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Abstract 

This study extends the Pareto-efficient combustion (PEC) framework to adaptive LES combustion simu- 
lations of turbulent flames. With the focus on improving predictions of CO emissions, PEC is employed 

to augment a flamelet/progress variable (FPV) model through local sub-model assignment of a finite-rate 
chemistry (FRC) model. A series of LES-PEC calculations are performed on a piloted partially-premixed 

dimethyl ether flame (DME-D), using a combination of FPV and FRC models. The drift term is utilized 

in the PEC framework to estimate the model error for quantities of interest. The PEC approach is demon- 
strated to be capable of significantly improving the prediction of CO emissions compared to a monolithic 
FPV simulation. The improved accuracy is achieved by enriching the FPV model with FRC in regions where 
the low-order model is determined insufficient through the evaluation of the drift term. The computational 
cost is reduced by a factor of two in comparison to the full finite-rate calculation, while maintaining the same 
level of accuracy for CO predictions. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Turbulent reacting flows involve complex
physico-chemical processes that cover a wide range
of time and length scales. The chemical conversion
of a large number of species together with the
rich flow structures pose significant challenges to
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numerical modeling and simulations. Several com- 
bustion modeling approaches have been developed 

to avoid the direct evaluation of the detailed reac- 
tion chemistry by using low-dimensional manifold 

representations [1] . Through these models, the 
high-dimensional thermo-chemical state space can 

be parameterized by a reduced set of scalars. 
Based on the manifold abstraction, the Pareto- 

efficient combustion (PEC) framework [2] was 
developed, which allows the usage of detailed 
ier Inc. All rights reserved. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.proci.2018.08.010&domain=pdf
http://www.sciencedirect.com
https://doi.org/10.1016/j.proci.2018.08.010
http://www.elsevier.com/locate/proci
mailto:wuhao@stanford.edu
https://doi.org/10.1016/j.proci.2018.08.010


2268 H. Wu et al. / Proceedings of the Combustion Institute 37 (2019) 2267–2276 

d  

r  

c  

a  

d  

m  

d  

b  

o  

o  

b  

m  

t  

i  

e  

p  

t  

a
 

t  

l  

a  

m  

r  

fl  

fi  

i  

r  

fi
 

a  

c  

e
s  

fl  

t  

f  

t  

c  

t  

n  

o  

r  

t  

a  

a
 

c  

s  

o  

r  

s  

s  

c  

m  

f  

d  

n  

(  

p  

o  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ˜
 

 

 

 

 

 

 

 

 

 

 

 

 

escription of the combustion chemistry in limited
egions where it is necessary, while avoiding the
oncomitant overhead in regions where low-cost
pproaches, such as flamelet-type models [3–5] , are
eemed sufficient. PEC is formulated to require
inimal user input, consisting of (i) a set of can-

idate combustion models that can be described
y the manifold abstraction, (ii) a set of quantities
f interest (QoI), denoted by Q , such as emissions
f CO, and (iii) a weighting coefficient, denoted
y λ, to balance computational cost and desirable
odel accuracy. The PEC approach differs from

he dynamic adaptive chemistry (DAC) [6–8] in
ts more general adaptation capability beyond the
xtent of chemical manifolds. Thus, PEC has the
otential to effectively reduce the number of active
ransport equations in addition to the complexity
ssociated with chemical kinetics. 

The PEC approach utilizes a so-called drift term
hat is formulated to identify the deficiency of these
ow-order models. Specifically, the drift term ex-
mines the compliance of a particular combustion
odel with respect to the underlying flow-field rep-

esentation [9] . By locally enriching the low-order
amelet models using models of higher physical
delity, the PEC approach was demonstrated to

mprove the prediction of emissions while incur-
ing lower cost compared with simulations in which
nite-rate chemistry is applied uniformly. 

