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1. Introduction

Diesel combustion modeling is a very challenging task due to the complex interplay
of turbulence and chemistry which determines auto-ignition, flame structure, fuel
oxidation, local quenching and pollutant formation. Despite the fact that each of
these aspects has been matter of investigation for decades, a deeper understanding
of many fundamental phenomena is still needed together with the achievement of
time efficient CFD tools which can support the design of the next generation Diesel
and HCCI engines. Recently, to reach such objectives, the Engine Combustion
Network (ECN, http:\\www.ca.sandia.gov/ecn) was established, so that it could
provide an open forum for international collaborations among experimental and
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computational researchers in engine combustion. The current state of the art of this
project includes a series of constant-volume diesel combustion experiments under
non-reacting and reacting conditions, conducted in parallel in several institutions to
guarantee the reproducibility of the observed phenomena [1]. On the modeling point
of view, different challenges can arise and be matter of investigation. In particular,
one of the topics which has seen a renewed interest in the ECN workshops is the
capability of correctly describe the ignition process as function of different ambient
conditions together with a correct prediction of the lift-off heights [2–6]. There is in
fact a general agreement in considering this issue the first requirement to correctly
describe the flame structure and the occurring pollutant formation (i.e soot and
NOx) [7]. Discussion is still open and the sharing of well-documented experiments
within the ECN network is a great opportunity to perform an extensive comparison
among different models.
As recently reviewed in [2], different approaches were successfully applied to de-

scribe Diesel spray combustion and the definition of the most suitable model might
depend on the occurring combustion mode: homogeneous reactor, diffusion flame or
propagating diffusive front regime [8]. Realistic results can be achieved only if both
complex fuel chemistry and its interaction with turbulence are properly taken into
account. Most of the models that are used for combustion simulations with detailed
chemistry are based on flame structure assumptions (equivalent stretched diffusion
flame, partially-stirred reactor, homogeneous reactor, . . . ) and compute the chem-
ical composition or the reaction rate in each computational cell accordingly [9, 10].
Among the available approaches which account for finite rate chemistry, both Rep-
resentative Interactive Flamelets (RIF) and zero-dimensional Conditional Moment
Closure (CMC) operate a coordinate transformation that makes possible to solve
the diffusion-reaction problem in the mixture fraction space, assumed to be the pre-
dominant variable in non-premixed combustion problems [11, 12]. Effects of local
flow are incorporated in the scalar dissipation rate variable and chemical composi-
tion is estimated on the basis of a presumed statistical distribution of each chemical
species which depends on the mixture fraction and its variance. Within this class
of flamelet based approaches, a very popular choice is the use of tabulation of the
reaction rates, as for example done in the Unsteady Flamelet Progress Variable
(UFPV) model [2] or in the Flamelet Generated Manifold (FGM) method [13, 14],
which introduce a reaction progress variable to characterize mixing and progress
of combustion.
Alternative interpretations of the flame ignition and flame stabilization mecha-

nism neglect any sub-grid interaction between turbulence and chemistry, assuming
each cell to be homogeneous [15]. This approach is particularly suited to describe
HCCI and PCCI combustion [16, 17], but in literature there are different exam-
ples of applications to Diesel combustion [4, 18] or stratified combustion in spark-
ignition, direct-injection engines [20], which show rather good prediction of flame
stabilization, auto-ignition time, heat release rate profiles and pollutant emissions
trends as long as a fine grid is used.
Over the last years the authors have contributed to the development and applica-

tion of libraries and solvers for the modelling of i.c. engines based on the multipur-
pose CFD code OpenFOAM [21], which is fully open-source and written in a highly
efficient object-oriented programming. These features allow an easy implementation
and testing of different approaches. In the present work, two different combustion
models, based on different interpretations of the flame stabilization mechanism,
were implemented and tested to reproduce a very popular public domain set of
experiments, as the so-called Spray A of the Engine Combustion Network [22]. In
the first model, a perfectly strirred reactor(PSR) approach is followed, in which



each cell is assumed to be a homogeneous reactor and the chemical species reaction
rates are computed accordingly. To reduce the computational time due to the use
of complex chemistry, a multi-zone approach, called CCM (Chemistry Coordinate
Mapping) [23, 24], was developed by the authors and combined with tabulation
of dynamic adaptive chemistry (TDAC) [17]. The second model, which was re-
cently implemented by the authors in the same CFD platform, is the so-called
mRIF (multiple Representative Interactive Flamelets). It approximates the flame
structure as a set of multiple unsteady laminar diffusion flames (flamelets), whose
evolution is computed in the mixture fraction space [11] where species and energy
equations are solved. It is remarked that the in the flamemet domain chemistry is
integrated by the same ODE solver and TDAC algorithm which are used in the
PSR approach. Effects of mixing are incorporated in the scalar dissipation rate,
which is computed as a conditional average of its distribution in the CFD domain.
Use of multiple flamelets ensures a better prediction of both flame structure and
auto-ignition, since spatial variations of the scalar dissipation rate are properly
taken into account [26, 27].
The paper is organized as follows. First the two combustion models are presented

together with a short description of the used Lagrangian-Euler spray model. Next
the studied experiment is described and a baseline non-reacting case is examined,
to show the achieved accuracy in terms of liquid and vapor penetration, as well as
mixture fraction distribution. Finally different reacting conditions, all taken from
the ECN experiments, are simulated with both approaches. The assessment of the
two approaches is presented comparing the computed results with the measured
data of ignition delay, lift-off, pressure rise and flame location. A discussion of the
main differences of the predicted flame structure, described by the species and
temperature distribution, by the two approaches concludes this investigation.

