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The flame stabilization process in turbulent non-premixed flames is not fully understood and
several models have been developed to describe the turbulence-chemistry interaction. This
work compares the performance of the multiple representative interactive flamelet (mRIF)
model, the Volume Reactor Fraction Model (VRFM), and the well stirred reactor (WS) model
in describing such flames. The predicted ignition delay and flame lift-off length of n-heptane
sprays are compared to experimental results published within the Engine Combustion Network
(ECN). All of the models predict the trend of ignition delay reasonably well. At a low gas
pressure (42 bar) the ignition delay is overpredicted compared to the experimental data, but
the difference between the models is not significant. However, the predicted lift-off lengths
differ. At high pressure (87 bar) the difference between the models is small. All models slightly
underpredict the lift-off length compared to the experimental data. At low gas pressure (42
bar) the mRIF model gives best results. The VRFM and the WS model predict excessively
short lift-off lengths, but the VRFM gives better results than the WS model. The flame
structures of the models are also compared. The WS model and the VRFM yield a well
defined flame stabilization point whereas the mRIF model does not. The flame of the mRIF
model is more diffuse and the model is not able to predict flame propagation. All models were
able to predict the experimental trends in lift-off and ignition delay, but certain differences
between them are demonstrated.
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1. Introduction

1.1 Background

Diesel combustion is a very complex process. Liquid Diesel fuel is injected directly
into the combustion chamber where the liquid core of the spray breaks up into
droplets which then evaporate. The fuel vapor mixes with the air and ignites.
The combustion is mixing controlled, meaning that the fuel and air must mix
before combustion; in cases involving fast chemistry, the rate of mixing controls
the reaction rate. A detailed description of all of these processes is therefore
required to accurately model Diesel combustion. Many combustion models are
based on scale separation. The chemical time-scale is assumed to be much faster
than the turbulent time-scale (Damkdhler number Da > 1), which determines
the reaction rate. The assumption of scale separation requires the reaction layer
to be thinner than the smallest turbulent scales, which are characterized by
the Kolmogorov length scale. In cases where this is true, the reaction layer is
not affected by turbulence. Well known approaches for modeling non-premixed
turbulent combustion include the flamelet concept [1] and the Eddy Break-Up
(EBU) model [2]. Many works have discussed these different models and their
advantages and disadvantages, but most of these studies focused on a single model
implemented in a certain CFD code. This makes it rather difficult to meaningfully
compare the merits of the different approaches. In addition, the results of CFD
simulations depend on the discretization schemes that are used and the mesh
resolution. We therefore sought to compare the performance of the different
models side-by-side using an identical computational configuration in each case,
with minimal differences between the numerical set-ups used for each model.

To this end, we compared the Volume Reactor Fraction Model (VRFM) [3], the
multiple representative interactive flamelet (mRIF) model [4], and the well-stirred
reactor (WS) model using the open-source software package OpenFOAM®). The
VRFM describes the turbulence-chemistry interaction with a partially stirred
reactor (PaSR) approach [5]. The PaSR approach is based on the Eddy Dissipation
Concept (EDC) of Magnussen [6], which is a more extensively developed version
of the Eddy Dissipation Combustion Model [7]. The EDC is a well-known method
for describing turbulence-chemistry interactions in a way that includes sub-grid
scale interactions and enables the simulation of complex chemistry mechanisms.
In both models, a reactor volume Vjeqctor is defined that is smaller than the cell
volume and controls the reaction rate. The main difference between the VRFM
and the EDC is the definition of the reactor volume. The VRFM has previously
been used to investigate the effects of the EGR level on the flame lift-off length
[3]. In both models, chemical conversion takes place in a perfectly stirred reactor,
i.e., they do not consider any (underlying laminar) flame structure. Other studies
using the EDC are published in references [8], [9], [10] and [11]. The WS model
uses a simpler approach in which the entire CFD cell is assumed to be well-mixed.
This model has been used by authors such as [12]. An alternative approach to
modeling turbulent non-premixed combustion is based on the flamelet concept.
A flamelet is a thin reactive diffusive layer embedded within a turbulent flow
field. In cases involving large Damkohler numbers, the chemical time scales are
shorter than the turbulent time scales. This makes it possible to model the
local turbulent non-premixed flame structure as an ensemble of one dimensional
parameterized laminar flames within a turbulent flow field. The flame surface is
defined as the isosurface of a non-reacting scalar such as the mixture fraction Z for
non-premixed turbulent combustion under stoichiometric conditions. According
to this definition, each species’ mass fraction and temperature can be defined
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based on the mixture fraction Z, the time t, and the scalar dissipation rate. The
unsteady flamelet equations were derived by Peters in 1984 [1]. The coupling
of the CFD solution with an unsteady flamelet is given by the representative
interactive flamelet (RIF) concept [4]. This method uses a presumed pdf to
transform mass fractions defined in mixture fraction space back to CFD space. As
a result, instead of solving transport equations for all species mass fractions in
CFD space, only the mixture fraction and its variance need to be solved to deter-
mine the presumed pdf. The big advantage of this approach is that the chemistry
is decoupled from the flow field, which significantly reduces the computational time.