While the PEC framework was proposed to
ddress the modeling challenges in simulating
omplex flames, it has only been applied, in its
ntirety, to a series of small-scale simulations of 
teady-state or slowly varying laminar tribrachial
ames [2] . Although the key component of PEC,
he so-called drift term, was extended to LES
ormulations and studied in detail as a stand alone
ool for examining the compliance of a particular
ombustion model with respect to the underlying
urbulent flow-field representation [9] , the effective-
ess of PEC in adapting the dynamic assignment
f combustion models in unsteady turbulent envi-
onments is yet to be demonstrated. Other issues
o be addressed are the computational efficiency
nd dynamic load-balancing of this method when
pplied to massively parallel computations. 

The objective of this work is to extend the appli-
ation of PEC to LES of turbulent flames with the
pecific goal of efficiently improving the prediction
f CO emissions. To facilitate a cost-effective
ealization of the local model adaptation for large-
cale 3D calculations, efficient computational
trategies are developed for solving finite-rate
hemistry, evaluating the drift term for error esti-
ation, and scalable parallelization. The combined

ramework is applied to LES of a piloted turbulent
imethyl ether (DME) jet flame using a combi-
ation of the flamelet/progress variable approach
FPV) [5] and finite-rate chemistry (FRC). The
redictive capability and computational efficiency
f the PEC framework are analyzed in comparison
to monolithic, nonadaptive simulations using only
FPV or FRC models. 

2. PEC framework 

As discussed in Section 1 , the PEC-framework
aims to improve the cost and accuracy of combus-
tion simulations by applying a spatially heteroge-
neous sub-model assignment that is dynamically
adapted during unsteady LES calculations. Three
key components of PEC are discussed in this
section: (i) the model assignment based on the
balance between efficiency and fidelity of com-
bustion models, (ii) the drift term used to estimate
the model error without prior information of a
reference solution, and (iii) the coupling of scalar
transport equations among different models. The
interested reader is referred to [2] for a detailed
description of the PEC formulation. 

2.1. Governing equations 

The system of the fully compressible Navier-
Stokes equations is considered in this work. The
Favre-filtered conservation laws of mass, momen-
tum, total energy, and reactive scalars take the fol-
lowing form: 

∂ t ρ + ∇ · ( ρ˜ u ) = 0 , (1a)

∂ t ( ρ˜ u ) + ∇ · ( ρ˜ u ̃  u + p I ) = ∇ · ( τ + τsgs ) , (1b)

∂ t ( ρ˜ E ) + ∇ · [ ̃  u ( ρ˜ E + p )] 
= ∇ · [( τ + τsgs ) ·˜ u − ( q + q sgs )] , (1c)

∂ t ( ρ˜ φ) + ∇ · ( ρ˜ u ̃  φ) = −∇ · ( j + j sgs ) + S φ, (1d)

where τ is the stress tensor, q is the heat flux, and p
is the pressure obtained from the equation of state.

For the scalar equation in Eq. (1d) , ˜ φ is
defined to be the concatenation of manifold-
describing variables of candidate models:
 φ = [ ̃  φm 1 

, · · · , ̃  φm N 
] 
T 
, with the set of candidate

models being M = { m 1 , · · · , m N } . The manifold-
describing variables are used to evaluated the
filtered chemical source term, denoted by S φ, as
well as the reconstructed species mass fractions. 

Pressure, temperature, and thermo-physical
properties are obtained from density, internal
energy, and species mass fractions that are re-
constructed from the chosen manifold. Note that
for the FPV model, the thermodynamic state is
determined by the reconstructed species mass
fractions together with the transported density
and total energy. As such, the equation of state
and thermodynamics are modeled consistently for
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all sub-models considered. Such treatment of the
thermodynamic state was previously considered
for applying flamelet models to compressible
flows [10,11] . 

