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Abstract

The exergy loss characteristics of combustion processes under homogeneous-charge compression ignition (HCCI)
and stratified-charge compression ignition (SCCI) conditions are numerically investigated by analyzing two-
dimensional (2-D) direct numerical simulation (DNS) data. Two fuels, dimethyl ether and ethanol, together with
the initial conditions of different mean temperatures, and levels of temperature and concentration fluctuations relevant
to HCCI/SCCI conditions were investigated. It is found that the prevalent deflagration mode significantly decreases
the maximum exergy loss rates and spreads out the exergy loss rate for all the cases regardless of fuel types, tem-
perature regimes, and temperature and/or concentration fluctuations. The primary irreversible sources of exergy loss
are also identified. The chemical reaction is found to be the primary contributor to the total exergy loss, followed
by heat conduction and mass diffusion, regardless of the fluctuation levels. It is also found that the relative change
of exergy loss due to chemical reactions, ELchemrel, correlates strongly with the heat release fraction by deflagration.
The maximum ELchemrel is found to be less than 10%. Chemical pathway analysis reveals that the exergy loss induced
by low-temperature reactions, represented by the decomposition of hydroperoxy-alkylperoxy and the H-abstraction
reactions of the fuel molecule, is much lower under the SCCI conditions than that under the HCCI conditions. Gen-
erally, the dominant reactions contributing to the exergy loss in the high-temperature regime are nearly identical for
the HCCI and SCCI combustion. Key reactions, including the H2O2 loop reactions, the reactions of the H2-O2 mech-
anism, and the conversion reaction of CO to CO2, CO + OH = CO2 + H, are found to contribute more than 50%
of the total exergy loss. Due to locally higher reactivities by temperature and concentration fluctuations inducing
deflagration dominance, these reactions occur at a relatively higher temperature (1600 K–1900 K) compared with the
homogeneous zero-dimensional cases (∼1400 K), resulting in a net reduction in exergy loss.

Keywords: Direct numerical simulation (DNS), temperature and concentration fluctuations, deflagration, exergy loss

1. Introduction

Decades ago, the homogeneous-charge compression
ignition (HCCI) concept [1–3] started a new stream of
internal combustion (IC) research towards higher effi-
ciency and lower emissions by allowing lean combus-
tion at higher compression ratio. Due to its limited
operational range [4, 5], however, the HCCI strategies
have since been modified by introducing some level
of mixture inhomogeneities in order to moderate the
combustion duration and to mitigate the rapid pres-
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sure rise [6, 7], thus enhancing the combustion con-
trol at wider operating conditions [8, 9]. Examples in-
clude stratified-charge compression ignition (SCCI) and
reactivity-controlled compression ignition (RCCI) [10–
12] utilizing multiple injections and dual-fuel strategies.
At high-load conditions, the temperature and composi-
tion inhomogeneities lead to a smooth combustion pro-
cess with lower peak heat release rate which exhibits a
mixed combustion mode [13, 14].

Since the efficiency is of primary concern, a system-
atic thermodynamic analysis has been conducted to as-
sess the ideal and practical efficiency limits of differ-
ent IC engine concepts and implementations. The first
law of thermodynamics is commonly used and quan-
tifies the energy flow into useful work conversion and
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various types of losses, such as brake work, exhaust,
heat transfer, friction, unburned fuel, and so on [15–
17]. However, the energy-based first-law analysis only
considers the quantity of the energy conversion, not the
quality. The latter is more properly analyzed by the fuel
availability (exergy) based on the second law of thermo-
dynamics, serving as an alternative metric for efficiency
[18–20].