2. Numerical methodology

The CFD tool used in the present work is OpenFOAM, together with the Lib-ICE
set of solvers and libraries developed by the authors to simulate I.C. engines. The
gas phase is described using the URANS formulation and mass, momentum and
energy equations are solved for a compressible, multi-component flow using the
second-order, unstructured finite-volume method supporting polyhedral cells. The
standard k − ǫ model was used for turbulence. Pressure and velocity equations
are coupled by the PIMPLE algorithm, which is a combination of the well-known
PISO and SIMPLE techniques [28] and ensures both stability and accuracy. The
discrete droplet method (DDM) is used to compute the evolution of the liquid fuel
spray, which is assumed to be composed by a set of computational parcels, each
one of them representative of identical droplets. Parcels are tracked into the CFD
domain in a Lagrangian fashion, exchanging mass, momentum and energy with the
gas phase. First-order temporal discretization and implicit second-order schemes
were used. Transport properties of each species are evaluated using NASA’s poly-
nomial coefficients. Specific sub-models are employed to describe fuel atomization,
breakup, heat transfer, evaporation, collision and wall impingement. As previously
explained, two different combustion models based on the use of complex chemistry,
were used and compared: a well-mixed and an unsteady flamelet approach. In the
next sections first a brief overview of the spray-sub models is given and then the
two different combustion models which are compared in this work are extensively
presented.



2.1 Liquid spray sub-models

Atomization of the liquid fuel jet is predicted by the Huh-Gosman model [29].
Primary parcels (blobs) are injected into the computational mesh with size equal
to the nozzle diameter and their velocity is function of the injected mass flow rate
profile. Both Kelvin-Helmholtz and turbulence induced breakup on the jet surface
are taken into account by the model, describing the diameter reduction of the
primary droplets inside each parcel as follows:

dD

dt
= −C5 ·

La

τa
(1)

where C5 is the main model constant, La and τa are the characteristic atomization
length and time scale. Their values are related to the geometry of the injection
system, turbulence decay within the jet and Kelvin-Helmholtz instabilities. At the
nozzle exit, the spray angle α is predicted according to the expression:

tan
(α
2

)
=
La/τa
U

(2)

where U is the droplet velocity at the nozzle exit. Secondary droplets are created
from primary blobs when the when the amount of mass stripped from each parcels,
computed to from Eq. 1, is higher than a specific threshold value. Their diameter is
computed from a Rosin Rammler distribution, whose maximum value is the nozzle
diameter, while the minimum value is computed as follows:

dmin = 2 · π
(ρliq + ρgas) · σ

ρliq · ρgas · U2
(3)

where σ is the liquid surface tension. The secondary stripped droplets experience
only the Kelvin-Helmholtz (Wave) breakup [30]. In such case, their diameter re-
duction is:

dD

dt
= −

D −Dnew

τbu
(4)

where Dnew is the diameter of the new child drops, and τbu is the breakup time:

Dnew = B0 · Λ (5)

τbu = 1.894 ·B1 ·
Dnew

Ω · Λ
(6)

Ω and Λ represent the most unstable growth rate and wave number [30] respec-
tively. The parameter B0 is set to 0.61 while B1 should be adjusted to match
experimental data of spray penetration. Theoretically, the same approach used for
primary atomization should be applied also to secondary breakup. Hence, new child
particles should be created because of diameter reduction of secondary droplets.
However, to keep an acceptable CPU time, this aspect was neglected since it sig-
nificantly increase (by an order of magnitude) the total amount of parcels in the
CFD domain. Heat transfer between the liquid phase and surrounding gas was
modeled by using the Ranz-Marshall correlation, while droplet evaporation rate
was computed from droplet size, Spalding and Nusselt numbers [31]. Collision and



coalescence were not taken into account since they have a minimum influence when
evaporating sprays have to be simulated [32, 33].

2.2 Combustion model: well-mixed approach

This approach treats each computational cell as a closed homogeneous reactor and
computes the chemical species reaction rates accordingly. To this end, an ODE stiff
solver takes the thermodynamic conditions (T, p, Yi) in each cell and integrates the
chemical problem within the time-step, solving the species and energy equations.
Then species mass fractions are updated as:

Yi
∗ (t+∆t) = Yi (t) +

∫ t+∆t

t
ω̇i
Wi

ρ
dt′ (7)

where ρ is the density, ω̇i is the reaction rate and Wi is the molecular weight of
the species i. Solution of Eq. 7 is carried out by means of a multi-step, Semi-Implicit
Bulirsch-Stoer method, SIBS [34].
Finally, the reaction rate Ẏi is estimated as:

Ẏi =
Yi

∗ (t+∆t)− Yi (t)

∆t
(8)

and it is included in the chemical species transport equations as an additional
source term. The main advantage of the well-mixed model is represented by its
flexibility with respect to both chemical mechanism and composition of the fuel.
Despite it does not account for any sub-grid turbulence-chemistry interaction, such
model was successfully applied over the years in a wide range of operating condi-
tions and combustion modes: conventional Diesel and SI, HCCI, PCCI [9, 17, 20].
For what concerns applications to Diesel spray combustion conditions, the model
capabilities to predict both flame stabilization and structure were extensively dis-
cussed and demonstrated in [3, 4, 15].