2.2. Pareto-efficient model assignment 

The model assignment, which is represented
by the mapping M : � → M, determines the
model of choice at any point in the computational
domain �. This assignment is obtained in the PEC
framework by minimizing the weighted sum of 
estimated error ( e ) and cost ( c ): 

min 

M :�→ M 

( ∫ 
�

e (M (x ) , x ) dx ︸ ︷︷ ︸ 
estimated error 

+ λ

∫ 
�

c (M (x ) , x ) dx ︸ ︷︷ ︸ 
estimated cost 

)
. 

(2)

The coefficient λ is a user-input parameter, ex-
pressing the preference in the balance between
efficiency and fidelity. As such, model assignment
of lower cost but higher error will be chosen with
an increased value of λ. The estimated local cost
( c ) is a model-specific constant. In the present case,
the cost is evaluated as the number of transported
scalars of the combustion model, since the com-
putational cost is made to scale linearly with the
number of scalars in the computational approach
discussed in Section 3 . 

The local error, e , is defined as the
weighted sum of errors estimated for the QoIs:

e (m, x ) = 

∑ 

ψ∈ Q 

∣∣∣∣D 

m 

ψ 

B ψ 

∣∣∣∣ , (3)

where m = M (x ) is the locally applied combus-
tion model; ψ defines a quantity included in the
set of QoIs, denoted by Q : and B ψ is the scaling
constant. The formulation of the drift term, D 

m 

ψ ,

will be described in the follow section. A greedy
strategy is employed to approximate the solution
to Eq. (2) and the detailed algorithm is discussed
in [2] . 

2.3. Drift term 

The drift term provides a measure of the com-
pliance of a particular combustion model with
respect to the underlying flow-field representation.
This drift term is evaluated for each user-specified
QoI, ψ , and calculates the initial growth-rate of 
the error if the solution was initialized from a
given manifold model. Therefore, the drift term
identifies the error induced by the incompatibility
between the local flow field and the structure of 
the combustion model [9] . Specifically, for a given
combustion model m , the drift term for the QoI
ψ ∈ Q is defined as [9] 

D 

m 

ψ = ρ

(
D t 

(˜ ψ 

)∣∣˜ ψ = ̃  ψ ∗m 
− D t 

(˜ ψ 

∗
m 

))
, (4)
where D t denotes the substantial derivative and 

˜ ψ 

∗
m 

is the QoI determined from the manifold of model 
m . The first term, D t 

(˜ ψ 

)∣∣˜ ψ = ̃  ψ ∗m 
, represents the 

evolution of ψ following the transport equations, 
if it were initialized by the manifold determined 

value ˜ ψ 

∗
m 

. The second term, D t 
(˜ ψ 

∗
m 

)
, represents 

the change of ˜ ψ 

∗
m 

following the evolution of 
the manifold-describing variables, which can be 
evaluated via the chain rule as [9] 

D t 
(˜ ψ 

∗
m 

) = 

∂ ̃  ψ 

∗
m 

∂ ̃  φm 

· D t 
(̃

 φm 

)
. (5) 

In the present study, the QoIs are chosen to be 
the mass fractions of selected species. Therefore, 
all the terms that are present in Eq. (4) can be ob- 
tained directly from the simulation using model m . 
As such, the drift term is capable of determining 
the applicability of a manifold-based combustion 

model in the absence of prior information from a 
reference solution. 

2.4. Coupling between combustion models 

The scalar equations, Eq. (1d) , are selectively 
solved based on the dynamically determined model 
assignment M . As a result, the transport equations 
for ̃  φm 

are solved only where M (x ) = m . Coupling 
between scalar transport equations among sub- 
domains using different models is achieved via the 
mechanism of imputing the deactivated manifold- 
describing variables using those of the activated 

model. To ensure consistency at the interface of 
sub-models, the following reconstruction operation 

is applied before evaluating the right-hand-side of 
the spatially-discretized governing equations 

 φm 

′ (x ) = ̃

 φ
R 
m 

′ ( ̃  φm 

(x )) where M (x ) = m, (6) 

for all deactivated models m 

′ � = M (x ) . For the FPV 

and FRC models used in this study, the specific 
form of the reconstruction operation 

˜ φ
R 

is de- 
scribed in Section 4.3 . 