According to the second-law analysis, approximately
a third of the fuel exergy is destroyed in a conventional
combustion process due to the inherent irreversibility
of chemical reactions [21]. The exergy losses reduce
the maximum output power and the engine efficiencies
[22, 23]. To assess its impact more broadly, efforts were
made to evaluate the magnitude of the exergy destruc-
tion in IC engines under different combustion modes.
Li et al. [24] numerically compared the second-law effi-
ciencies of three combustion regimes, HCCI, RCCI, and
conventional diesel combustion (CDC), and reported
that the exergy destruction in CDC was significantly
higher. Rangasamy et al. [25] also made similar con-
clusions in their parametric study of the exergy loss in a
methanol/diesel or methanol/biodiesel dual-fuel engines
in CDC and RCCI modes. Exergy loss is caused by all
the irreversibilities during combustion processes that are
much more than just the chemical bond energy releases
associated with elementary reactions. As indicated by
Nishida et al. [26], the sources of the total exergy loss
include chemical reaction, heat conduction, mass diffu-
sion and viscous dissipation. Therefore, to better un-
derstand the exergy destruction characteristics of dif-
ferent combustion regimes, the specific sources caus-
ing exergy destruction under HCCI, RCCI and CDC
modes were investigated by Li et al. [27]. The results
revealed that for all combustion regimes, chemical reac-
tion is the dominant mechanism for the exergy destruc-
tion, followed by heat conduction and mass diffusion.
The larger exergy loss in the CDC mode was attributed
to the enhanced heat conduction and mass transfer due
to the excessive gradients of in-cylinder temperature and
fuel concentration during the mixing-controlled com-
bustion process. On the other hand, the exergy destruc-
tion in RCCI was found to be lower than that in HCCI
due to the slower heat release rate (HRR).

While these studies provided general understanding
of exergy destruction mechanisms in IC engines as qual-
itative behavior, more fundamental investigations are
needed to understand how the exergy losses due to all
irreversible sources are affected by the cumulative out-
come of the local fluctuations in temperature and com-
position in the mixture. Furthermore, a detailed chemi-
cal pathway analysis is needed to identify the dominant

reaction steps contributing to the exergy losses at differ-
ent thermodynamic conditions. For HCCI conditions,
the dominant reactions contributing to the exergy loss
were investigated in perfectly stirred reactors for differ-
ent kinds of fuels, such as DME [28], methanol [29],
n-heptane [29, 30], and iso-octane [30, 31]. For HCCI
combustion with the thermal and compositional unifor-
mities, not only the reactions primarily contributing to
heat release such as CO + OH = CO2 + H are identified
as the main source of exergy loss, the reactions of H +

O2 + (M) = HO2 + (M) and HCO + (M) = H + CO +

(M), which partially contribute to the heat release, are
also identified as one of primary contributors to exergy
loss. However, the dominant reaction steps contributing
to the exergy loss under SCCI conditions with a high
level of temperature and concentration inhomogeneities
remain unclear.

Therefore, the objectives of the present study are (1)
to investigate the effects of temperature and concentra-
tion fluctuations on the exergy destruction in combus-
tion processes under a wide range of conditions rele-
vant to HCCI/SCCI modes, (2) to identify and com-
pare the primary sources causing exergy destruction un-
der HCCI/SCCI conditions by chemical kinetic anal-
ysis, and (3) to examine the relationship between the
relative change of exergy destruction and the levels of
fluctuations. As a well-defined parametric study, two-
dimensional (2-D) direct numerical simulation (DNS)
data [32, 33] are used to explore different initial mean
temperature and thermal and/or concentration fluctua-
tion levels at high pressure as typically encountered
in IC engines. For simplicity, a single fuel SCCI
mode is considered, while dimethyl ether (DME) and
ethanol, representing fuels with and without negative
temperature coefficient (NTC) behavior, respectively,
are adopted for additional insights into the complex fuel
chemistry effects. By performing a quantitative analysis
based on the second law of thermodynamics, the effects
of different kinds of inhomogeneities on the exergy loss,
as reported in the literature for HCCI, SCCI and RCCI,
are generalized. The results show how much thermal
and compositional inhomogeneities can decrease the ex-
ergy loss, especially by promoting combustion in the de-
flagration mode, and the chemical reactions are shown
to be the main source of the exergy loss.

2. Methodology

2.1. Exergy analysis

The entropy generation rates induced by different ir-
reversible sources are obtained by solving the entropy
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transport equation [30, 34]. Neglecting the effects of
body force and viscous dissipation[35–38], the local
entropy generation rates due to heat conduction, mass
diffusion, and chemical reaction are respectively calcu-
lated as:

sgen = sgen
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where λ is the thermal conductivity, Rgi is the specific
gas constant of the ith species, Di−mix is the mass dif-
fusivity of the ith species into the bulk mixture, Xi and
Yi are the mass and mole fractions of the ith species,
µi, j is the chemical potential of the ith species in the jth
reaction, and ωi, j is the mole production rate of the ith
species due to the jth reaction, respectively.