2.2.1 Multi-zone Chemistry Coordinate Mapping (CCM)

To integrate the stiff ODEs of elementary reactions and estimate the source term
in the species transport and energy equations a recently developed high efficient
CCM approach is used. A brief description of the CCM approach is given below.
Further information is available in ref. [23–25]. First, a phase space consisting of
three principal variables T̃ , JH and α = log10(∇JH · ∇JH + 1) is constructed. JH
is elemental mass fraction of hydrogen atom defined as:

JH =
N∑

k=1

WH

Wk
βH,kỸk, (9)

where WH and Wk are the atomic and molecular weights of the hydrogen and the
k−th species, respectively. βH,k is the number of H-atom in the k−th species. Note
that variables α and ∇JH · ∇JH are uniquely related each other. In ref. [25], it
has been shown that fuel mass fraction may also be added to the phase space to
account for low-temperature chemistry specially at high level of EGR. In this way
computational cells are mapped into a three dimensional (T , ∇JH , α) space.
Let the phase space be discretized by NT number of temperature zones, NJ

number of JH zones, and Nα number of α zones. The (i, j, k) cell in the physical



domain is mapped to the (l,m, q) zone in the (T̃ , JH , α) space. In discretized form
the mapping is between the index (i, j, k) of the cells in the physical domain to the
index (l,m, q) of the zones in the phase space. For each cell in the physical domain,
cell indices, i.e., the value of iT (i, j, k), iJ(i, j, k), and iα(i, j, k) in the phase space
are stored on line at each time-step during the simulation, and they will be used
later for the procedure of mapping back results from the phase space to physical
space. The mean values of the variables in the phase space zones are determined and
used as the initial condition for integrating the reaction rates. The mean reaction
rate is then computed for each zone and mapped back to the cells in the physical
space using the stored mapping index. Differently from many of the available multi-
zone approaches [35, 36], using only a two-dimensional tabulation that accounts
for mixture fraction and temperature, in the CCM approach local flow and mixing
conditions are also taken into account through the ∇JH ·∇JH term. This makes the
proposed tabulation method more oriented to the combustion mode that is going
to be simulated. Furthermore, the chosen set of tabulation variables (T , ∇JH , α)
is generaly enough to make the CCM approach suitable for simulation of multiple
combustion modes such as premixed, non-premixed and also multi-fuel.

2.3 Combustion model: multiple Representative Interactive Flamelets
(mRIF)

This model is based on the laminar flamelet concept, assuming that the smallest
turbulent time and length scales are much larger than the chemical ones and there
exists a locally undisturbed sheet where reactions occur [37]. This sheet can be
treated as an ensemble of stretched counter-flow diffusion flames, called flamelets.
The advantage of such treatment is that the temporal evolution of all reacting
scalars only depends on the mixture fraction variable, Z, which is related to the local
fuel-to-air ratio for non-premixed combustion. Hence, local chemical composition
can be estimated from the Z field in the CFD domain, assuming that its sub-grid
distribution can be represented by a β-pdf. To this end, transport equations for
both Z and its variance need to be solved, accounting for spray evaporation effects
[38]. In this work, the approach proposed by Hasse was followed [39] :

D
(
ρZ̃
)

Dt
+∇ ·

(
µt
ScZ

∇Z̃

)
= Ṡ (10)

D
(
ρZ̃ ′′2

)

Dt
+∇ ·

µt
Sc˜Z′′2

∇Z̃ ′′2

)
= 2

µt
Sc˜Z′′2

|∇Z|2 +

αBY

{
2
[
ξZ̃ξ−1 − (ξ + 1) Z̃ξ

]}
− ρχ (11)

where Ṡ is the liquid mass evaporation rate per unit volume. Generation of mixture
fraction variance is due to strain rate and liquid evaporation. In Eq. 11, the ξ
parameter was set to 2 as suggested in [38], while αBY is computed from the
following relation which was derived from DNS modeling of spray evaporation in
homogeneous turbulence:

Ṡ = ρ

∫ 1

Z=0
αBY z

ξP (z)dz (12)



The sink term appearing in Eq. 11 is the average scalar dissipation rate, which is
function of the turbulent time scale and mixture fraction variance:

χ = Cχ
k

ε
Z̃ ′′2 (13)

where the constant Cχ was set to 2 in this work.
In order to properly account for local flow and turbulence effects on the flame

structure and predict flame stabilization, a multiple number of flamelets was used.
Each one is representative of a certain portion of the injected fuel mass, and chemi-
cal composition in each cell is computed from mixture fraction and flamelet marker
distribution as follows:

Ỹi (~x) =

Nf∑

j=1

Mj

∫ 1

0
Yj,i (Z)P

(
Z, Z̃ ′′2

)
dZ (14)

For each flamelet marker Mj , the following transport equation is solved:

D
(
ρM̃j

)

Dt
+∇ ·

(
µt
ScZ

∇M̃j

)
= ṠMj

(15)

where the source term ṠMj
corresponds to Ṡ only for a specified interval of the

injection duration, while it is zero elsewhere. In this work, flamelets are sequentially
generated and time-intervals were computed by the code in such a way that each
flamelet marker contains the same amount of fuel mass. Flamelet markers must
also satisfy the following relation:

Z =

Nf∑

j=1

Mj (16)

The local flame structure is defined by the flamelet equations that are solved
assuming unity Lewis number [40] in the mixture fraction space:

ρ
∂Yi
∂t

= ρ
χz

2

∂2Yi
∂Z2

+ ω̇i (17)

ρ
∂hs
∂t

= ρ
χz

2

∂2hs
∂Z2

+ q̇s +
dp

dt
(18)

where Yi is the mass fraction of the species i, ρ is the density, Z the mixture
fraction, ω̇i is the chemical source term of species i, hs the sensible enthalpy, q̇s the
heat released by the chemical reactions and dp

dt is the average pressure derivative
versus time computed in the CFD domain. Eqns. 17 - 18 are solved on a 1-D mesh
with the finite volume method. Chemical source terms ω̇i were computed at the
beginning of each time step, following the same procedure illustrated in Eqns. 7-8.
Effects of mixing related to turbulence and flow-field are grouped into the scalar
dissipation rate term χz expressed as:

χz = χ̂st,j
f (Z)

f (Zst)
(19)



f (Z) has an erfc-profile [41], while scalar dissipation rate at stoichiometric mixture
fraction conditions χ̂st,j for each flamelet is computed as an average of the local
values in each computational cell and accounting for flamelet marker distribution
Mj :

χ̂st,j =

∫
V Mjχ

3/2
st,lρP (Zst) dV

′

∫
V Mjχ

1/2
st,lρP (Zst) dV ′

(20)

where P is the β-pdf of the mixture fraction, whose parameters depend on mix-
ture fraction and its variance [39]. In each cell χst,l is computed following the
Hellstrom formulation [42]:

χst,l =
χ

∫ 1
0

f(Z)
f(Zst)

P̃ (Z) dZ
(21)

In the mixture fraction space, Eqns. 17 - 18 are initialized with the pure mixing
solution. Hence, initial chemical species profiles are computed as:

Yi (Z) = (1− Z) · Yi,air + Z · Yi,fuel (22)

where Yi,air and Yi,fuel represent the species mass fraction on the air and fuel
sides, respectively. They are the boundary conditions of Eq. 17 and they are kept
fixed for the entire simulation. On the air side only the following chemical species
were considered: CO2, N2, O2, H2O, and initialized according to the simulated
conditions. On the fuel side, Yi,fuel = 0 for all the species except fuel.
The same procedure was used to initialize the temperature. On the air side, it

is computed as the average of the computational domain temperature. For each
flamelet enthalpy distribution is then initialized as follows:

hs (Z) = (1− Z) · hs (Tair) + Z · hs (Tfuel) (23)

and temperature in the Z-space is estimated from local enthalpy and chemical
composition. While temperature on the fuel side is kept fixed during the simulation,
temperature on the air side varies according to the dp

dt term. When a new flamelet is
created, the computed species and enthalpy profiles are inherited from the previous
one, following the approach proposed by [26].
Fig. 1 summarizes the operation of the mRIF combustion model, illustrating the

mutual interactions between the CFD and flamelets domains. At each time-step,
average stoichiometric scalar dissipation rate values are passed to each flamelet,
that solves Eqn. 17-18 for each flamelet accordingly and computes the chemical
composition in the mixture fraction domain Ỹi,j . The chemical composition in the
CFD domain is computed from the mixture fraction, its variance and the flamelet
marker distributions, according to Eq. 14. PDF integration is performed on-line,
at each time-step and for each flamelet. Since the flamelet equations are solved on
a 1D mesh with the finite volume method representing the mixture fraction space,
integrals are discretized as follows:

φ̃ (Z, ~x) =

Ncells∑

i=1

φ̃ (Zi)PZ (Zi)∆Zi (24)



where Ncells is the number of cells used to discretize the mixture fraction space,
and ∆Zi the cell mesh size. Computational overheads induced by PDF integration
are strictly related to the number of flamelets used and CFD mesh size. In general,
approximately 20-70% of the CPU time is spent in PDF integration. Temperature
is updated from new chemical composition and total enthalpy, whose variation is
only due to flow and spray evaporation. For what concerns the simulation setup, the
chosen number of flamelet is very important since it mainly determines the flame
structure. For each injection event, a total number of 10-30 flamelets seems to be
sufficient to properly predict auto-ignition and lift-off. For further information, the
reader is referred to [26].

Figure 1. Operation of mRIF model: interaction between flamelets and CFD domain

2.4 Tabulation of dynamic adaptive chemistry

When detailed chemistry is incorporated in combustion models, it is necessary to
consider that chemical time-scales are much smaller (2-4 orders of magnitude) than
the CFD time-step that is generally used (10−7− 10−5). For this reason, ODE stiff
solvers need to be employed to properly compute the chemical species reaction rates
that are used in the chemical species transport equations, as shown in Eqns. 7,8,17.
However, operation of ODE solvers significantly increase the computational time
since it involves sub-cycling and computations of large jacobians. Hence, the sizes
of mechanisms employed in practical simulations are generally limited to 50 species
and 100 reactions [43–45] with a consequent lack in terms of accuracy mainly when
advanced combustion modes, high EGR conditions and soot formation processes
need to be predicted. To make the use of more detailed mechanisms possible (up
to 150 species for Diesel combustion) in a reasonable amount of time, the TDAC
algorithm [17–19] was employed in this work that combines the ISAT and DAC
techniques [46–48].
The ISAT algorithm intends to reuse computationally demanding results, e.g.

the integration of large and stiff ODE systems, by storing those results and all the
necessary data to retrieve them. During computation, given a query point, ψq, it
computes a linear approximation of the mapping:

R(ψq) ≈ Rl(ψq) = R(ψ0) + δRl , (25)



where δRl = A(ψ0)(ψq − ψ0) and A is the mapping gradient matrix defined by

Aij(ψ
0) =

∂Ri(ψ
0)

∂ψj
. (26)