Singh et al. [13] compared the performance of the RIF model, the Charac-
teristic Time Combustion (CTC) model, and the direct chemistry approach
(the well-stirred model) in modeling non-premixed turbulent combustion using
the KIVA software. In general, all three models predicted the cylinder pressure
and heat release with reasonable accuracy. However, the RIF model was more
sensitive to the chemistry, which affected its prediction of the ignition delay.
The RIF models predictions of NOx emissions were slightly sensitive to the
number of flamelets, while those of the CTC model were more sensitive to the
model constants. The CTC model calculates the equilibrium concentration of all
species and the corresponding laminar and turbulent characteristic times, which
are used to define the rate of change of the species [14]. Each model provided
a somewhat different predicted flame structure. The study reported herein was
conducted to compare three different approaches to combustion modeling, namely
the VRFM, RIF and WS models, with all three models being implemented in the
same software package. Each model was used to simulate the combustion of an
n-heptane spray and the results obtained were compared to experimental data
collected within the Engine Combustion Network (ECN) [15]. Today, the ECN is
a well known data-base and its experimental data have been used for validation
purposes in many other works. A good overview of different publications dealing
with modeling of the ECN cases is given by [16]. This work focuses on comparing
the predicted flame structure, ignition delay and lift-off length obtained with
different combustion models. All of the combustion models are used to simulate
sprays with identical set-ups, enabling their direct comparison.

1.2 Turbulent Jet Diffusion Flame

In 1997 Dec presented a conceptual model of DI Diesel Combustion [17] that was
based on experimental data obtained using laser-sheet imaging. The model de-
scribes the development of a typical Diesel jet diffusion flame in terms of a se-
quence of distinct events that occur at different times after the start of injection.
One key finding of his study is that after the premixed fuel is burned, the flame
is exclusively mixing controlled. Dec concluded that soot production is high in
the leading portion of the burning jet but low just downstream of the vapor fuel
area. The diffusion flame appears at the stoichiometric edge of the jet. Interest-
ingly, it was also proposed that there is a ”standing premixed flame throughout the
mixing-controlled burn”. In 1996 this was already shown with a modeling
approach by Chomiak and Karlsson [5]. This implies that the reactants in
the diffusion flame are the products of the fuel-rich premixed combustion process
and air. Prior to this, the general assumption was that the mixing reactants in a
diffusion flame are fuel and air. In addition, before Dec published his conceptual
model, the premixed combustion in a DI Diesel flame was assumed to occur under
stoichiometric conditions and the depth of penetration of the liquid phase was as-
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sumed to be larger, with combustion occurring only in the peripheral region of the
jet. Soot production was therefore assumed to occur only in the edging region of
the jet with the diffusion flame, as discussed by [18], [19] and [20]. In 2005 Pickett
et al. [21] published their analysis of the effects of ignition processes on flame sta-
bilization in Diesel jet diffusion flames. They used chemiluminescence imaging to
analyze the ignition and combustion regions of the fuel jet and conducted pressure
measurements to determine the ignition delay time. Several fuels with different
cetane-numbers were considered. Their results indicated that ”a one-to-one corre-
lation between lift-off length and ignition delay does not always exist.” In addition,
they found that the lift-off length does not correlate with flame propagation; in-
stead, it correlates with the location of the cool-flame base. It was suggested that
this may occur because the time required for the transition from first-stage ignition
to second-stage high-temperature combustion differs between fuels. To summarize,
the physics of the flame stabilization process in turbulent jet flame are still not
fully understood. Existing models for describing the combustion process in diesel
spray flames are, to some extent, based on theoretical investigations. A better un-
derstanding based on experimental results is thus needed to enable the further
development of the mathematical models that are used in CFD simulations. To
this end, we investigated the performance of the modeling approaches discussed
in the preceding sections and compared their predictions to existing experimental
results.

2. Modeling Approach

2.1 Mixture Fraction Z

The mixture fraction Z defines the local ratio of fuel mass per air mass and is an
indicator of the degree of mixing. The transport equations for the mixture fraction

Z and its variance Z’2 are given by equations (1) and (2).
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where Sc¢; is the turbulent Schmidt number, u the velocity, p the den-
sity and p; the turbulent viscosity. The scalar dissipation rate X is defined
by

Y =2D(VZ?)? (3)

where D is the diffusion coefficient. The source terms due to evaporation
(last two terms in equation (2)) are closed with the approach presented by Réveillon
and Vervisch [22] and Hasse subsequently expanded the source terms around their
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mean values and introduced the method into the RIF model [23]. The final expres-

sion for variance of the mixture fraction Z 2 is thus given by equation (4).
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Réveillon and Vervisch suggest ¢ = 2 and ap, can be extracted from
pS = p/ ap, (Z9)EP(Z*)dZ*. (6)
Z

2.2 WS model

The approach of the WS model does not include any sub-grid scale effects. The
source term of the chemistry, w;, is thus included in the transport equation of the
species, Y;, see equation (7).

0_o = ~ . .

apy; + V(PUYz) = _A)U’eff}/i + w; + Si,evap (7)
where p.f; is the effective viscosity. This is the simplest way of including

the chemistry source term, but it is computationally expensive because it requires

the solution of a transport equation for each individual species involved in the

chemical mechanism.

2.3 VRFM

The VRFM was developed to describe the sub-grid scale effects of turbulence and
chemistry during combustion. To this end, it is assumed that reactions may only
occur within a reactor whose volume is smaller than or equal to that of the com-
putational cell (Vieactor < Veenr) and is defined as a fraction of the cell volume:

V;"eactor ( ﬁ )( 67/\6 )
Veelt Z(1-2) c(1-¢) ®)

Reactions are only allowed to occur in the reactor. The reactor volume is defined
in terms of the variance of the mixture fraction, Z, and the chemical progress, c.

