 it is seen that
the shape and positions of the spray are similar to those
of the gasoline cases, but the iso-octane cases show a
little less scattered spatial distribution. The reason is that
the lighter components in the multi-component fuel
vaporize preferentially and the heavier components,
which are not readily vaporized remain in the droplets,
and these partially vaporized droplets, which have
smaller sizes are more easily affected by the induced
gas flow. Compared with iso-octane the gasoline droplet

CA =365.04 CA=372.54 CA=1380.00

(c) Ambient pressure 1.0 bar

&)
e

CA =365.04 CA=372.54 CA=380.00
(d) Ambient pressure 0.5 bar
Figure 13 Cross-sectional view of the flow field and
droplet distribution of iso-octane sprays at various times;
Planes cross through the axis of the spray
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Figure 14 Temporal history of the mean drop size
(SMD) and average molecular weight of gasoline and
iso-octane sprays
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size decreases more rapidly, so the drop velocities in
Figure 12 is higher than those in Figure 13.

In Figure 14, the corresponding temporal changes of the
mean drop size (Sauter mean diameter, or SMD) and
mass-averaged molecular weight of the gasoline and iso-
octane sprays are shown. Figure 15 shows the
corresponding temporal history of the vaporized fraction
of the gasoline and iso-octane sprays.
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Figure 15 Comparison of fuel distribution in the cylinder
of the gasoline and iso-octane sprays

From Figure 14 and Figure 15, it is seen that: for each
ambient pressure, the vaporized fraction of the gasoline
spray is larger than that of the iso-octane spray;
decreasing the ambient pressure is a favorable factor for
the vaporization of the spray droplets; the average
molecular weight of the gasoline spray increase steadily
because more volatile light-end components of the
gasoline fuel leave the droplets and heavier components
remain in the droplets, whereas the single-component
iso-octane has a constant value.

VALIDATION OF THE G-EQUATION COMBUSTION
MODEL AND ITS IMPROVEMENTS

Validation of the new PRF mechanism

Ignition delay experiments using a RCM or a shock tube
are commonly used to evaluate the auto-ignition
tendencies of fuel/air mixtures, and to provide data for
validating chemical kinetics mechanisms. In the shock
tube experiment by Fieweger et al. [42], the ignition delay
time is marked by an explosion of the bulk mixture
following an inhomogeneous, deflagrative mild ignition.
This “explosion” features dramatic temperature and
pressure jumps in the shock tube due to chemical heat
release. In the present calculation, the SENKIN code
was used to compute the ignition delay times of the new
PRF mechanism. The validation results for the new PRF
mechanism are shown in Figure 16, Figure 17, and
Figure 18.

100 5

]| ® = 0.5: —=—(Shock Tube); —s—(Calculated)
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Figure 16 Comparison of ignition delay time of iso-
octane/air mixtures with different equivalence ratios
(Initial pressure = 40 bar, Ty is the initial temperature.)

Figure 16 shows ignition delay comparisons for iso-
octane/air mixtures with three different equivalence ratios
(®= 0.5, 1.0, 2.0). The initial temperature T, ranges from
around 700 K to 1250 K, with initial pressure fixed at
40 bar, which are typical conditions in Sl engine
operation. Compared to the measured data, the
calculated values show similar trends for the equivalence
ratio dependency, i.e., ignition occurs earlier with an
increase of equivalence ratio for the same initial
temperature and pressure conditions, except that the
shock tube data shows some overlap between the @
=1.0 and @ = 2.0 curves when T, ranges from 800 K to
1000 K.
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Figure 17 Comparison of ignition delay time of iso-
octane/air mixtures at different initial pressures (T, is the
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Figure 17 shows the comparison for stoichiometric iso-
octane/air mixtures at three different initial pressure
levels. Similarly, the increasing auto-ignition tendency of
iso-octane/air mixtures with increasing initial pressure is
well captured in the calculations.

100

—{— ON 100 (Expt.)—l—ON 100 (Simu.)
ON 90 (Expt.) ON 90 (Simu.)
—/\—ON 80 (Expt.) —&—ON 80 (Simu.)
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1000/T,

Figure 18 Comparison of ignition delay time of iso-
octane, n-heptane, and air mixtures at different octane
numbers (T, is the initial temperature, equivalence ratio
® =1.0)

Figure 18 shows the comparison for stoichiometric iso-
octane, n-heptane, and air mixtures at five different
octane numbers. Similarly, the increasing auto-ignition
tendency of jso-octane, n-heptane, and air mixtures with
decreasing octane number for all initial temperatures is
well captured in the calculations. From Figures 16, 17,
and 18, it is seen that the calculated ignition delay times
agree very well with the shock tube data.