The linear approximation defined by Eq. 25 is valid in the region of accuracy
(ROA) where the following condition is respected:

|R(ψq)−Rl(ψq)| = |δR− δRl| ≤ εISAT , (27)

where εISAT is a user-defined tolerance and δR = R(ψq)−R(ψ0). In practice, this
region is not computed since it would require to compute all the possible mapping
R(ψq). Therefore, a conservative hyper-ellipsoid of accuracy is used instead in the
composition space to approximate this region of accuracy.
During the calculation, the table is built up according to the received queries. It

consists of a binary tree with leafs and nodes. The leafs store ψ, R(ψ), A(ψ) and
the ROA description. The nodes contain the rules that allow to scan the binary
tree to retrieve the appropriate point [46]. The maximum size of the binary tree
should be mainly determined taking into account two different aspects: computer
memory size and efficiency of the binary tree search algorithm. A maximum size
of 103 - 104 points is suggested resulting from experience of past works [17, 18].
When the maximum number of points is reached, the binary tree is fully cleaned
and filled again.
The DAC method computes reduced mechanisms that are valid for the local

thermochemical conditions. In this work, DAC has been extended to full CFD
meshes with wall heat transfer. The reduction algorithm is executed before every
call to the stiff solver to identify the relevant species and reactions according to
the thermodynamic conditions in each cell [47, 48].
The coupling of ISAT and DAC performed in this work is schematically illus-

trated in Figure 2. When ISAT receives a query ψq that needs to integrate the ODE
set, it provides ψq to the DAC algorithm which then finds the reduced mechanism
for the local thermochemical conditions and provides the reduced set of active
species ψq

a to the ODE solver. This solver computes the reaction mapping for the
reduced set R(ψq

a) that is used by ISAT to build the reaction mapping R(ψq) in
the full composition space. This is performed by using the A matrix in the reduced
system and by adding the initial concentration of the disabled species.
Using simplification methods at distinct levels combines their effects and allows a

significant reduction of the computational cost. The use of TDAC ensures speed-up
factors ranging from 10 to 1500 depending on the mechanism size and simulated
combustion mode [17, 18]. The TDAC tecnique was used for both the well-mixed
and unsteady flamelet approach.

3. Results and discussion

Experiments conducted within the Engine Combustion Network [1], http://www.
ca.sandia.gov/ecn, in a constant-volume chamber were used to assess the po-
tentialities and limits of the two combustion models to describe a turbulent spray
flame. In the present study both non-reacting and reacting conditions in which
dodecane (C12H26) was employed as fuel were considered.



Figure 2. TDAC: combination of ISAT and DAC

3.1 Non reacting condtions

In a previuos investingation [33] the authors extensively discussed the capabilities
of the proposed Eulerian-Langrangian approach to correctly describe the liquid and
vapor spray distribution under non-reacting conditions considering the entire 3D
domain. The well known dependencies of the results on the choice of the numerical
scheme, time step, mesh size and spray sub-model constants were assessed, leading
to the definition of a best practice methodology. Since in the present work atten-
tion is mainly focused on the simulations under reacting conditions, conclusions
and guidelines from previous works were taken and applied to a 2D axisymmetric
geometry in order to reduce the computation effort. A summary of the employed
numerical set-up (e.g., mesh size and distribution, computational time step, nu-
merical schemes, spray-submodel costants) is given in Table 1.

Table 1. Main data of model choice and set-

up

Mesh type 2D
Minimum mesh size 0.1 mm

time step 0.25 ms
Atomization model Huh-Gosman

C5 XX
Breakup model KH (wave)

B1 XX
Turbulence model k − ε

Spatial discretizatoin 2nd order
Temporal discretizatoin 1st order

Two conditions were selected among the available database of non-reacting con-
ditions on the basis of the similarity with the reacting conditions which will be
matter of investigation. They respectively correspond to an ambient gas density of
22.8 kg/m3 and 15.2 kg/m3 and an ambient temperature of 900 K and 1100 K.
Figures 3(a)-(b) compare the measured and computed liquid and vapor penetra-
tions, evidencing a good agreement between the two set of data.
This comparison does not give any quantitative assessment of the fuel-air distri-

bution, which is of course the fundamental prerequisite for any combustion sim-
ulation. However for these two conditions Rayleigh scattering measurements were
performed for fully developed spray. Figures 4(a)-(b) compare the radial distribu-

tions of mixture fraction Z and its variance Z̃ ′′2 at two axial positions (25 mm and
45 mm from the injector nozzle) at 1.5 ms ASI, while Figure 5 compares the axial
mixture fraction distribution at the same time.
It is evident that the simulations are able to capture not only qualitatively but

also quantitatively the fuel-air distribution under steady conditions (1.5 ms ASI).
Unfortunately a similar validation under transient conditions was not possible be-
cause of the lack of such measured data. However the achievement of a such accu-



racy under steady conditions for the mixture fraction distributions together with
the good description of the transient vapor penetration, as shown in Figures 3(b),
constitute already an adequate validation to be able to proceed to the simulation
of the reacting conditions. For what concerns prediction of mixture fraction vari-

ance, maximum Z̃ ′′2 values are located approximately 2 mm radial distance from
the injector axis. Computed results are in fair agreement at 25 mm axial distance

(Fig. 4(a)), while at 45 mm axial distance (Fig. 4(b)) location of maximum Z̃ ′′2 is
much closer to the injector axis compared to the experimental profile, despite the
maximum value is correctly predicted. Possible reasons for this discrepancy might
be related to the mesh size and and turbulence model used in this work.
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Figure 3. Measured and computed liquid (a) and vapor (b) penetrations for two different ambient initial
conditions.
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Figure 4. Comparison between experimental and computed radial mixture fraction distribution (left panel)
and its variance (right panel) at 25 mm (a) and at 45 mm (b) from the injector.