The essential conservation properties for mass, 
momentum, and total energy are preserved during 
the adaptation procedure since the corresponding 
conservation equations are universal among sub- 
domains. The smoothness of the scalar fields is 
ensured by the combination of the reconstruction 

operation and the drift term, which detects sharp 

transitions through the entailed diffusion operator. 

3. Computational approach 

3.1. Spatial and temporal discretization 

LES with PEC-based combustion model 
adaptation is performed using an unstructured 

finite-volume solver, CharLES 

x [12] . The fully 
compressible multi-species Navier-Stokes equa- 
tions are spatially discretized using a modified 
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ybrid central-WENO scheme [13,14] , which
as low numerical dissipation while being stable

or discontinuities across contact interfaces. The
onvection-diffusion and reaction operators of 
he system are separated by a steady-state pre-
erving 2nd-order operator splitting scheme [15] .
he time-stepping of the convection-diffusion
art is carried out via a 3rd-order Runge–Kutta
SSP-RK3) method [16] . The spatially independent
ystems of chemical reactions are integrated using
 semi-implicit 4th-order Rosenbrock-Krylov
ROK4E) scheme [15,17] . The stability of the
OK4E scheme is achieved through the approx-

mation of the Jacobian matrix by its low-rank
rylov-subspace projection. As few as three right-

and-side evaluations are performed over four
tages. Overall, a minimum of 3.5 source-term
valuations is required per convection-diffusion
tep, the cost of which is comparable to three
valuations required for a fully-explicit scheme. 

.2. Parallelization and load balancing 

For parallel computations on distributed ar-
hitectures, the unstructured mesh is partitioned
nto multiple domains. The heterogeneity in the

emory layout is accounted for by using a two-
ayer partitioning strategy [18] . To this end, the
nter-node level partition is first performed to
etermine the control-volumes assigned to each
ode. The intra-node level partition is then per-

ormed to determine the assignment associated
ith each processor. As such, the locality of the

ontrol volumes for processors on the same node is
ncouraged. During the partitioning processes, the
ost of each control-volume is set to be the sum of 
he local combustion modeling cost, as discussed
n Section 2.2 , and the fixed cost of solving the
ompressible Navier–Stokes equations. 

In addition to the cost-aware domain de-
omposition, another level of load balancing is
erformed for the temporal integration of the
hemical reactions where the FRC model is used.
he computational task of the time integration is

edistributed among processors by exploiting the
patial locality of chemical reactions. The redistri-
ution is conducted via a parallelized rebalancing
cheme [19] based on the algorithm of Aggarwal
t al. [20] . 

. Experimental and computational setup 

.1. Experimental configuration 

In the present work, PEC is applied to LES of a
urbulent DME jet flame, which was derived from
he canonical Sydney/Sandia piloted jet flame se-
ies, and was experimentally investigated at Sandia
ational Laboratories [21,22] . The central fuel

et consists of a mixture of DME and air with an
equivalence ratio of φ = 3 . 6 , resulting in a stoichio-
metric mixture fraction of Z st = 0 . 353 . The pilot
stream consists of a burned mixture of C 2 H 2 , H 2 ,
CO 2 , and N 2 , which is chosen to match a premixed
DME flame with φ = 0 . 6 . The fuel jet diameter is
D = 7 . 45 mm. The pilot annulus has inner and
outer diameters of 8 mm and 18.2 mm, respectively.
For this study, the DME-D condition is chosen.
The bulk jet velocity is U bulk = 49 . 5 m/s, which cor-
responds to a Reynolds number of Re = 29 , 300 .
The unburned velocity of the pilot stream is 1.1 m/s
and the velocity of the air co-flow is 0.9 m/s. 