The G-equation combustion model and its improvements
were also tested with a pancake-shaped combustion
chamber engine and a GTDI engine.

Pancake-shaped combustion chamber engine

To test the G-equation combustion model, computations
were performed by Tan et al. [44] in a premixed charge
Sl engine. The spark plug is located at the center of the
cylinder head, as shown in Figure 16. Four heat-flux
probes (HT1-4) were situated on the engine head at
18.7, 27.5, 37.3, and 46.3 mm from the cylinder axis, and
one probe (HT5) was located on the cylinder liner, 6.3
mm from the head, to measure the heat flux, as shown in
Figure 16. The measured wall heat flux data were used
to validate the G-equation combustion model. Figure 17
and Figure 18 show the measured and predicted heat
fluxes, respectively. In general, the agreement between
the predicted and measured data is satisfactory in terms
of its phasing. For every probe, the flame arrival time at
which the predicted heat flux increases sharply is almost
the same as the corresponding time of the measured
data. This indicates that the flame propagation speed is

well predicted by the present G-equation combustion

model.

H]'1 HT2 HT3 HT4
Head a8 O A g

Plu HT5

(o]

Piston

Figure 19 Locations of the spark plug and heat flux
probes in the pancake engine [44]
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Figure 20 Heat flux measured by probe HT1, HT2, HT3,
HT4, and HT5 [44]
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Figure 21 Predicted heat flux for probe HT1, HT2, HT3,
HT4, and HT5 [44]
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Results from the transport equation residual model

To test the transport equation residual model,
computations were performed by Yang et al. [28] for a
Gasoline Turbocharged Direct Injection (GTDI) engine
operated at two conditions. One operating condition is a
high-load, uniform-mixture case (2000 rev/min, boosted
charge), and the other one is low-load, uniform-mixture
case (1500 rev/min). The specifications of the engine
and the modeled operating conditions are listed in Table
4,

Table 4 Specifications and operating conditions of the
GTDI engine [28]

Operating Conditions High load [Low load
Bore / Stroke (mm) 92.5/86.7

Connecting Rod Length  [152.4 mm

Compression Ratio 9.7 10.09
Engine Speed (rev/min) [2000 1500
Spark Timing (° ATDC) [ -37
Overall Residual (%) 1.8 25

MAP (kPa) 165.3 55.2
End-of-Injection (° ATDC) 2014 -286.4

Figure 22  Computational mesh of the Gasoline
Turbocharged Direct Injection engine at -50° CA ATDC

The computational mesh contains around 190,000 cells,
including the intake and exhaust manifolds and the
cylinder, as can be seen in Figure 22. Figure 23 shows
the overall residual mass fraction of the cylinder and the
average residual of the flame front cells for the high-load,
uniform-mixture case (note that the flame front is not
defined before the time of ignition). Figure 24 shows the
overall residual mass fraction of the cylinder and the
average residual of the flame front cells for the low-load,
uniform-mixture case. From Figure 23 and Figure 24 it is
seen that the overall residual nearly doesn’t change, but
the residual in the flame front cells has some variations
around the overall residual value. The changing residual
value in the flame front cells affects the laminar flame
speed locally.

Figures 25 (a,b) show a comparison between the
species “Ar’ mass fraction distributions and the total local
inert species distribution for the high-load, uniform-
mixture case. In Figure 25, the crank angle at the end of

the compression stroke is defined as 720 degrees, and
the red surface is the flame front G=0 iso-surface. From
Figure 25 it is seen that the residual at the flame front
cells from the transport equation residual model is
around 1.7%, which is close to the overall residual of the
engine at the high load operating condition, and thus the
residual from the transport equation is considered as the
local, instantaneous and accurate residual value, while
the total local inert species value behind the flame front
is about 20%, which does not correctly represent the real
residual value.

0.020
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of the cylinder
0.0194 - - - Average residual
_5 of the flame front cells
e S
L - S o R
# 0.017 1 T---
©
S ]
T 0.016
R .
a Ignition
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Figure 23 Residual mass fraction of overall cylinder and
flame front cells for the high load case
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Figure 24 Residual mass fraction of overall cylinder and
flame front cells for the low load case

Figures 26 (a,b) show the corresponding comparison for
the low-load, uniform-mixture case. From Figure 26 it is
seen that the residual at the flame front cells from the
transport equation residual model is around 25%, which
is close to the overall residual. The total local inert
species value at the flame front is above 30%, which
does not correctly represent the real residual value.
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CA =730.0 deg.

(a) Species “Ar” mass fraction distribution

CA =730.0 deg.