The terms Z(1 — Z) and &(1 — ¢) define the maximum variance of the mixture
fraction and chemical progress. That means, in case of strong variance of either
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mixture fraction (Z°2 ~ Z(1 — Z)) or chemical progress (¢'2 ~ ¢(1 — ¢)), the
reactor volume fraction will be much smaller than 1. A high degree of variation
in the mixture fraction is indicative of poor mixing, while strong variation in the
chemical progress is observed during the ignition phase and other processes when
there are steep gradients in chemical progress within the cell. If both variances are
low, meaning that the species in the cell are well mixed and the chemical reactions
are homogeneously developed, the reactor volume will be similar or equal to the
cell volume (x = 1). This definition solves the problem of identifying representative
time-scales for mixing and for chemical reactions. In a diffusion flame the chemical
reactions are controlled by the mixing rate. This means that not all species will
be consumed at Zg. According to Burke and Schumann [24], the concentrations
of each species can be defined based on the mixture fraction. Before burning, fuel
and oxygen are linearly distributed throughout the mixture fraction, with opposite
gradients. During burning, the level of both fuel and oxygen will be zero for a
stoichiometric mixture fraction because fuel and oxygen are both entirely consumed
as shown in Figure 1. The chemical progress is therefore defined in terms of the
remaining mass fraction of fuel in lean mixtures (Z <Z St) and the remaining mass

fraction of oxygen in rich mixtures (Z > Zy), as shown in equation (9).

Before burning

=== During burning

/’—quel

if 2 < Zsta

E— I if 7> Zg.
(YOz)air(l - Z)

(?Oz)air is the initial mass fraction of oxygen in the air. The transport equation

for the variance of the chemical progress, ¢'2, is given by equation (10) in analogy
with the equation for the variance of the mixture fraction (equation (2)):

0(pe”)
ot
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The scalar dissipation rate Y¢ is modeled using
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The addition of the Kolmogorov time scale, \/v/¢, is a common used treatment
to prevent the time scale from becoming infinitely small, near wall, say. Under the
assumption that chemical reactions produce maximum variance of the chemical
progress, it can easily be shown that the variance equation can be replaced by the
”compliment” of the variance, 8, what is then solved by a transport equation. The
variance is then defined by equation 12.

(11)

=G-8 (12)

with & = ¢(1 — ¢) as the maximum variance. By this the spray variance source
term is omitted. The mixture fraction and its variance are determined by equations
(1) and (4) as described in section 2.1. The definition of the reactor size is then
considered in the transport equation of the species, i.e. equation (13).

0 _~ - S :
5PV + V(0UY;) = —OpiegsYi + KT 4 i cvap- (13)

The source term of the chemistry, w; = mﬁ , is controlled by the reactor size k. It

should be noted that the reactor has its own properties. The transport equation for
the reactor species contains the chemistry source term (without the consideration
of the reactor volume) and a mixing source term as shown in equation (14).

v _ - VR
O PRV OV = gV PP pp ()
Tmix

The second term on the right hand side of this equation is the mixing source
term, which defines the turbulence-driven mixing of the species inside the reactor
with the "mean” species inside the computational cell. The transport equations for
the reactor density and enthalpy are defined corresponding to equation (14). Here,
the model defined in [3] is expanded upon by the definition of a reactor density,
Pr- The mixing term defines the interactions between the properties of the reactor
and the mean properties of the cell. The turbulent mixing time, 7;,;;, controls the
mixing rate and is defined by

(15)

Tmiz = Cmiz

mz.\?w

The mixing constant C),;; is set to one in this study. However, in
Figure 2 the results for different mixing constants (0.1, 1 and 5) at
Pgas = 42bar, Tyqs = 1000K and 12% oxygen concentration are shown. The
results of the predicted lift-off length with C,,;;, equal to 0.1 and 1 are
very similar. With C,,;;=5 the predicted lift-off length is shorter and
the ignition slightly earlier. The smaller the mixing constant is as faster
the reactor mixes with the mean properties. Following the results are
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expected to be more similar to the well stirred reactor approach. This
effect should be kept in mind while analyzing the results presented in
this paper.

T=1000 K, p=42bar, 12% 02
70

T T T T
Cmix=0.1 —o— :
60 | Cmix=1.0 —v—
Cmix=5.0 —>—

50

40

lift-off length [mm]

Pt

2o

time [ms]

Figure 2. Lift-off length calculated with different mixing constants Ciniz at pgas = 42bar, Tyas = 1000K
and 12% oxygen concentration

The characteristic feature of the VRFM is its definition of a reactor volume. This
makes it possible to consider the effects of chemistry and turbulence on the reaction
rate simultaneously, without having to define turbulent and chemical time scales.
The only quantity that is determined by a turbulent mixing time in this model
is the mixing of the reactors properties with the mean properties of the cell. The
distinction between the reactors properties and those of the cell as a whole reflects
the fact that the reacting and non-reacting parts of a flow behave differently.