4.2. Numerical setup 

The LES is performed on an unstructured
mesh with 10.3 million hexahedral elements. The
minimal grid spacing at the jet outlet is 0.1 mm.
A relatively fine mesh is chosen to reduce the
sensitivity on the closure model for the turbulence-
chemistry interaction. The velocity inflow profile
of the fuel stream is generated using digital fil-
tering [23] , with mean and turbulent quantities
matching the experimental data. The nozzle wall is
considered as non-slip and adiabatic. 

For both the FPV and FRC models, the
combustion chemistry of the DME-air flame is
represented using an 18-species kinetic scheme that
was reduced from the 58-species mechanism of 
Zhao et al. [24] , using a combination of skeletal
reduction and linear-QSSA [25] method. The
detailed description and testing for the reduced
mechanism is provided as supplementary ma-
terial. The molecular diffusion is modeled with
species-specific non-unity Lewis numbers assumed
constant throughout the flame. The Lewis numbers
for the mixture fraction and progress variable are
set to be unity. The Lewis numbers for the species
are calculated at the equilibrium condition of 
a stoichiometric mixture of DME and air. The
CO-formation is not sensitive to radiation, and
radiative heat-loss effects were not considered in
the present work. The Vreman model [26] is used
to represent the turbulent subgrid stresses. The
subgrid-scale turbulent-chemistry interaction is
accounted for using the dynamic thickened-flame
model (DTF) [27] , which has been applied to pre-
mixed and non-premixed combustion in conjunc-
tion with detailed mechanisms as well as tabulated
chemistry [28–30] . By employing identical closure
models for the turbulence-chemistry interaction
in both FPV and FRC models, the observed
difference in the simulation results can be better
attributed to variations in the chosen combustion
models. A sensitivity study was performed and a
maximal thickening factor of 3 was found to be
sufficient for the current choice of mesh resolution.

When applied to the 18-species reduced DME
mechanism, the efficient integration of the chem-
ical source terms accounts for less than 20% of 
the overall computational cost in the nonadaptive
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FRC simulation, while the computation of the
transport equations of the species mass fractions
accounts for 65%. Although both components of 
cost can be reduced via the limited usage of FRC
in PEC simulations, reducing the number of trans-
port equations via PEC is critical for obtaining
meaningful cost saving. 

4.3. Pareto-efficient combustion model 

The candidate models considered in this study
are the FPV and the FRC models. The FPV
model is chosen since this flame is largely diffusion-
controlled. More complex flames could bene-
fit from using additional sub-models [2,9] . The
manifold-describing variables are defined as ˜ φ =
[ ̃  φF PV , ̃

 φF RC ] 
T 

. 
The choice of using the dynamic thickened-

flame model for both FRC and FPV allows for
analyzing differences in the prediction of QoIs
without the potential complication from the
variation of closure models. With the flame be-
ing artificially thickened, the FPV manifold is
described by the filtered mixture fraction and
progress variable, ̃  φF PV = [ ̃  Z , ˜ C 

] 
T 
, which we note

is different from the conventional practice of 
using a presumed-PDF closure [5,31] . For the
FRC model, ˜ φF RC = [ ̃  Y 1 , · · · , ˜ Y N S −1 ] 

T 
, leading

to an identity mapping between the manifold-
describing variables and the filtered species mass
fractions. For FPV, the Jacobian-vector multipli-
cation in Eq. (5) can be efficiently calculated by a
finite-difference approximation: 

D t ( ̃  ψ 

∗
FPV ) = 

∂ ̃  ψ 

∗
FPV 

∂ ̃  Z 

D t ( ̃  Z ) + 

∂ ̃  ψ 

∗
FPV 

∂ ̃  C 

D t ( ̃  C ) 

= [ ̃  ψ 

∗
FPV ( ̃  Z + εD t ( ̃  Z ) , ˜ C + εD t ( ̃  C )) 

− ˜ ψ 

∗
FPV ( ̃  Z , ˜ C )] /ε, (7)

which is first-order accurate with one additional
retrieval of the tabulated values and ε = 1 × 10 −9 s
is chosen in this study. 