3.2 Reacting conditions

Validation and comparison of the combustion models for the reacting conditions
were performed following the guidelines defined within the Engine Combustion
Network. The chosen skeletal detailed reaction mechanism for n-dodecane-air con-
sists of 106 species and 420 reactions [49]. Its size can be considered acceptable
for a CFD computation of diesel spray combustion not only in the present inves-
tigation but eventually for the description of the combustion process in a Diesel
engine geometry too. Before proceeding with its application to the ECN test cases
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together with the afore described combustion models, the feasibility of this skele-
tal reaction mechanism was validated by comparing the autoignition delay times
for premixed n-dodecane/air mixtures with shock tube experimental data [50]. Of
course this investigation had already been carried our by the authors of the skele-
tal mechanism, but here it was repeated using OpenFOAM and its ODE solver
to verify the consistency of the numerical results in the CFD platform used in the
present study. In the simulations, homogeneous, adiabatic conditions with constant
internal energy constraint (constant u) were imposed, while experimental ignition
delay times were measured behind reflected shock waves using a high-purity, high-
pressure shock tube (HPST) [50]. Figure 6 shows this comparison for ignition delay
times for n-dodecane/air for φ = 1 and φ = 0.5. Results are consistent with the
ones obtained by Som et al. [49] and similar to the ones obtained with other and
more detailed mechanisms [51]. However, an overestimation of the ignition delay
times at high temperature until 950 K and an underestimation from 900 K to 800
K can be observed.

Figure 6. Comparison between measured ignition delay times in n-dodecane/air shock tube experiments
[50] and computed values in OpenFOAM useing the Som at al. [49] reduced kinetic mechanism.

Hence, the reacting cases which were defined as target conditions within the
Engine Combustion Network were considered. Here one operating condition was
chosen as baseline, which was intended to represent a low-temperature combustion
regime for modern engines. Specifically, it represents a low-temperature, lower-
effective-compression-ratio combustion using EGR and intake pressure boost (do-



decane as fuel, ambient gas initial conditions: temperature 900 K, pressure 60 bar,
density 22.8 kg/m3, oxygen concentration 15%). Hence parametric variations of
the operating conditions (ambient temperature, oxygen concentration, fuel pres-
sure) were defined and tested experimentally. Pressure-based ignition delays were
recorded together with flame lift-off measurements obtained by OH chemilumines-
cence [7, 52]. Numerically ignition delay was defined as the time from the start
of injection to the time where the maximum temperature rise happens, while the
lift-off length (LOL) was defined as the axial distance from the injector where the
OH mass fraction reaches 2% of its steady-state maximum value. These definitions
were both suggested from the Engine Combustion Network. The influence of ambi-
ent temperature and oxygen concentration was assessed in this study, considering
five different temperatures (800 K, 900 K, 1000 K, 1100 K, 1200 K) at constant
density (22.8 kg/m3) and oxygen concentration (15%) and three different oxygen
concentrations (13%, 15%, 21%) at constant temperature (900 K) and constant
density (22.8 kg/m3).
Figure 7(a) shows the comparison between measured and computed axial ignition

delay as function of the ambient temperature for both the well-mixed combustion
model and the multiple representative interactive flamelet (mRIF) approach. For
the latter, 1 flamelet was introduced every 0.1 ms from the start of injection. Of
course the definition of the number of flamelets is critical and may partially influ-
ence the flame development and structure. This aspect is not included as matter
of discussion in the present study, but this choice has been done after conducting
an extensive sensitivity analysis of the results on the number of flamelets. Com-
puted results are very similar in terms of prediction of the ignition delay. Both
approaches tend to overestimate the onset of high temperature reactions with re-
spect to the experiments, but the overall trend is in agreement with the measured
values. Similarly Figure 7(b) shows the corresponding comparison between mea-
sured and computed lift-off length as function of the ambient temperature. In this
case the mRIF model quantitatively exhibits better results than the well-mixed
method compared to the experimental findings, apart from the condition at higher
temperature (1200 K) where the unsteady flamelets approach significantly under-
estimates the flame lift-off. Of course there are several interacting factors behind
such results and to help a deeper understanding of the observed similarities and
differences, the transient flame structures predicted with the two models for the
baseline condition (900 K) are analyzed here in detail.
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Figure 7. Comparison between measured and computed axial ignition delay (a) and flame lift-off (b) as
function of the ambient temperature at 20 bar ambient pressure.



Figure 8. Schlieren image and computed temperature distribution at 0.4 ms with the well-mixed (upper
half) and mRIF (lower half) models.

On the experimental side, different diagnostic techniques such as high-speed
schlieren, Mie-scatter, and chemiluminescence imaging were used in the different
institutions involved in the ECN framework to characterize both the spray and
the flame. For the scopes of the present investigation, the first relevant optical
acquisition is the one just before high temperature combustion occurs. This corre-
sponds to 0.4 ms, time at which a cool flame was observed to be fully developed.
Figure 8 shows in the upper part the Schlieren acquisition, with image pairs shown
with raw schlieren and also with background correction from successive images in
order to more easily visualize the actual jet structure, as opposed to background
schlieren. Liquid border are marked in blue. The lower part of Figure 8 shows
the temperature distributions computed with the well-mixed and with the multi-
ple representative flamelet (mRIF) model. The computed distributions are rather
similar with a more extended reacting zone in the well-mixed model and, even if a
quantitative assessment is not possible, the agreement with the optical image seems
rather good in both cases. To further help the understanding of the occurring pro-
cesses, in Figure 9 the scattered temperature distribution of the well-mixed model
and the solutions for the first four flamelets in the temperature-mixture fraction
space for the mRIF model at 0.4 ms are compared.
In both models, low temperatures reactions are taking place in the rich mixture

around φ = 1.2, which then corresponds to the visible part of the flame in Figure 8.
The use of multiple flamelets allows to describe in detail the different stages of the
ignition process in the computational domain: the fourth flamelet is experiencing
a cool flame, while the other ones are almost in their main ignition. Results in
the unsteady flamelet approach depend not only on the air-fuel mixing and on the
chemistry, but also on the evolution of the scalar dissipation rate (SDR). In a Diesel
jet the SDR will initially be very high for the first injected drop and then decreases
as the mixture field homogenizes. However, as already shown in previous works
[27], the time-scale of the cool flame is rather independent of scalar dissipation
rate (as long as it is lower than the quenching value), therefore the two model
have a similar flame structure during the development of these low-temperature
reactions.
Then, ignition was experimentally detected at 0.41 ms. The Schlieren images

