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Motivations and outline

Motivations:

• spray combustion employed in wide range of industrial devices (gas
turbines, diesel engines, furnaces);

• CFD powerful and reliable tool to assist the design process of
state-of-the-art combustion chambers;

• spray effects often neglected (partially/totally) in most combustion
models ⇒ assessment of their importance needed!



Conditional Moment Closure (CMC)

Idea: key quantity exists that controls combustion process:

• non premixed flows: mixture fraction, ξ;

• premixed flows: progress variable, c .

True or not? Experiments suggest it is true.

etc.) and efforts to express average rates of reaction in terms
of average values of the scalars prove to be inadequate [17].
The non-linearity of the reaction rates give rise to terms
involving correlations of the fluctuations, and these are
usually as large as those involving only the average quan-
tities. Often the correlation terms are of the opposite sign, so
that the true mean rate of reaction can be an order of magni-
tude or more smaller than that obtained from using just
average values in the rate expression. This problem is an
extremely difficult addition to the already difficult closure
problem of prediction in non-reacting turbulent flows.
The problems of predicting flow and mixing of non-react-

ing scalars are difficult enough [98]. Progress has been made
using several approaches. One approach of considerable
interest in engineering and applied science involves so-
called “moment closure” methods. First moments are
means or averages. Second moments are variances and
covariances of the fluctuations about the averages. Third
moments are triple correlations between the fluctuations.
In moment methods the Navier–Stokes and scalar conser-
vation equations are used to derive equations for these
moments. The exact equations for the first moments have
terms involving the second moments. Exact equations for
the second moments have terms involving the third
moments and so on. The equations for any level of moments
have terms involving higher level moments. The system of

equations is thus unclosed. In moment closure methods,
closure is obtained by modeling the higher level moments
in terms of the lower moments. First moment closure (often
called “first-order” closure) solves equations for the first
moments (the averages) by expressing the second moments
such as the Reynolds stresses and scalar fluxes in terms of
the averages and their gradients. Mixing length and eddy
viscosity methods are such first moment closure methods.
They are still commonly used in environmental science and in
the geophysical sciences. In engineering, much use is made of
second moment (order) closures in which the triple correla-
tion terms are modeled in terms of the first and second
moments and their gradients. While these models are by
no means universally applicable they have proved to be
very useful in predictions for a wide range of flows [74,144].
Such success in closure at the second moment level has

not been achieved for chemical reacting systems, however,
due to the high non-linearity of the reaction rate terms. This
difficulty appears not only for the mean reaction rate term in
the first moment equations for the scalars, but also in the
equations for the turbulent scalar fluxes where correlations
between the reaction rate and the scalar fluctuations are
present. Moment closure methods have met with success
for only a limited range of problems where the chemistry
is fast [7,21] or where it is sufficiently simple [46].
General reviews of the problems of predicting turbulent
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Fig. 1. Scatter plots of all data and conditional averages conditional on mixture fraction for the temperature and OH mass fraction in a piloted
diffusion flame of methanol at x!Dj ! 20" Uj ! 60 m!s and r!Dj ! 1#7 (W); 1.4 (A); 1.1 (K). The full curves are for a laminar counterflow
diffusion flame with a strain rate parameter a ! 5 s!1. Data of Masri et al. [86].

• CMC solves for the conditional moments;

• scatter around conditional moments small;

• 〈 ω̇| η〉 can be closed at first order;

• Ỹα =
∫ 1
0 〈Yα| η〉P(η)dη



The CMC equation for two-phase flows

Species transport equation [1]:

∂Qα

∂t
+ 〈uj | η〉

∂Qα

∂xj
= 〈N| η〉 ∂

2Qα

∂η2
+ 〈 ω̇| η〉+ ef + Ṡ (1)

where:

• 〈uj | η〉: conditional mean velocity;
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〈
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• 〈 ω̇| η〉: chemical source term;
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∣∣∣ η〉): conditional turbulent flux;

• Ṡ : droplets source term.

[1] M. Mortensen, R.W. Bilger, Combustion and Flame, 156:62-72, 2009



Source terms due to droplets evaporation

Ṡ describes droplets influence on the gas phase and is given by:

Ṡ = − 1
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In the above equation:

• Ql ,α: mass fraction of species α in liquid phase;

• 〈Π| η〉: conditional evaporation rate.



Modelling of droplets source terms

Modelling principles:

• Evaporation occurs at saturation mixture fraction ξs only;

• Consistency condition
∫ 1
0 〈Π| η〉 P̃(η)dη = Π̃ has to be satisfied.

Proposed model:

〈Π| η〉 =
1

ρP̃(η)V

Nd∑
i=1

ṁiδ (η − ξs,i ) (3)

〈Π′′Y ′′
α | η〉 difficult to model, and neglected for the moment being.



Mixture fraction PDF and conditional scalar dissipation rate

PDF shape presumed → β-function employed.
Solution of two auxiliary equations required, modelled as in [2] :
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AMC model [3] used for conditional scalar dissipation rate

[2] F.X. Demoulin, R. Borghi, Combustion and Flame, 129:281-293, 2002
[3] E. E. OBrien, T. Jiang, Physics of Fluid A, 3:3121-3123, 1991



Chemistry, turbulent transport and conditional velocities

First-order closure of 〈 ω̇| η〉 employed:

〈 ω̇| η〉 = ω̇(Qα, . . . ,QT ) (6)

Conditional turbulent fluxes closed according to gradient model:

ef = −DT
∂Qα

∂t
(7)

Linear model used for conditional velocities:

〈uj | η〉 = ũj −
DT

ξ̃′2

∂ξ̃

∂xj

(
η − ξ̃

)
(8)



The Sandia bomb setup

3

fractions and the atmospheric-pressure boiling point for
single-component fuels. 