The progress variable for the FPV model is de-
fined as the sum of mass fractions of H 2 , H 2 O,
CO, and CO 2 . Hence, the reconstructed progress
variable for FPV, used in Eq. (6) , is obtained from
φFRC as ˜ C 

R = 

˜ Y H 2 + ̃

 Y H 2 O 

+ ̃

 Y CO 

+ ̃

 Y CO 2 , while the
species mass-fraction for FRC is reconstructed via
table reading: ̃  Y 

R 
k = 

˜ Y 

∗
F PV, k ( ̃  Z , ˜ C ) , where ̃  Y 

∗
F PV, k is

the tabulated species mass fraction from FPV. The
scaling constant B ψ , shown in Eq. (4) , is chosen to
be the corresponding species production rates at the
equilibrium condition of a stoichiometric DME-
air mixture. Due to the consideration of prefer-
ential diffusion in the FRC model, the mixture
fraction with unity Lewis number cannot be re-
constructed from species mass fractions and thus
the consistent transport equation for ˜ Z is solved
throughout the domain. 
5. Results and discussion 

A series of PEC simulations based on FPV and 

FRC models are performed. Calculations are car- 
ried out for a range of λ, specifying different levels 
of efficiency-accuracy preference. Large values of λ
correspond to preferring the low-order FPV model 
over the FRC model, which has greater computa- 
tional complexity but a higher degree of fidelity. 
The shift toward FPV leads to a decrease in the cost 
of the simulation and a potential increase in the 
prediction error. The model assignment is dynam- 
ically updated at the beginning of each time step. 
The quantities of interest specified in the series of 
LES-PEC calculations are the constitutive species 
for progress variable: Q = { ̃  Y H 2 , 

˜ Y H 2 O 

, ˜ Y CO 

, ˜ Y CO 2 } . 
We first discuss the calculations at the two lim- 

its of the efficiency-accuracy preference, leading 
to monolithic combustion model assignments of 
FPV ( λ → ∞ ) and FRC model ( λ → 0). The re- 
sults obtained from intermediate values of λ are 
then presented, in which the FPV and FRC models 
are jointly utilized in the LES calculations. Subse- 
quently, aspects of dynamic model assignment and 

accuracy of CO emissions are addressed. This sec- 
tion is finalized by analyzing the performance and 

cost savings of the PEC approach. 

5.1. Monolithic model assignment 

Two baseline simulations are performed, in 

which FRC and FPV are used as the monolithic 
combustion model over the entire domain. These 
calculations are obtained with the weight coeffi- 
cient of λ = 0 . 00 and λ = 0 . 64 , respectively. The 
choice of extreme values of λ indicates the over- 
whelming emphasis of efficiency over accuracy 
or vice versa, and hence the monolithic model 
assignment. These PEC simulations are labeled as 
PEC-0 and PEC-64, corresponding to the mono- 
lithic utilization of FRC and FPV, respectively. 
The PEC-64 result is further used to initialized the 
rest of the calculations to avoid the propagation of 
information from higher fidelity simulations. 

The mean profiles of the monolithic LES 

results are collected at x/D = { 5 , 10 , 20 , 40 } . 
The comparison of the computed radial profiles 
against the experimental measurements is shown in 

Fig. 1 . Overall, Bilger mixture fraction, tempera- 
ture, and H 2 O mole fraction are well predicted by 
both simulations. The level of agreement is compa- 
rable to previous LES calculations performed using 
FPV [32] , CMC [33] , and PDF [34] approaches. No- 
ticeable deviations from the measurements, how- 
ever, can be observed for the CO mole fraction of 
PEC-64 (FPV) at the downstream locations ( x/D = 