2.4 multiple RIF

The flamelet concept defines the chemical reaction zone as a thin laminar reaction
layer (flamelet) within a turbulent flow field. The chemical reactions are not dis-
turbed by turbulent eddies. In the representative interactive flamelet (RIF) model
[4] the flamelet solution is coupled with the flow field. During non-premixed com-
bustion the flamelet separates the oxidizer and the fuel, so the flamelet is bounded
by the regions where Z=1 (fuel) and Z=0 (oxidizer). The flamelet’s properties de-
pend exclusively on the mixture fraction Z, the time t and the scalar dissipation
rate x. The advantage of this approach is that only the mixture fraction and its
variance need to be solved in the 3-D domain of the flow-field. The chemistry is
solved in the one-dimensional flamelet domain and depends only on the mixture
fraction Z, meaning that it is decoupled from the flow field. The first-order flamelet
equations for the species mass fraction and the temperature are given by equations
(16) and (17) [23]:

Y x0%;

Pot ~ P2 a2

=my (16)

T X 9T X [ Y, Ocp or 1 o .
— — === — p— ) — == =— = - ’th 1
Pot " 2022 Pac, [;% 0z " 9z|0z ~ o\ ot ;m 17)

where h; is the specific enthalpy of the specie and ¢, the specific heat
capacity. The flamelet equations are solved based on the averaged stoichiometric
scalar dissipation rate xg:, which is the only factor that couples the flow field and
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the flamelet equations. A distribution of x over the flamelet is defined. Because
the scalar dissipation rate varies due to the inhomogeneity of the turbulent flow field
and the mixture fraction distribution, Barths et. al [25] introduced the multiple RIF
(mRIF) model. Several flamelets can be introduced by defining a tracer (marker
particle) for each flamelet. The tracer then gives the probability of finding a flamelet
I at a location 7 and time ¢, I;(7,t). The flamelet solution is solely dependent on
the mixture fraction. Once the flamelet solution has been obtained, its properties
must be transformed back into the flow field domain. This is done by considering
the mixture fraction and its variance. The transport equations for the mixture
fraction, A , and its variance, Z 2, are those discussed previously, i.e. equations (1)
and (4). The probability-density-function (pdf) of 7 is assumed to be a B-pdf and
the flamelet solution is integrated over the mixture fraction space. Together with
the probability of finding a flamelet, the species mass fractions are defined based
on multiple flamelet solutions using equation (18) [25].

V(T 1) = ifl(?,t) /1 P(Z. 7 4)Yiu(Z,)dZ. (18)
=1 0

The surface averaged scalar dissipation rate under stoichiometric conditions for
each flamelet is then calculated using the following expression:

[y @R PP(Z)av
X-St,l - ~ ~1/27~ ~ , .
L)X pP(Za)dV

Jv

(19)

The subdivision of the CFD domain into different flamelet regions follows
the approach of Vogel [26] and Lehtiniemi [27], which divides the domain into
multiple flamelet regions based on the injected mass. More information about
the implementation can also be found in [28]. Each flamelet "owns” a certain
amount of the injected mass and different flamelets can overlap. Each new injected
flamelet is initialized based on the previous one. Thirty flamelets were used in this
work, each representing a specific portion of the injected mass. A new flamelet
was thus introduced every 0.2 ms from the start of injection. In Figure 3 the
performance of the mRIF model is documented for different numbers
of flamelets (1, 10, 20 and 30 flamelets) at a gas pressure of 42 bar,
a gas temperature of 1000 K and an oxygen concentration of 21%.
It is clear that the increase of the number of flamelets decreases the
fluctuation of the predicted lift-off length. With just one flamelet the
flame is attached to the nozzle. The difference between the results with
20 and 30 flamelets is very small and 30 flamelets were chosen to be
accurate enough in this case. An increase of the number of flamelets
also increases the computational time. The ignition delay is longer with
1 and 10 flamelets compared to 20 and 30 flamelets. One reason can
be the higher dissipation rate for the injected flamelets that results
in longer ignition delay. However, the results are dependent on the
number of flamelets. This should be considered by analyzing the results.
D’Errico et al. [28] compared the performance of the WS model to the mRIF and
introduced a new flamelet every 0.1 ms from the start of injection. Every new
injected flamelet is cloned from the the previous one.
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Figure 3. Lift-off length calculated with different number of flamelets at pgas = 42bar, Tgas = 1000K
and 21% oxygen concentration

2.5 Differences Between the Models

The main differences between the different approaches for modeling turbulent non-
premixed combustion are summarized in table 1.

Table 1. Comparison of combustion models

| mRIF | VRFM | WS
chemistry Y;(Z, t) Yz‘(%y»%t) K;(:B,y,z,t)
(decoupled from flow-field)
consideration of sub-grid yes yes no
turbulence-chemistry interaction

The VRFM and WS model both solve the chemistry for each cell in the CFD
domain. Their computational costs are high and heavily dependent on the size
of the chemical mechanism. The VRFM considers sub-grid turbulence-chemistry
interactions by defining a reactor within each computational cell. The WS model
does not consider any sub-grid scale effects. The mRIF model is based on a differ-
ent approach to the modeling of turbulent combustion in which the chemistry is
decoupled from the flow field and is simply solved in the 1-D domain of the mixture
fraction. Consequently, the only variables that must be solved for in each CFD cell
are the mixture fraction, its variance, and the flamelet tracers. The computational
costs for this approach are considerably lower than those for the other two, and
sub-grid scale effects are accounted for by considering the scalar dissipation rate.
The models have, mainly due to their approach of solving the chemistry,
certain differences in computational time. An exact difference is difficult
to define. The calculation time depends on the case and also for e.g. the
number of flamelets in the mRIF model. However, computation times
with the VRFM were discovered to be up to 7 times higher and the
WS model up to 3.5 times higher compared to the mRIF model applied
with 30 flamelets. These are gross numbers indicating the advantage of
the mRIF model considering the computation time.