The exergy loss rate (ELR) caused by an individ-
ual combustion irreversibility source is then calculated
based on the Gouy–Stodla equation [39],

ELR = T0 · sgen , (5)

where the subscript 0 indicates the dead state. Here the
temperature and pressure of the dead state are defined
as T0 = 298 K, P0 = 1 atm, respectively. The local ELR
values are integrated over the entire volume to deter-
mine the total instantaneous ELR throughout the com-
bustion process.

2.2. Description of the DNS data
The 2-D DNS dataset in the previous studies [32, 33],

generated using the KAUST Adaptive Reacting Flow
Solver (KARFS) [6, 7, 40, 41], was utilized to inves-
tigate the exergy loss characteristics. KARFS solves
the unsteady compressible Navier–Stokes equations,
species continuity, and total energy equations using
a fourth-order explicit Runge–Kutta method and an
eighth-order central differencing scheme for time inte-
gration and spatial discretization, respectively [42]. The
Cantera library [43] is utilized to evaluate the chemical,
thermodynamic and transport properties.

Twenty 2-D DNS cases as listed in Table 1 were
performed by varying fuel type, initial mean temper-
ature, and temperature/concentration fluctuation levels

[32, 33]. As shown in Figure 1, DME and ethanol were
chosen as representative two-stage-ignition (NTC) and
one-stage-ignition (non-NTC) fuels, respectively, to in-
vestigate the effects of the initial temperature and equiv-
alence ratio fluctuations relevant to HCCI/SCCI com-
bustion on the exergy loss characteristics of fuels with
different fuel chemistry. For completeness, the baseline
cases with only thermal inhomogeneities typically en-
countered in HCCI combustion were also examined for
both DME and ethanol. A 30-species non-stiff reduced
DME mechanism [44] and a 28-species reduced ethanol
mechanism [45] were employed in the previous DNS
studies [32, 33]. The 39-species DME skeletal [44] and
40-species skeletal ethanol mechanism [45] were used
for post-processing exergy loss analysis [46]. Both re-
duced and skeletal mechanisms were validated under a
wide range of pressure, temperature and equivalence ra-
tio conditions relevant to HCCI combustion [44, 45].
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Figure 1: Homogeneous ignition delay as a function of temperature
for DME/air mixtures at P of 30 atm and φ of 0.5, and for ethanol/air
mixtures at P of 40 atm and φ of 0.5. Selected initial mean tempera-
tures for 2-D cases (see Table 1) are marked with symbols.

Three fluctuation scenarios were examined: (1) base-
line case (BL) with temperature fluctuations only, (2)
uncorrelated (UC) T -φ fields to represent the incom-
plete fuel/air mixing resulting from early direct injec-
tion, and (3) negatively-correlated (NC) T -φ fields due
to the evaporative cooling effects resulting from the late
direct injection with shorter mixing time. The initial tur-
bulent flow field was prescribed by the isotropic kinetic
energy spectrum function of Passot and Pouquet [47].
Initial mean temperature and concentration fields were
also generated by the same energy spectrum with differ-
ent random numbers to reproduce thermal and compo-
sitional non-uniformities. The representative 2-D con-
tours of initial field of equivalence ratio and tempera-
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ture for a negatively-correlated and an uncorrelated T -φ
distribution are shown in Fig. 2 for Case 2 and Case 4,
respectively.