(b) Total local inert species distribution
Figure 25 Comparison between species “Ar’ mass

fraction distribution and the total local inert species
distribution for the high load case
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0.28
0.26
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Figure 26 Comparison between species “Ar’ mass
fraction distribution and the total local inert species
distribution for the low load case

INTEGRATED CODE USED FOR SIMULATING A GDI
ENGINE

The present integrated continuous multi-component
(CMC) fuel model with improved G-equation combustion
and detailed chemical kinetics model was used for
simulating a GDI engine. The specifications of the engine
are shown in Table 5.

Table 5 Engine specifications

Parameters Value
Bore (cm) 8.9
Stroke (cm) 7.95
Squish (cm) 0.115
Connecting Rod Length (cm) | 13.81
Speed (rev/min) 1500.0
IVO 10° BTDC
IVC 60° ABDC
EVO 12° BBDC
EVC 58° ATDC
Spark Ignition Timing 32° BTDC
Injection Timing 78.15° BTDC
Injection Duration (° CA) 6.15
Injection Amount (mg) 6.9

This engine is a single-cylinder engine operating in the
direct-injection mode. In the simulations, the stratified-
charge, lean-burn operating conditions modeled include
a spark timing sweep, an EOI sweep and a MAP sweep.
The global A/F ratio in the studied cases varies from 30
to 60. The internal residual levels vary from 6% to 12%
according to the intake flow simulations. Simulated in-
cylinder pressures and heat release rates were
compared to measured data from dynamometer engine
tests [27,28]. The same set of combustion model
constants (cm1=2.0, cm2=0.88) were applied to all
cases. The results are shown in Figures 27, 28, and 29.
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Figure 29 MAP sweep

Modeling results of the spark timing sweep cases are
shown in Figure 27 and very good agreement was
obtained between simulated and measured pressures
and heat release rates (MAP =75kPa, EOI=-72°
ATDC). Comparisons of simulated and measured
pressures and heat release rates for the EOI sweep
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cases are shown in Figure 28 (MAP =75 kPa, spark
timing = -32° ATDC). Reasonably good agreement was
obtained between the simulation results and the
experimental data. Both the experiment and the
simulation demonstrate that the engine performance
does not change significantly with slight tuning of fuel
injection timing in the cases studied. Modeling results of
the MAP sweep cases are shown in Figure 29 (spark
timing =-32° ATDC, EOI=-68° ATDC). Although
relatively larger discrepancies between computed and
measured pressures and heat release rates for the
MAP =90 and 100 kPa cases are observed, good
agreements are obtained between simulated and
measured pressure and heat release rate for the other
manifold absolute pressures.

CONCLUSION

In this study a continuous multi-component fuel
evaporation model has been integrated with an improved
G-equation combustion and detailed chemical kinetics
model. The integrated code has been successfully used
to simulate a gasoline direct-injection engine. To
consider the change of local fuel vapor mixture
composition, a “PRF adaptive” method is proposed that
formulates a relationship between the fuel vapor mixture
PRF number (or Octane number) and the fuel vapor
mixture composition based on the mean molecular
weight and variance of the fuel vapor mixture
composition in each cell. The laminar flame speed was
updated to account for multi-component fuel effects. The
updated laminar flame speed is a function of pressure,
temperature, equivalence ratio, residual, and fuel vapor
mixture PRF number. To model the chemistry process in
the unburned region in front of the flame and in burned
regions behind the flame, a recently developed PRF
mechanism is used to describe the combustion process
of the multi-component fuel mixture. Based on the
results, the following conclusions can be drawn:

1. Multi-component fuels such as gasoline obviously
have different vaporization characteristics from single
component fuels such as iso-octane in that the vapor fuel
distributions of their sprays are quite different. Therefore
a multi-component fuel model is necessary for more
accurate predictions of the fuel distribution in the engine
cylinder. The present continuous multi-component
(CMC) fuel model captures important multi-component
fuel characteristics, and saves computing time compared
with discrete multi-component (DMC) fuel models since
only two additional transport equations are needed.

2. The improved G-equation combustion and detailed
chemical kinetics model, which includes a transport
equation residual model, a Damkohler number criterion
model, and a new PRF mechanism, has higher accuracy
for predicting the flame propagation, calculating the
residual effect on the laminar flame speed, determining
the relevant combustion regime in the flame-containing
cells, and predicting the ignition delay in unburned
regions of gasoline engines.

3. The proposed “PRF adaptive” method presented in
this paper allows integration of the continuous multi-
component (CMC) fuel model and the G-equation
combustion model. Inclusion of multi-component fuel
effects on the laminar flame speed is also necessary and
was implemented for accurate combustion modeling.
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GDI:  gasoline direct injection
PRF: primary reference fuel
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