show that the flame stabilizes between 15-20 mm shortly after autoignition and the
lift-off length remains in this position during the rest of the injection [52]. Figure 10
qualitatively compares the measured chemiluminescence (450-nm short-pass filter,
197 µs exposure duration) at 0.7 ms and at 1.5 ms with the computed temperature
distributions. The blue line marks the flame border to locate lift-off. The threshold
was experimentally defined as 50% of the chemiluminescence leveling-off value and
numerically as the iso-surface where OH mass fraction reaches 2% of the maximum
in the domain.
This qualitative comparison evidences that at 0.7 ms the flame tip position is



Figure 9. Scattered temperature distribution of the well-mixed model and solutions for the first four
flamelets in the T-Z space at 0.4 ms.

Figure 10. Measured chemiluminescence and computed temperature distribution at 0.8 ms. Measured
luminosity and computed (2% of OHmax) flame border overlaid.

correct in both models, while the well-mixed model overestimates the lift-off height
and the multiple RIF underestimates it. The two approaches in fact, using the same
chemistry, predict a similar position of the most reactive sites and of the location
of the initial high temperature reactions. In the well-mixed model, each cell is
assumed to behave as homogeneous reactor and any sub-grid interaction between
turbulence and chemistry is neglected. Hence, after auto-ignition flame propagation
will be mainly driven by turbulent diffusion and local flow conditions.
To understand how flame propagation and stabilization are computed by the



mRIF model, both scalar dissipation rate and temperature evolution in the mixture
fraction space were analyzed. Figures 11 (a) - (b) report the computed average
stoichiometric scalar dissipation rate in the CFD domain and the temperature
profiles at stoichiometic mixture fraction Zst for three different flamelets: 1, 3 and 6.
As soon as it is created, the flamelet experiences very high scalar dissipation rates,
above the extinction limit, that are induced by high velocities and mixture fraction
gradients existing close to the nozzle. As soon as the extinction limit is overcome, a
cool flame is established approximately after 0.1 ms and then, depending on scalar
dissipation rate value and operating condition (ambient pressure and temperature)
main ignition takes place [27] afterwards. Despite initialized with the solution from
the previous flamelet, it is possible to see that temperature history at stoichoimetric
mixture fraction for flamelets 3 and 6 is very similar to the one of the first flamelet.
This means that the proposed setup in terms of number of flamelets is fine enough
to ensure an independent temperature history to each of them and to properly
account for local variations of scalar dissipation rates on flame structure. Since any
new flamelet requires a certain amount of time to auto-ignite, the MRIF model
is also able to properly reproduce flame stabilization (lift-off), whose generating
mechanism is mainly represented by auto-ignition of a diffusion flame. In case
only one flamelet was used, a proper prediction of flame stabilization was not
possible since after ignition delay temperature distribution would be only function
of the mixture fraction, with the lift-off position approximately found at the closer
distance from the injector where stoichiometric mixture fraction was found.
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Figure 11. (a) Computed evolution of stoichiometric scalar dissipation rate χst for flamelets 1, 3, 6; (b)
Computed temperature evolution at stoichiometric mixture fraction Zst for flamelets 1, 3, 6.

If we look at the computed solutions in the temperature-mixture fraction space
at 0.7 ms, i.e. Figure 12, we noticed that in both models high temperature reactions
are taking place near the stoichiometric mixture, where the first two flamelets have
reached a quasi-steady state which correspond to the scattered higher temperatures
of the well-mixed approach.
At 1.5 ms the flame has reached a steady state position for this operating con-

dition. The lower part of Figure 10 shows the qualitative comparison between the
measured chemiluminescence and the computed temperature distributions. Both
approaches well capture the position and extension of the region of higher temper-
ature and luminosity, while the multiple RIF approach is in better agreement with
the chemiluminescence imaging for the definition of the lift-off height.
Unfortunately a further quantitative assesment is not possible, but it is consid-

ered equally important to compare in detail the flame structure computed by the
two approaches at the steady state condition. Figures 13(a)-(b) show the computed
temperature and OH distributions at 1.5 ms with the well-mixed combustion and



Figure 12. Scattered temperature distribution of the well-mixed model and solutions for the first four
flamelets in the T-Z space at 0.7 ms.

multiple RIF model respectively. The comparison of the OH distributions evidences
a broader region and lower peak mean values for the mRIF model than the well-
mixed model, whose OH profile is rather thin. This difference is due the different
description of the mixing rate which is related to the strain rate as known in the
flamelet approach. These findings are similar to the ones obtained with other non-
premixed turbulent combustion models in which turbulence-chemistry interaction
is taken into account [2, 5, 53].