2.6 Computational Configuration

All simulations were performed using the open source code OpenFOAM 2.0.x. The
simulations are based on the Lib-ICE library, a set of applications and libraries for
internal combustion engines developed by the ICE Group of Politecnico di Milano
(e.g. [29], [30], [31]). The VRFM model was implemented in the same library to
facilitate comparisons between the different combustion models using the same
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spray library. The mRIF model has previously been tested and validated in [32]
and [28]. Spray atomization and break-up were modeled using the Huh-Gosman
model [33] and the Kelvin-Helmholtz break-up, respectively. The standard k — ¢
model was used to model turbulence. The chosen chemistry for n-heptane oxidation
is a reduced chemical mechanism based on the mechanism published in [34], that
in turn was based on the detailed mechanism of Curran et al. [35]. This mechanism
involves 35 species and 80 reactions. Because RANS simulations are symmetric, a
2D grid was used, simulating half of the spray cross-section area. The grid was a
wedge mesh with a side length of 108 mm and a radius of 54 mm corresponding
to the dimensions of the combustion vessel used in the experiments. The minimum
cell size was 0.3 mm close to the nozzle. The use of a 2-D mesh reduced the number
of cells to be considered and thus the computational time.

2.7 FExperiments

The results of the simulations were compared to experimental data of the Engine
Combustion Network. The measurements of an igniting n-heptane spray were done
in a constant volume vessel chamber at Sandia National Laboratories and the
results are available on the homepage of the network [15]. The conditions of the
experiments are shown in table 2. The nozzle hole diameter is 100 pum and the

Table 2. Experimental conditions of spray H

Mole fraction | Tyas | Pgas | Pinj
O %] [K] | [bar] | [bar]

21 1000 | 42.1 | 1502

15 1000 | 42.5 | 1533

12 1000 | 42.7 | 1533

10 1000 | 42.8 | 1533

15 1000 | 87 | 1557

12 1000 | 87.4 | 1557

10 1000 | 87.6 | 1568

injection duration is 6 ms.

3. Results

3.1 Spray Validation

It is necessary to accurately describe the processes of spray break-up and mixing in
order to reliably simulate ignition and combustion. A good description of the liquid
and vapor penetration and the mixture fraction distribution within the spray will
ensure that the spray is solved with reasonable accuracy. Figure 4 shows the results
of a simulation of a non-burning spray generated under similar conditions to those
described in section 2.7 with the same injection rate. Because the Os-concentration
is set to 0%, the spray cannot ignite. The gas pressure pgq, is 43.3 bar and the gas
temperature Ty,s is 1000K.

The predicted liquid and vapor penetration lengths agree well with the experi-
mental measurements. The liquid penetration is defined as the distance between
the injection cell and the cell for which 95% of the total liquid is in cells closer to the
injector tip. The vapor penetration is defined as the distance between the injection
cell and the cell furthest downstream of the spray with a vapor concentration of at
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Figure 4. Vapor and liquid penetration

least approximately 1 %. The mixture fraction was also predicted reasonably well,
as shown in Figure 5. The k-¢ turbulence model was tuned under the conditions
presented here (C;=1.55, 0.=1.4) to achieve a reasonable agreement between
the experimental and simulated data for both of the penetration curves (cf. Figure
4) and the mixture fraction (Figure 5).

0.

——sim 25mm ——sim 30mm

-+ -sim 40mm -+ -sim45mm
—e—exp 25mm —¢—exp 30mm
0.15 hN ¥—exp.40mm | 0.15 #-exp.45mm. |

0.1F

Mixture fraction
Mixture fraction

0.05¢

4 2 4
Radius [mm] Radius [mm]
(a) 0.68 ms ASOI (b) 1.13 ms ASOI

Figure 5. Radial mixture fraction distribution at 0.68 ms and 1.13 ms ASOI at different axial distance
from the injector (25 & 40 mm at 0.068ms ASOI, 30 & 45 mm at 1.13ms ASOI)

3.2 Ignition delay

Figures 6 (a) and (b) show the ignition delay predicted with the VRFM, the WS
model and the mRIF model compared to the experimental results at gas pressures
of 42 bar and 87 bar (14.8 and 30 kg/m?). The ignition delay is defined as the
amount of time between the start of injection and the occurrence of a sharp and
pronounced temperature increase that happens within 0.1 ms of the start of injec-
tion and is accompanied by a sudden increase in HoOo and OH production. With
this definition the ignition delay is accurate within a tenth of a second.
In all cases involving high gas pressure or low gas pressure with a high Os concen-
tration, the temperature increases by several hundred Kelvin within this 0.1 ms
window and the definition of the ignition delay is straightforward. At low
gas pressure and low oxygen concentration, the temperature rise is less steep what
makes the definition more difficult. However, as mentioned in [36] ”it has been
found that ignition-delay results are relatively insensitive to the exact definition
that is used”. At high gas pressure (Figure 6 (a)), the ignition delay was captured
well by all three models. The ignition delay increases as the mole fraction of O in
the gas phase decreases, because the reaction rate decreases. As shown in Figure 6
(b), the predicted ignition delay at the lower gas pressure was longer than the ex-
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perimental value, with the difference being most pronounced at the lowest oxygen
concentration. It is difficult to define the start of ignition under such conditions,
which may be part of the reason for the relatively large difference. However, there
was no appreciable or systematic difference between the tested models in terms of
the gap between the predicted and measured ignition delays under these conditions.
One reason for the longer ignition delay under these conditions could
therefore be the chemical mechanism used in the simulations. Another
reason could be attributed to the combustion models.
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Figure 6. Ignition delay