For all cases, the most energetic length scales of the
temperature, concentration, and turbulence fluctuations,
lT = lφ = le = 1 mm, and the ratio of the character-
istic turbulence time scale, τt = le/u′, to the homoge-
neous ignition time scale, τt/τ

0
ig = 1.0 were chosen. Al-

though small length scales and the resulting small com-
putational domain were selected to save the computa-
tional cost, the selected conditions are still relevant to
the compression ignition engines by preserving the rel-
evant length and time-scale ratios. By a theoretical scal-
ing analysis, and validation through systematic DNS
simulations, the previous studies [6, 7, 33, 48–51] found
that the flame-turbulence interaction can be understood
in terms of relevant length and appropriate time-scale
ratios. Particularly, τt/τ

0
ig and lT /le were found to be the

key parameters instead of their absolute values (i.e., τig,
u′, le and lT ). Identical characteristic length and time
scales allow effective turbulence-chemistry interactions
that are relevant to the engine conditions [7, 48, 50–53].

Note that the amplitude of temperature and equiva-
lence ratio fluctuations were chosen to be comparable
to measured values. T ′ was measured in HCCI engines
to be in the order of 20 K [54–58]. For a mixture with
the inhomogeneities in both T ′ and φ′ due to direct in-
jection, Wang and Rutland [56] found that at the end of
the evaporation process, (i) the difference in temperature
field is approximately 100 K, (ii) φ distribution is within
a range of 0.1–0.9, and (iii) temperature is inversely pro-
portional to φ due to the fuel evaporation cooling effect.
As such, the selected T ′ and φ′ parameters, the initial T
and φ correlation, together with the initial mean parame-
ters of temperature, pressure, and equivalence ratio were
chosen to be consistent with experimental results [57–
64], and to be representative of the conditions near the
top dead center typically encountered in compression-
ignition engines. Details of the physical and numerical
parameters for each case are listed in Table 1.

In addition to the twelve SCCI cases with T ′ and φ′,
Cases 1–12, four 2-D DME cases with T0 varied from
880 K to 1070 K and four 2-D ethanol cases with T0
from 680 K to 1045 K (see Fig. 1 and Table 1) were
chosen by considering thermal fluctuations only. These
additional baseline cases were imposed a large T ′ of 60
K and cover a wide range of the homogeneous ignition
delay times from 10 ms to 0.5 ms, commonly encoun-
tered in compression-ignition engines. Hence, different
levels of deflagration modes are achieved for a complete
ELR analysis.

Note that the compression heating induced by piston

motion is not reproduced in these 2-D DNS simulations.
Depending on whether the main combustion process oc-
curs prior to or after the top dead center, the compres-
sion heating may induce additional effects on the com-
bustion timing and the deflagration fraction [65–67].
However, these additional effects do not affect the gen-
eral findings and correlations that we find in this study.

All the DNS cases were performed by imposing pe-
riodic boundary conditions in all the directions, result-
ing in a constant-volume ignition process, which is rel-
evant to HCCI conditions. A square domain, Lx,y, of
3.2× 3.2 mm2, discretized with 1280× 1280 grid points
was used for all the cases. The corresponding grid res-
olution of 2.5 µm was required to resolve the thinnest
radical layers at high pressures. All simulations were
performed on Shaheen II, a 36 rack Cray XC40 system,
at King Abdullah University of Science and Technol-
ogy (KAUST).

2.3. Damköhler number analysis

Previous studies used the Damköhler number analy-
sis [48, 49, 53, 68–72] to distinguish between the defla-
gration and spontaneous ignition. The Damköhler num-
ber, Da, was defined as the ratio of the local reaction
and diffusion terms for a selected scalar variable:

Da =
ω̇k

| − ∇ · (ρYkVk)|
, (6)

where Yk, Vk, and ω̇k denote the mass fraction, diffu-
sion velocity, and net production rate of species k, re-
spectively, while ρ is the mixture density. For a carbon-
containing fuel, a progress of reaction variable, Yc ≡

YCO2 + YCO, has been commonly used for the analysis
[33, 49, 50, 53, 70–72].

Deflagration and spontaneous ignition are distin-
guished by a threshold value of Da0, which is of order
unity and depends on the initial condition. In particu-
lar, by a series of one-dimensional (1-D) simulations,
it was found that the transition between the two propa-
gation modes occurred at Da0 ≈ 4.0 for the considered
conditions in Table 1.