(a) Well-mixed (b) mRIF

Figure 13. Computed temperature and OH distributions at 1.5 ms with the well-mixed (a) and mRIF (b)
combustion models. HO2 and C2H2 region are marked with the yellow and white line respectively

In both figures the yellow lines mark the region in which HO2 exist. This radical
in fact plays an important role in the initialization of the high temperature reac-
tions. The analysis of its location in Figure 13(a) evidences once again how in the
well-mixed model flame stabilization is entirely achieved by auto-ignition, so that
there is almost no overlaid with the flame and the HO2 further border corresponds
to the lift-off height. This condition is obviously not true for the mRIF model,
where the flame is stabilized with a different mechanism. Additionally the white
line shows the region where a significant concentration of acetylene, C2H2, was nu-
merically observed. In both models, these soot precursors are formed in the centre



of the jet, where the mixture is richer. However the acetylene zone has a wider
extension in the mRIF model, while it is clearly separeted by the region where
OH is formed in the well-mixed approach. On the basis of these considerations,
the meaning of the comparison of the lift-off height as function of the ambient
temperature, previously shown in Figure 7(b), is more clear and the occurence of
differences in the prediction of the lift-off by the two models, being similar the
ignition delay time is explained.
A good prediction of the heat release rate during mixing controlled combustion is

a fundamental pre-requisite for a proper prediction of the engine efficiency and NOx

emissions. For this reason, to have a quantitative assessment of the capability of
each model to predict the burning rate, the measured pressure rises were compared
with the computed ones in Figures 14(a)-(b). For any tested condition, neglection of
turbulence-chemistry interaction is responsible for a higher burning rate predicted
by the well-mixed model compared to mRIF, whose results are in rather good
agreement with experimental data. This is particularly clear at 900, 1000 and
1200 K ambient temperatures, representing the three conditions where turbulence-
chemistry interaction play a significant role in the combustion development. Results
at 800 K are strongly affected by a significant overestimation of the ignition delay,
with main ignition predicted after the end of injection. Under this condition, very
similar heat release rates are predicted for both well-mixed and mRIF model, and
this aspect might suggest the use of well-mixed model when when CI pre-mixed
combustion modes, like PCCI, PPC, RCCI, are to be studied.

Figure 14. Comparison of measured and computed pressure rise as function of time for different initial
air temperature with 15% of O2.

Effects of ambient oxygen concentrations at 900 K ambient temperature are
finally summarized in Figs. 15(a)-(b), where experimental data of ignition delay
and flame lift-off are compared with results computed by the well-mixed and mRIF
model. A very similar trend was achieved compared to what was found for ambient
temperature dependency. Very similar ignition delay values were found for both
the models, but the way flame stabilization is predicted by both models lead to
different lift-off values, with a rather good agreement achieved when the mRIF
model is used.

4. Conclusions

Purpose of this work was to compare in detail two different multi-dimensional
models for Diesel combustion based on detailed chemistry using constant-volume
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Figure 15. Comparison between measured and computed axial ignition delay (a) and flame lift-off (b) as
function of the ambient oxygen concentration. Ambient temperature: 900 K.

experiments. The first model is based on the well-stirred reactor assumption, while
the second one employs a multiple number of flamelets to describe the diffusion
flame originating from auto-ignition of the diesel spray. Both the models were
implemented by the authors into an open-source code, together with suitable al-
gorithms for on-line tabulation of reaction rates and mechanism reduction. This
made possible to employ a mechanism with 106 species and 420 reactions. Simu-
lations were carried out at different ambient conditions, including both variations
of oxygen concentration and ambient temperature.
A detailed comparison between computed and experimental data of ignition de-

lay, flame lift-off and flame structure allowed to understand the differences between
the two analyzed approaches. For what concerns the well-mixed model, all the de-
velopment of the flame depends only on local flow conditions, turbulent viscosity,
mixture fraction distribution and chemical mechanism. Which means that, in all
cases where liquid spray penetration is significantly lower than vapor penetration
(small diameter nozzles, high injection pressures) the well mixed model is capa-
ble to properly predict ignition delay with a rather good accuracy, since ignition
is going to take place where scalar dissipation rate is very low and homogeneous
mixture assumption can be considered correct. However, the two main drawbacks
of the well-mixed model seem to be related to the prediction of the burning rate
and the flame lift-off. Neglection of turbulence-chemistry interaction makes the
flame very thin and causes an overestimation of the heat release rate. Hence, the
well-mixed model cannot be, in principle, successfully applied to simulate con-
ventional diesel combustion (even with multiple injections), since it will always
overestimate the in-cylinder pressure with negative consequences on the estimated
soot and NOx emissions. Furthermore, the well-mixed model appears to be more
sensitive to the chemical mechanism , due to the strong effects of local flow and
turbulence on ignition and stabilization. The use of a flamelet based model seems
to be more appropriate and prediction of flame lift-off is possible if a multiple
number of flamelets is employed. Results with the mRIF model are satisfactory
for the entire set of tested conditions both in terms of auto-ignition, flame-lift off
and flame structure which is thicker than the one computed with the well mixed
model and better agrees with experimental data. According to the mRIF model
flame stabilizes because of auto-ignition of a diffusion flame. The validity of such
assumption seems to be, however, rather general since at low scalar dissipation
rates (long-ignition delay) a sort of premixed auto-ignition is somehow predicted



by the model. On the other hand, when ignition delay is very short and closer to
the liquid region, effects of sub-grid mixing and high scalar dissipation rates on
auto-ignition are properly taken into account. When looking at possible ranges of
application of both well-mixed and mRIF model to engine combustion, the pro-
posed investigation confirms that the well-mixed model can be successfully applied
in all the cases where ignition delay takes place after end of injection, i.e. PCCI
or HCCI combustion. Under such modes, assumption of homogeneous reactor is
correct and the application of a model which is flexible with respect to the fuel
composition and chemical mechanism is of great importance. Simulation of conven-
tional diesel combustion, where a relevant portion of the injected fuel burns during
mixing controlled combustion phase requires instead the mRIF model due to its
capability to predict flame stabilization and heat release rate over a wide range of
ambient temperatures and oxygen concentrations. Both of them are fundamental
pre-requisite for a proper estimation of in-cylinder pressure and pollutant forma-
tion. Possible interaction beween flamelets might need however to be introduced
in cases where multiple injections are involved, and this aspect will be objective of
a future work.
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