3.3 Lift-off length

Figures 7 (a) and (b) compare the lift-off lengths predicted in the simulations to
the experimental data. The lift-off length is defined as the shortest distance be-
tween the nozzle orifice and the region where the OH concentration is 2% of its
maximum value, in keeping with the ECN’s recommendations. The lift-off length
was underpredicted in all of the simulations. At a gas pressure of 87 bar (Figure
7 (a)) the VRFM and the WS model gave better results than the mRIF model,
but all models predict the lift-off length reasonably well. The trend of the lift-off
length to increase at lower Osg-concentrations is captured by all of the models.
It should be noted that it is somewhat more difficult to define the lift-off length
when using the mRIF model than with the other models. This is because each
flamelet has its own ignition delay that depends on its scalar dissipation rate. Af-
ter ignition, the flamelet solution depends on the mixture fraction and with just
one flamelet the flame lift-off would be very short because the mixture fraction is
stoichiometric also close to the nozzle. With several flamelets, each of which must
ignite separately, the lift-off length must be determined by considering the auto-
ignition of each flamelet and the scalar dissipation rate. Because there are multiple
igniting flamelets, the lift-off position fluctuates, what is defined as uncertainties.
As the number of flamelets considered in the simulation increases, these uncer-
tainties become less pronounced. Furthermore new injected flamelets are cloned
by the previous one, what reduces the ignition delay of the single flamelets. The
uncertainties in the simulations conducted within this study are shown in Figures
7 (a) and (b). In the low gas pressure cases with 21 and 15 % Og, the mRIF
model was able to predict the lift-off length correctly. Both the VRFM and the
WS model underpredict the lift-off length, but the VRFM gave slightly better re-
sults than the WS model. The longer lift-off lengths predicted using the VRFM
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and the mRIF model are due to their incorporation of sub grid scale effects. Con-
versely, the WS model assumes that each computational cell is well-mixed when
in reality there may be significant intra-cell variation in the mixture fraction due
to evaporation. It would therefore predict that reactions would occur in some cells
where adequate mixing has not occurred on the sub grid scale. This is the case
close to the nozzle, where the spray is evaporating and the vapor must mix with
the air before it can ignite. Therefore, the WS model allows ignition and reactions
to occur in cells that are relatively close to the nozzle, reducing the calculated
lift-off length. This does not occur under the mRIF model and VRFM, which do
consider sub-grid scale effects and only allow reactions to occur if mixing has oc-
cured. However, the difference between the VRFM and the WS model is small ,
what indicates a minor influence of the reactor definition in the VRFM.
One reason can be small variances of chemical progress and mixture
fraction. The stabilization process of the VRFM and WS model is controlled by
the flame front that propagates upstream and the counter flow of the spray that
moves downstream. These two effects are balanced at the flame stabilization point.
Both models consider local conditions in each cell for the chemistry solution. The
lift-off length with the mRIF model instead is controlled by the auto-ignition of
the different flamelets. However, the mRIF model gives the best results in such
cases. Different results were obtained for cases with lower Oy concentrations and
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Figure 7. Lift-off length

low gas pressure (pgqs = 42 bar, O2=10-12%). The transient lift-off length is shown
in Figure 8 (a) and (b). The change in the calculated lift-off length over time is
interesting because it reflects the development of the flame along the spray axis.
Under the VRFM and the WS model, the flame ignites closer to the spray tip and
then propagates upstream along the spray. This is a well known physical progress
and was also shown experimentally by e.g. [37] and was already predicted by [5]. In
case of fast ignition this effect is not as pronounced compared to cases with longer
ignition delay, because the spray did not yet penetrate further. Under the mRIF
model the flame lift-off length increases slowly and then it stabilizes. The mRIF
model is not able to predict a certain ignition position, because the flamelets ignite
each on their own. Therefore it is also not possible to reproduce the flame propaga-
tion along the stoichiometric mixture as it is seen with the VRFM and WS model.
However, the lift-off lengths calculated using the WS model for cases with Oy con-
centrations of 10-12 % at later times after start of injection (ASOI) are larger than
those predicted by the VRFM. This was unexpected given the explanation invoked
above to explain the shorter lift-off lengths predicted by the WS model in cases
with high gas pressure and/or higher O2 concentrations. However, similar behavior