Figure 1. A linear scaling of liquid length with fuel 
volatility (i.e., boiling point) is not accurate for 
some alternative fuels, especially those 
containing methanol.  All results have been 
scaled to 16.6 kg/m3, 992 K, and an orifice 
diameter of  0.194 mm. Open circles represent 
various diesel-like fuels examined by Canaan 
et al.

Figure 1 shows the data duplicated from the two studies
utilizing boiling-point-based scalings [7,15]. Also included
in Fig. 1 are data for the alternative fuels studied in this
work. It is evident from Fig. 1 that a T90 scaling is not
valid for most of the alternative fuels. One motivation for
this work was to determine what other fuel properties
affect liquid length and why.
Discrepancies between measurements and predictions
of the type shown in Fig. 1, along with the need for physi-
cal understanding of the vaporization of the liquid core in
a diesel spray, led Siebers [10] to develop a predictive liq-
uid-length scaling law for single-component fuels. The
scaling law was developed from conservation of mass,
momentum, and energy considerations for a spray. The
scaling has provided significant insight into the funda-
mentals of diesel spray vaporization processes. However,
the scaling law requires detailed state-dependent prop-
erty data and at the present can only be implemented for
single-component fuels. An alternative approach is taken
in this paper, wherein a correlation using physically-
based thermodynamic parameters is presented. This
type of correlation is valuable because it enables one to
predict liquid lengths of arbitrary fuel blends, including
blends of unknown composition, based on derived or
measured atmospheric properties of the blends. 

Figure 2. (A) Cutaway schematic of the Diesel 
Combustion Simulation Vessel (DCSV) 
showing the cubical, 1.2-liter combustion 
chamber with sapphire windows, a top port 
with mixing fan and two spark plugs, and a 
side port with common-rail fuel injector. (B) 
Photograph of DCSV in operation. A 
combusting diesel spray is issuing directly 
toward viewer, as seen through center window. 
Mirrors at 45° show injection event through 
bottom and left side windows.

EXPERIMENTAL APPARATUS

The diesel-spray experiments were conducted under
simulated diesel-engine conditions in a constant-volume
combustion vessel. The combustion vessel was operated
by remote, automated control and can be used to simu-
late diesel-combustion pressures up to 35 MPa, more
than a factor of two higher than peak cylinder pressures
in current-technology diesel engines. Details of this facil-
ity pertinent to the present study are discussed below;
Ref. [7] provides a more in-depth description of the appa-
ratus.
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Figure 1: Experimental setup

• Operating pressure: 42.5 bar
• Air temperature: 1000 K
• Fuel temperature: 374 K
• Fuel type: n-heptane

• Injector diameter: 100µm
• Injection pressure: 150 MPa
• O2 content: 10 to 21 %



Flame lift-off height and ignition delay time
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Figure 2: Lift-off height versus time
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Figure 3: τid versus O2 %



Unconditional averages - 15 % O2 case

Figure 4: ξ̃, ξ̃′2, T̃, ỸOH vs. time

• ξ̃′2 peaks where evaporation is the
strongest;

• Autoignition occurs along axis;

• flame propagates along ξst ;

• propagation towards axis delayed;

• anchoring occurs off-axis.



Conditional temperature evolution - 15 % O2 case
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Ṡ = 0 case, ignition spot
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Ṡ 6= 0 case, ignition spot

• Evaporative cooling most effective at high
η values - drop in T up to 60 K;

• ignition delay time increases when Ṡ 6= 0;

• ξMR decreases when including droplets
source terms in CMC equations;

• 〈T| ξst〉 decreases by ' 10 K.



Anchoring mechanism

• Chemistry balanced by convection and
diffusion in η space;

• radial component of convection larger
than axial one;

• spatial diffusion terms less important
than in lifted jet flames;

• droplet terms do not affect anchoring
mechanism.

0 0.04 0.08 0.12 0.16 0.2
Mixture fraction [-]

-4.6

-2.3

0

2.3

4.6

So
ur

ce
s 

[K
/s

]

Axial convection
Radial diffusion
Axial diffusion
Eta diffusion
Pressure term
Chemistry

x 107

CMC source terms along axis

0 0.04 0.08 0.12 0.16 0.2
Mixture fraction [-]

-3.2

-1.6

0

1.6

3.2

So
ur

ce
s 

[K
/s

]

Radial convection
Axial convection
Radial diffusion
Axial diffusion
Eta diffusion
Pressure term
Chemistry

x 107

CMC source terms off axis



Conclusions and future work

Conclusions:

• influence of droplets terms on numerical predictions weak;

• τid overpredicted for all conditions investigated;

• lift-off height reproduced with good accuracy.

Future work:

• more accurate modeling of P̃(η) and 〈N| η〉 needed!

• modeling of 〈Y ′′
αΠ′′| η〉 to be investigated;

• assessment of droplet effects against wider range of conditions.