20 , 40 ), as the FPV model reduces the chemical 
time scales of all species to that of the progress 
variable. Prediction for the CO mole fraction is 
significantly improved in PEC-0 (FRC) due to the 
more detailed representation of chemical reactions. 
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Fig. 1. Comparison of the experimental and computed radial profiles of the mean Bilger mixture fraction, temperature 
(K), and mole fractions of H 2 O and CO, from PEC-64 ( λ = 0 . 64 , FPV), PEC-8 ( λ = 0 . 08 ), and PEC-0 ( λ = 0 . 00 , FRC), 
at the axial positions of x/D = { 5 , 10 , 20 , 40 } . The probability of choosing FRC over FPV in the case of PEC-8 is color 
coded (0: FPV, 1: FRC). 
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The instantaneous field of the local error esti-
ation for PEC-64 is presented in Fig. 2 A. The

rror estimation is defined as the sum of the nor-
alized drift terms for H 2 , H 2 O, CO, and CO 2 .
he value is high on the rich side of the flame and
radually increases along the streamwise direction,
arking the regions where FPV shows deficiency.
s shown in Fig. 2 B, the error estimation agrees
ell with the comparison of the instantaneous and
ean fields of CO mole fraction between PEC-64

FPV) and PEC-0 (FRC). 

.2. Heterogeneous model assignment 

We first focus on the PEC-8 calculation with
he weight parameter chosen to be λ = 0 . 08 . The
hoice of intermediate values of λ results in the
daptive procedure with a mixed usage of the FPV
nd FRC models, as shown in Fig. 3 A. An instanta-
eous snapshot of this case is displayed in Fig. 3 B
nd C, showing smooth profiles of the temperature
nd the mole fraction of CO in the presence of het-
rogeneous model assignments. 

The comparison between PEC-8 results and the
aseline simulations are shown in Fig. 1 , with the
color-coded probability of FRC usage in PEC-8.
For mean radial profiles that are well predicted by
both PEC-64 and PEC-0, such as Bilger mixture
fraction, temperature and H 2 O mole fraction, the
prediction by PEC-8 is expectedly of similar ac-
curacy. The improvement of PEC-8 over PEC-64
can most clearly be observed for CO mole fraction
profiles at x/D = 20 and 40, which is significantly
under-predicted by PEC-64. The deficiency of the
FPV model in describing the evolution of CO is
correctly detected by the PEC adaptation proce-
dure, resulting in the usage of FRC (marked in
red) in regions critical to the correct CO prediction,
which accounts for 30.2% of the computational do-
main. The adaptive usage of FRC in PEC-8 results
in the improved prediction of CO emissions as il-
lustrated by the comparison of the instantaneous
and mean fields of the CO mole fraction between
PEC-64, PEC-8, and PEC-0 in Fig. 2 . 

The PEC model is further scrutinized by ex-
amining simulation results produced with various
intermediate values of λ ranging from 0.01 to 0.32.
The resulting PEC calculations have FRC applied
to approximately 10% − 40% of the computational
domain. The percentage of the domain modeled
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Fig. 2. A: Instantaneous field of local error estimation for PEC-64 (FPV), defined as the sum of the normalized drift 
terms for H 2 , H 2 O, CO, and CO 2 ; B: Comparison of the instantaneous (left) and mean (right) fields of CO mole fraction 
between PEC-64 ( λ = 0 . 64 , FPV), PEC-8 ( λ = 0 . 08 ), and PEC-0 ( λ = 0 . 00 ). 

Fig. 3. Instantaneous fields of (A) model assignment, (B) temperature, and (C) CO mole fraction for PEC-8 ( λ = 0 . 08 , 
left) and PEC-32 ( λ = 0 . 32 , right). The regions with FPV and FRC are color coded in blue and red, respectively. The 
stoichiometric contour of Z st = 0 . 353 is marked in black lines in (A). The sub-model interface between FPV and FRC is 
marked in gray lines in (B) and (C). 
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Fig. 4. Comparison of the experimental and computed radial profiles of the mean mole fractions of H 2 O and CO, from 

LES-PEC with λ = { 0 . 00 , 0 . 08 , 0 . 32 , 0 . 64 } , at the axial position of x/D = 10 , 20 , 40 . LES-PEC calculations with λ = 

0 . 00 and 0.64 correspond to baseline FRC and FPV simulations. 