Based on this criterion, the fractional heat release as-
sociated with deflagration is quantified as [33]

FDa,D =

∑
〈 q̇|Da < Da0〉∑

q̇
, (7)

where the summation is operated over the total number
of computational cells in the DNS domain, and q̇ is the
heat release rate at each computational cell. Note that
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Case Type Fuel P0 (atm) T0 (K) T ′ (K) φ0 φ′ u′ (m/s) τ0
ig (ms)

1 NC DME 30 770 15 0.5 0.075 1.0 1.0
2 NC DME 30 770 30 0.5 0.150 1.0 1.0
3 UC DME 30 770 15 0.5 0.075 1.0 1.0
4 UC DME 30 770 30 0.5 0.150 1.0 1.0

5 NC DME 30 900 15 0.5 0.075 1.0 1.0
6 NC DME 30 900 30 0.5 0.150 1.0 1.0
7 UC DME 30 900 15 0.5 0.075 1.0 1.0
8 UC DME 30 900 30 0.5 0.150 1.0 1.0

9 NC DME 30 1045 15 0.5 0.075 1.0 1.0
10 NC DME 30 1045 30 0.5 0.150 1.0 1.0
11 UC DME 30 1045 15 0.5 0.075 1.0 1.0
12 UC DME 30 1045 30 0.5 0.150 1.0 1.0

13 BL DME 30 680 60 0.5 - 0.2 5.0
14 BL DME 30 770 60 0.5 - 1.0 1.0
15 BL DME 30 900 60 0.5 - 1.0 1.0
16 BL DME 30 1045 60 0.5 - 1.0 1.0

17 BL Ethanol 40 880 60 0.5 - 0.1 10.0
18 BL Ethanol 40 920 60 0.5 - 0.2 5.0
19 BL Ethanol 40 1020 60 0.5 - 1.0 1.0
20 BL Ethanol 40 1070 60 0.5 - 2.0 0.5

Table 1: Initial conditions for all the 2-D DNS cases. Other physical parameters: Damköhler number, Dal = τt/τ
0
ig = 1, the most energetic length

scale of velocities and scalar fields of temperature and equivalence ratio, le = lT = lφ = 1 mm. T0, P0, and φ0 denote respectively the initial mean
temperature, pressure, and equivalence ratio. T ′ and φ′ are the root-mean-square (RMS) values of temperature and equivalence ratio, respectively.
NC and UC denote negatively-correlated and uncorrelated T–φ distributions, respectively, while BL denotes a baseline case with T ′ only.

Figure 2: Representative initial fields of temperature and equivalence ratio of 770 K – 0.5, respectively, with a negatively-correlated T−φ distribution
for Case 2 (a & b), and an uncorrelated T − φ distribution for Case 4 (a & c) with T ′ − φ′ of 30 K - 0.15, respectively.
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FDa,D may vary quantitatively depending on the choice
of the threshold value of Da0, but the qualitative trends
and key conclusions remain consistent [73]. In the sub-
sequent analysis, FDa,D is correlated with the relative
change of exergy loss.

3. Results and discussion

3.1. Overall characteristics of the exergy loss

Figure 3 shows the ELR of the DME/air mixture for
Cases 1–12 with negatively-correlated and uncorrelated
T − φ fluctuations at three different T0 of 770 K, 900 K
and 1045 K, which lie within the low-, intermediate-
and high-temperature regimes, respectively (see Fig. 1
and Table 1). All ELR quantities are normalized by
ELR0

max, the maximum ELR for the corresponding 0-
D case. Specifically, for the cases with T0 of 700 K, the
ELR curve for the 0-D case in Fig. 3a shows a distinct
two-stage ignition behavior, resulting from low- and
high-temperature chemistry, respectively. In general,
with increasing the level of fluctuations, the ELR peak
due to the low-temperature and high-temperature chem-
istry becomes more distributed over time. This is pri-
marily because increased T ′ and φ′ create a wider spa-
tial distribution of ignition delay field [33, 48, 49, 69]
such that the ignition process is prolonged in time. For
the cases with T0 of 900 K, the peaks of ELR curves
in Fig. 3b that are induced by low-temperature chem-
istry nearly vanish. As the initial mean temperature
further increases to 1045 K, the ELR curves in Fig. 3c
follow the one-stage ignition that is governed by high-
temperature chemistry. Moreover, it is readily observed
in Fig. 3 that the ELRs are spread out with increasing T ′

and φ′, and their peak magnitude significantly decreases
compared with those of the corresponding 0-D cases.

