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a b s t r a c t

The eddy dissipation concept (EDC) is extended to the large eddy simulation (LES) framework following
the same logic of the turbulent energy cascade as originally proposed by Magnussen but taking into
account the distinctive roles of the sub-grid scale turbulence. A series of structure levels are assumed
to exist under the filter width ‘‘D’’ in the turbulent energy cascade which spans from the Kolmogorov
to the integral scale. The total kinetic energy and its dissipation rate are expressed using the sub-grid
scale (SGS) quantities. Assuming infinitely fast chemistry, the filtered reaction rate in the EDC is con-
trolled by the turbulent mixing rate between the fine structures at Kolmogorov scales and the surround-
ing fluids. The newly extended EDC was implemented in the open source FireFOAM solver, and large eddy
simulation of a 30.5 cm diameter methanol pool fire was performed using this solver. Reasonable agree-
ment is achieved by comparing the predicted heat release rate, radiative fraction, velocity and its fluctu-
ation, temperature and its fluctuation, turbulent heat flux, SGS and total dissipation rate, SGS and total
kinetic energy, time scales, and length scales with the corresponding experimental data.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The eddy dissipation concept (EDC) originally developed by
Magnussen [1,2] assumes that chemical reactions take place in fine
structures which have similar magnitudes as the Kolmogorov
scales and that the reaction rate is determined from the turbulent
mixing rate between the fine structures and surrounding fluids.
Thus, the turbulent effect on combustion is embedded in the reac-
tion rate of EDC. The EDC is well established for the Reynolds Aver-
aged Navier–Stokes (RANS) approach, but its extension to the large
eddy simulation (LES) framework has been problematic partly be-
cause the eddy characteristic time scale cannot be easily deter-
mined in LES. Fureby and co-workers [3,4] proposed a procedure
to calculate the turbulent reaction rate by directly replacing the to-
tal kinetic energy and its dissipation rate with the sub-grid scale
(SGS) properties. This approach has been adopted by some com-
mercial CFD codes like FLUENT [5]. However, it was reported that
the predicted reaction rate is strongly dependent on grid size [3].
This was thought to be likely caused by the replacement of the to-
tal kinetic energy with the SGS kinetic energy. Note that in LES the
SGS kinetic energy represents the unresolved turbulent energy to
be modeled and this energy should be much less than the total ki-
netic energy.

In the present study, a new approach will be developed to ex-
tend the EDC from RANS to LES, from which the characteristic time
scales and length scales are derived. Numerical simulation of a
30.5 cm diameter methanol pool fire will be performed to evaluate
the development.

2. Extention of the eddy dissipation concept

2.1. Turbulent energy cascade

The essence of the EDC assumes that a stepwise turbulent en-
ergy cascade exists from the mean flow down to the Kolmogorov
scale, and the heat generation resulting from the dissipation of tur-
bulence energy mainly occurs on the small scales where produc-
tion and dissipation balance [6]. This assumption is believed to
be independent of the chosen turbulence models, either RANS or
LES, but it does neglect backscatter and upscale transfer which ex-
ist in real physics but would only have marginal influence on the
present applications where the interests are more focused on the
mean and fluctuating flow variables and radiative heat emissions
from fires. Given the fact that the filter width of LES generally falls
between the Kolmogorov and integral length scale, we assume that
there is a series of structure levels below the filter width D in the
stepwise turbulent cascade as shown in Fig. 1. As properties on this
‘D’ level can be determined directly from a SGS turbulence model,
we can derive expressions for the characteristic variables on other
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structure levels using these SGS quantities. Thus, the total kinetic
energy and its dissipation rate may be calculated from the SGS
quantities following assumptions made in the original EDC [6].

In Fig. 1, un, Ln and xn represent the velocity scale, length scale
and strain rate on the n-th structure level. Following Ertesvåg and
Magnussen [6], the strain rate xn is assumed to be equal to 2xn�1

with regard to the relationship between two adjacent structure
levels. qn represents thermal energy resulting from dissipation on
each level while Wn stands for the sum of mechanical energy on
all subsequent levels. On the n-th level, Wn and qn may be ex-
pressed as [6].

Wn ¼
3
2

CD1xnu2
n ð1Þ

qn ¼ CD2tx2
n ð2Þ

xn ¼
un

Ln
ð3Þ

xn ¼ 2xn�1 ð4Þ

where t is the molecular kinematic viscosity, CD1 and CD2 are model
coefficients. According to Eqs. (2) and (4),

qn ¼ 4qn�1 ð5Þ

The total dissipation rate of the kinetic energy may be modeled as
[6]

e ¼ q0 þ q00 þ � � � þ qn þ qnþ1 þ � � � þ qSGS þ q1 þ � � � þ q� ð6Þ

Substituting Eq. (5) into Eq. (6) and then applying the series theory,

4q� � q0 ¼ 3e ð7Þ

Similarly, WSGS on the ‘D’ level may be expressed as

WSGS ¼ qSGS þ q1 þ q2 þ � � � þ q� ð8Þ

Substituting Eq. (5) into Eq. (8),

4q� � qSGS ¼ 3WSGS ð9Þ

And subtracting Eq. (9) from Eq. (7),

e ¼WSGS þ
1
3

qSGS �
1
3

q0 ð10Þ

q0 can be considered as negligible since the dissipation into heat
mainly takes place on the small scales rather than the integral scale.
According to Eqs. (1)–(3), Eq. (10) can be re-written as

e �WSGS þ
1
3

qSGS ¼
3
2

CD1
u3

SGS

D
þ 1

3
CD2t

u2
SGS

D2 ð11Þ

uSGS is estimated to be
ffiffiffiffiffiffiffiffiffiffiffi
2
3 kSGS

q
, where kSGS is SGS kinetic energy ob-

tained from a LES model such as sub-grid kinetic energy model [7].
Therefore,

e �
ffiffiffi
2
3

r
CD1

k3=2
SGS

D
þ 2

9
CD2t

kSGS

D2 ð12Þ

Based on the energy conservation on all the structure levels,

W 0 ¼ e ¼ 3
2

CD1
ðu0Þ3

L0
ð13Þ

where L0 is the integral length scale. u0 is calculated from
ffiffiffiffiffiffi
2
3 k

q
, and k

is the total kinetic energy. Thus,

Nomenclature

C constant
cp specific heat capacity
g gravitational acceleration
k kinetic energy
L length scale
Lf flame height
MWi molar weight of the species i
pi partial pressure of the species i
Q heat release rate
q dissipation heat
s stoichiometric oxygen–fuel ratio
T temperature
u velocity scale
W mechanical energy
Yi species mass fraction for the species i

Greeks symbols
c mass fraction of the fine structures

D LES filter width
e dissipation rate
j local absorption coefficient
q density
r Stefan–Boltzmann constant
v reacting fraction of the fine structures
t kinematic viscosity
x strain rate
xi filtered reaction rate of the species i

Subscripts
fu fuel
N2 nitrogen
n n-th structure level
O2 oxygen
SGS sub-grid scale
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Fig. 1. The turbulent energy cascade in the LES framework.
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