Fig. 5. Averaged usage of FRC (% of elements) and normalized cost for LES-PEC with λ = 

{ 0 . 01 , 0 . 04 , 0 . 08 , 0 . 16 , 0 . 32 , 0 . 64 } . The dashed red and blue lines represent the reference cost of nonadaptive FRC and 
FPV calculations, respectively. 
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y FRC is plotted in Fig. 5 . The FRC utilization
s shown to monotonically decreases with increas-
ng value of λ. As discussed in Section 5.1 , the

onolithic usage of FPV is realized with λ = 0 . 64 .
owever, it is worth noting that the current adap-

ation formulation relies on a user-specified value
f λ. The capability of adjusting λ to satisfy a
re-determined level of cost or accuracy is subject
f future study. 
In Fig. 4 , mean profiles for H 2 O and CO mole
fractions of PEC-8 are compared with those ob-
tained from PEC-32 ( λ = 0 . 32 ) and experiments.
At both axial locations, x/D = { 10 , 20 } , the accu-
racy for the mean H 2 O and CO profiles is main-
tained despite a significantly reduced usage of FRC
from 26.6% to 8.8%. As shown in Fig. 3 , the switch
from FRC to FPV occurs, as demanded by the
higher value of λ, at the up-stream location where
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FPV is capable of accurately predicting CO of high
strain rate conditions, while the FRC model re-
mains active for the rich mixture down-stream as
well as regions near the exit plane of the pilot flame.

5.3. Cost analysis 

The computational efficiency of the PEC frame-
work is evaluated by measuring the CPU time of 
PEC simulations for different values of λ. The com-
putational cost is evaluated for calculations per-
formed on 1000 Ivy Bridge processors. The results
are summarized in Fig. 5 . The normalized compu-
tational cost for the PEC calculations is shown by
the solid black line. The red and blue dashed lines
represent the reference cost for nonadaptive FRC
and FPV calculations, which are different from
PEC-64 and PEC-0 in cost due to the absence of 
overhead associated with PEC. 

Significant savings in cost via dynamic combus-
tion model adaptation are achieved, especially con-
sidering the high efficiency of the FRC calculation
and the compactness of the chosen kinetic scheme.
For PEC-32, the cost is reduced to 49.8% of the
reference FRC calculation, without having notice-
able deviations from the FRC results including CO
emissions. The PEC simulation with lowest cost
corresponds to PEC-64 with monolithic utilization
of FPV. The difference between the cost of PEC-
64 and the non-adaptive FPV (dashed blue line)
is caused by the overhead of the PEC framework,
which can be attributed to the adaptation proce-
dure as well as the consistent but more costly ther-
modynamic model. 

6. Conclusions 

In this work, the PEC framework is extended
to simulations of turbulent reacting flows and the
method is applied to LES of a piloted turbulent
DME jet flame. Based on the minimal user-specific
inputs for: (i) candidate combustion models, (ii)
quantities of interest, and (iii) a weight coefficient
representing the balance between efficiency and
accuracy, PEC dynamically selects the appropriate
local combustion model assignment to best de-
scribe the flame under case-specified constraints
for accuracy and cost. With the goal to enrich
FPV for the improved prediction of CO, a series of 
LES-PEC simulations is performed with various
levels of FRC/FPV usage. The monolithic FPV
simulation is shown to be deficient at predicting
CO emissions in the down-stream region of the
flame. The CO prediction can be significantly
improved via the enrichment of FRC occurring
at as few as 9% of the domain. The resulting
parallel calculation is a factor of two less expensive
compared with a highly efficient nonadaptive
calculation using finite-rate chemistry uniformly,
while not causing noticeable degradation in the 
predictive accuracy for quantities of interest. 
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