The differences between NC and UC T − φ correla-
tions on the ELR characteristics are now examined. For
the cases with T0 of 770 K and 1045 K in Figs. 3a & c,
the peak magnitudes of the ELRs of the UC cases are
lower and the ELRs are more distributed over time as
compared with the NC cases. This is because the nega-
tive T − φ correlation offsets the spatial reactivity varia-
tion, making it behave closer to the homogeneous mix-
ture [53, 72, 74, 75]. Consequently, the NC cases yield
a higher ELR as compared to the UC cases. With T0
of 900 K lying in the intermediate-temperature regime,
however, both NC and UC T − φ cases have nearly the
same effects on spreading out the ELR curve and de-
creasing the peak of ELR. This is attributed to the syn-
ergistic effect of T − φ distribution at the NTC region,

resulting in less influence on the nascent ignition kernel
generation [33, 53, 72, 74].

For completeness, Figs. 4a & b show the effects of
temperature fluctuations only on the ELR characteris-
tics of DME/air and ethanol/air mixtures, respectively.
A fixed temperature fluctuation of 60 K is examined for
Cases 13–20. Consistent with the previous observation
in Fig. 3, the magnitudes of ELR/ELR0

max are gener-
ally lower than 1, indicating that the peak magnitude
of the ELR decreases with the addition of T ′. Note that
for ethanol without the NTC behavior, the effects of T ′

on the ELR characteristics are more obvious as the ini-
tial mean temperature decreases. However, for DME
with the NTC behavior, the effects of T ′ are less obvi-
ous when the initial mean temperature drops within the
NTC regime. This is attributed to the weak sensitivity
of ignition delay time to temperature variations [49, 53],
resulting in the prevalent spontaneous ignition mode.

3.2. Contributions of heat conduction, mass diffusion,
chemical reaction to exergy loss

The exergy loss is induced by several irreversible
sources. For a homogeneous mixture dominated by
spontaneous ignition mode, the exergy loss is entirely
caused by chemical reaction because there are nei-
ther spatially temperature nor concentration gradients
[30, 76]. In the presence of scalar fluctuations, how-
ever, the exergy losses due to heat conduction and mass
diffusion must be taken into account. Therefore, for the
stratified combustion conditions, Cases 6, 8 and 13, the
individual contributions of chemical reaction, heat con-
duction, and mass diffusion, to the normalized ELR are
shown in Fig. 5. Moreover, their percentual contribu-
tion is plotted in Fig. 6. It is noted that chemical re-
action is the dominant source of the ELR, constituting
96.3%, 96.7% and 92.1% of the total entropy generation
for Cases 6, 8 and 13, respectively. This is consistent
with the findings of Li et al. [27] in that chemical reac-
tion is the largest source of exergy destruction for differ-
ent combustion regimes. Although heat conduction and
mass diffusion play a secondary role in the entropy gen-
eration, their impact is more noticeable for Case 13 than
Cases 6 and 8 because the higher inner temperature and
concentration gradients at the deflagration fronts lead
to increased exergy losses by heat conduction and mass
diffusion.

In addition to the temporal evolution, Fig. 7 shows
the spatial distributions of the ELRs by chemical reac-
tion, heat conduction, and mass diffusion of Case 13.
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Figure 3: The temporal evolution of the ELR for the twelve DME cases, Cases 1–12 in Table 1, with two levels of T ′ − φ′ at three initial mean
temperatures: (a) T0 = 770 K, (b) T0 = 900 K and (c) T0 = 1045 K. NC and UC denote the 2-D cases with negatively-correlated and uncorrelated
T–φ distributions, respectively. Zero-dimensional (0-D) cases are also added (solid lines, multiplied by 0.5 for proper axis scales) for comparison.

Figure 4: The temporal evolution of the ELR for the baseline cases (Cases 13–20 in Table 1) with temperature fluctuations only for (a) DME, and
(b) ethanol.
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Figure 5: The fraction of ELR from chemical reactions, heat conduction and mass diffusion contributed to the total exergy loss (top), and the
corresponding normalized ELR curves (bottom) for Cases 6, 8 and 13.