August 19, 2014

Combustion Theory and Modelling Anne

Combustion Theory and Modelling 15

has previously been reported by Pei et. al [38] who simulated the n-heptane spray
cases from the ECN and compared the performance of the WS model to that of
an alternative PDF model: they found that at low oxygen concentrations, the WS
model predicted a much longer lift-off length. Bhattacharjee [36] also compared the
PDF method to a WS model and observed a similar effect, although it was less
pronounced than in our study or that presented by Pei et al. [38]. There are sev-
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Figure 8. Lift-off length

eral competing processes that may contribute to this finding. First, the WS model
assumes each cell to be well-mixed even if there is strong intra-cellular variation
in the mixture fraction. Consequently, a cell may be assumed to be sufficiently
mixed to enable reactions to occur even when this is not realistic. In such cases,
the mixture would be predicted to ignite sooner than it should. However, this is
counterbalanced by the fact that the mean temperature in the cell is lower than
the reactor temperature in the VRFM, and lower temperatures reduce the rate
of reaction. This effect becomes more pronounced in low pressure situations, be-
cause the lower density causes a stronger cooling of the gas phase as the liquid
phase evaporates. Because the cooling depends only on the gas density and is in-
dependent of the oxygen concentration, this effect is considered to be identical for
all cases with the same gas pressure and temperature. Finally, if the chemistry is
slow, excessively rapid mixing of the igniting mixture with fresh air will disturb the
progress of the reactions and slow down ignition. One explanation for the shorter
lift-off length predicted with the VRFM could be the definition of the reactor. The
reactor size is defined based on variances in mixture fraction and chemical progress.
A mixing term in the transport equations of the reactor properties considers the
mixing of the reactor properties with the mean. The source of fuel species for the
reactor is hence just the mixing of the reactor species with the mean species. Here
the mixture fraction within the reactor is smaller compared to the mean mixture
fraction (Zr < Z). With a smaller mixture fraction the cooling of the reactor is
also less than the one of the mean cell. Additionally, the mixing of the reactor
properties with fresh gas is depending on the mixing term. At these conditions the
dwell time of the reacting species in the reactor (even if it is a small reactor volume
due to the strong variances in mixture fraction) might be long enough to ignite the
mixture while the mean cell (where the temperature is lower and the mixing faster)
is not igniting. The results of the sensitivity of the choice of the mixing
constant C,,;, in the VRFM, documented in section 2.3, underline these
explanations. A slower mixing of the reactor properties with the mean
properties results in shorter lift-off length. However, some more investiga-
tions are needed to proof it. Figure 9 shows the changes in the temperature inside
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a homogeneous reactor during ignition under three different initial conditions. As
can be seen, the first stage ignition process takes much longer with an initial Og
concentration of 10% in the gas phase and a gas pressure of 42 bar than in the
case with 21% Og and pyqs = 42 bar. The cool flame develops for 2 ms in the case
with 10% Oy and the second stage ignition takes place after 2.2 ms. Conversely,
with 21% Oy the mixture ignites within 0.65 ms. The maximum temperature after
ignition is several hundred Kelvin lower in the case with 10% Os than in that with
21% Os. This is because the low Oy concentration in the former case makes the
chemistry much slower. The influence of the gas density can be seen by comparing
the temperature development at gas pressures of 42 bar and 87 bar. The lower gas
pressure and density greatly reduces the rate of first stage ignition because with
lower density the number of molecule collisions decreases and hence the reaction
rate. However, the choice of the chemical mechanism also has a profound influence
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Figure 9. Comparison of temperature development during ignition with 21% and 10% O2 in the gas phase

on the results obtained as was demonstrated in [39].

3.4 Temperature Development

Figures 10-12 show scatter plots of the temperature T depending on the mixture
fraction Z at different ambient conditions and times ASOI. Figure 10 shows the
predicted temperatures at 87 bar (high pressure) and 15 % Og. On the lean side
the temperatures are similar with all models. The WS model predicts the highest
temperatures at 0.5 ms ASOI (Figure 10 (a)). Higher temperatures with the WS
model are expected due to the fact that the chemical source term is not controlled
by any subgrid scale effects and the whole cell reacts. In the VRFM and mRIF
model not all vapor fuel is reacting immediately. At later times ASOI (Figures
10 (b)-(c)) the difference between the VRFM and WS model is small. The mRIF
model shows reactions in the rich region because the flamelets close to the nozzle
ignite very fast. In Figures 11 (a)-(c¢) and 12 (a)-(c) the VRFM and WS model pre-
dict significant higher temperatures in the rich area compared to the mRIF model.
At these conditions the lift-off length was predicted significant shorter with the
VRFM and WS model compared to the mRIF model. Therefore one explanation
for the underprediction of the lift-off length of the VRFM and WS model can be
the fact that they allow reactions to occur in much richer regions (fuel rich zone
in the spray core) compared to the mRIF model. The mRIF model does not react
in richer regions due to the fact that the flamelets close to the nozzle, where the
mixture fraction is largest, are the last injected ones and not ignited yet. Another
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interesting result is the difference between the VRFM and WS model. The tem-
perature predicted with the WS model is in general higher at mixture fractions
where also the VRFM reacts. This is, as explained before, expected due to the fact
that the chemical source term is controlled in the VRFM. Significant differences
are shown in Figure 12 (c) at later times ASOI. At 42 bar gas pressure and 10%
oxygen concentration (Figure 12 (c)) the VRFM reacts at larger mixture fractions
compared to the WS model. At these conditions the VRFM predicts a shorter lift-
off length. What is also interesting is how the different temperatures are distributed
at certain mixture fractions. At 42 bar gas pressure and 10% oxygen concentra-
tion (Figure 12) the temperature is quite distributed between the maximum and
minimal temperature at a certain mixture fraction where reactions occur. At 87
bar and gas pressure and 15% oxygen concentration (Figure 10) the temperatures
are either high (burning) or low (not burning) and less distributed. That indicates
again that at 42 bar gas pressure and 10% oxygen concentration the chemistry is
slow enough to be disturbed by the mixing with fresh gas. The combustion is not
just mixing controlled. This underlines the explanation of the cooling effect and
slower chemistry on the reaction rate that was already discussed in section 3.3,
what results in a longer lift-off length with the WS model compared to the VRFM.
The reactor in the VRFM creates conditions (Zr < Z with Tr > T) that allow
reactions and has an opposite effect compared to the cases with fast chemistry.
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3.5 Flame structure in physical space

Figures 13-14 show the predicted temperature and OH fields at different times
ASOI at 42 bar gas pressure with an oxygen concentration of 10%. At these con-
ditions the difference between the models is very clear. There are some notable
differences between the flame structures predicted by the mRIF model and those
obtained with the VRFM and WS model. In particular, the WS model and VRFM
yield a well-defined flame stabilization point that is not observed with the mRIF
model. Instead, the mRIF model flame is more diffuse. The highest predicted tem-
perature and OH concentration are obtained with the WS model, followed by the
VRFM. This result was expected because of the limited chemical source term in
the VRFM. The VRFM and the WS model both predict that ignition occurs in the
spray tip and that a triple flame then moves upstream after ignition. This behavior
is not seen with the mRIF model. The mRIF model is not able to predict a local
ignition position.

[ms]

Figure 14. Predicted temperature field at different time ASOI, Tyas = 1000K, pgas = 42bar, 10%02
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4. Conclusion

The processes that stabilize Diesel flames are complex and not well understood
at present. This work compared the performance of the multiple representative
interactive flamelet (mRIF) model, the Volume Reactor Fraction Model (VRFM)
and the well-stirred reactor (WS) model, all of which were implemented in the
same software package. The simulated ignition delay and lift-off length of an
n-heptane flame were compared to experimental data published by the Engine
Combustion Network (ECN). All models were able to correctly predict the
experimental trends in ignition delay and lift-off length at different gas pressures
and oxygen concentrations. The calculated ignition delays did not differ greatly
between the models, but were strongly overpredicted in all cases at low gas
pressure (pgqs = 42 bar) compared to the experimental values.

The quality of the predicted lift-off lengths depended on the simulated ambient
conditions. The VRFM gave the best results at high gas pressure (pgqs = 87 bar),
followed by the WS model, while the mRIF model afforded the shortest predicted
lift-off lengths. At low gas pressure (pgqs = 42 bar) and oxygen concentrations of
21% or 15% O, the mRIF model offered the best performance and accurately
predicted the lift-off length. The VRFM and WS model both underpredicted the
lift-off length, but the VRFM’s predictions were closer to the experimental values.
At the low gas pressure (pges = 42 bar) and low oxygen concentrations (10-12%),
the predicted lift-off lengths were unsteady and those obtained with the WS model
were larger than those with the VRFM.

The results of the simulations imply that the physical processes that govern
flame stabilization vary with the concentration of oxygen in the gas phase. The
gas phase dynamics, especially in the region close to the nozzle, were assumed
to be identical in each case because the same mass rate profile was applied
during injection in all of the simulations. In addition, the cooling of the gas
phase depends only on the gas density and does not change with the oxygen
concentration. The shorter predicted lift-off length with the VRFM model at
low pressures and oxygen concentration indicates that the reactor in the VRFM
creates an igniting surrounding (Zr < Z with Tr > T') while the mean properties
in the WS model are not igniting. A more detailed investigation will be required
to properly test this assumption. However, it is clear that the behaviors of
the VRFM and the WS model at the low gas pressure (pgqes=42 bar) depend
strongly on the oxygen concentration. The chemistry is significant slower at
these conditions and the assumption of fast chemistry is maybe not
correct for these conditions. Similar findings have been reported previously in
studies that compared the WS model to the PDF model ([38], [36]). The flame
development and flame structure are similar with the VRFM and WS model.
Both predict the ignition close to the spray tip and a triple flame is propagating
upstream until the flame stabilizes. The mRIF model is not able to capture a local
ignition position, because each flamelet ignites on his own. Therefore it is also not
possible to reproduce flame propagation with the mRIF model. The lift-off length
is controlled by auto-ignition of the different flamelets.

It should be emphasized that the primary aim of this work was to compare
the different models rather than to identify the best model for predicting lift-off
lengths. Moreover, it is important to note that the results obtained in simulations
are strongly dependent on the chemical mechanism that is used, as shown by [39].
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It is therefore possible that very different results may have been obtained in this
work if a different mechanism had been used. However, given that the simulations
reported herein were conducted using identical computational set-ups and models
for all processes other than the turbulence-chemistry interaction, the results
obtained should provide a good comparison of the tested turbulence-chemistry
models.

This work points out the need to define regime independent models
that are able to capture both high pressure and temperature conditions
with fast chemistry but also low pressure and temperature cases with
significant slower chemistry. The assumption of fast chemistry, as it
is usually done in combustion models for non-premixed combustion,
is not true for all conditions presented in this paper. The coupling
of non-premixed turbulent combustion models with an approach for
premixed turbulent combustion is a next step to improve the prediction
of fuel spray combustion.
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