Figure 6: Distributions of the exergy loss sources relative to the total exergy loss for Cases 6, 8 and 13.

Since this case represents a deflagration-dominant com-
bustion, the exergy loss is confined within the flame re-
gions. Two main points are made: first, the ELRs from

heat conduction and mass diffusion are an order of mag-
nitude smaller than that from chemical reaction; second,
the ELR by mass diffusion occurs in a thinner layer than
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Figure 7: Two-dimensional contours of entropy generation rates for (a) chemical reaction, (b) heat conduction, (c) mass diffusion, and (d) the total
ELR of Case 13 for DME at T0 of 680 K, T ′ of 60 K at times of 40% total exergy loss.

those by the other two terms.

3.3. Combustion mode analysis

We now examine the effects of the scalar fluctuation
levels on the exergy loss characteristics. Increased tem-
perature and/or concentration fluctuations lead to the
transition of the combustion mode from spontaneous ig-
nition to deflagration. An increased deflagration mode
moderates the combustion process, and decreases the
peak reaction rates [46, 49, 50], resulting in the reduc-
tion of the peak ELR.

Figure 8 shows the instantaneous contours of ELR
at the times of 15%, 40%, 50% and 95% total exergy
loss (EL) as well as at the maximum ELR. Specifically,
Cases 1–4 with T0 of 770 K and Case 13 with T0 of
680 K are selected. The local ELR is normalized by the
maximum ELR of the corresponding 0-D cases, 213.6
J/(mm3s) for T0 = 770 K and 163.3 J/(mm3s) for T0 =

680 K, respectively.
Several points are noted from Fig. 8. First, at the time

of 15% EL, the ELR is primarily governed by the low-
temperature chemistry. Therefore, the local ELR for
Case 1 is the highest while the local ELR for Case 4
is negligible, which is consistent with the observation in

Fig. 3. Second, it is evident that Cases 1–3 are domi-
nated by spontaneous ignition while a mixed mode of
deflagration and spontaneous ignition is observed for
Case 4. Generally, the ELRs occur simultaneously in
broad regions for a short combustion duration for Cases
1–4. Noticeably, at the late phase of the combustion,
the ELR simultaneously occurs throughout the entire
domain, indicating the dominance of spontaneous com-
bustion mode. Lastly, unlike Cases 1–4, the combus-
tion of Case 13 is entirely governed by the deflagration
mode. The ELRs of Case 13 primarily occur at the thin
fronts, resulting a longer combustion duration (≈ 0.5
ms from 15% EL to 95% EL) as compared with that
of Cases 1–4 (≈ 0.3 ms).

To verify whether the localized thin reaction fronts in
Case 13 at the time of 50% EL are indeed deflagration
fronts [66], a budget analysis was conducted. As shown
in Fig. 9, an instantaneous field for Case 13 at 50% EL
was analyzed along three cut lines A-C as marked in
(a), for which the profiles of the ELR are shown in (b),
and the reaction and diffusion terms of CO species are
plotted in (c)-(e) for lines A-C. CO is chosen because it
was identified to be one of the most important species
at deflagration waves [66]. It is found that, for each thin
front, the normalized ELR experiences a two-stage fea-
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Figure 8: Two-dimensional contours of the normalized ELR for Cases 1-4 and 13 (from left to right) at times of 15%, 40%, 50% and 95% total EL
and at the time of the maximum ELR.

ture, corresponding to low- and high-temperature chem-
istry, respectively. Moreover, as readily observed in
Fig. 9c-e, the absolute value of the diffusion term is
comparable with the reaction term, indicating that the
reaction fronts along lines A, B, and C are deflagration
waves.

3.4. Correlation between chemically-induced exergy
loss and deflagration

The previous analysis suggests that there exists a cor-
relation between the deflagration and the exergy loss.
As mentioned above, the exergy loss due to chemical
reaction is the primary contributor to the total exergy
loss under SCCI conditions, and chemical reaction is
also revealed as the only contributor to the total exergy
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Figure 9: (a) Two-dimensional contours of the normalized ELR for Case 13 for DME at T0 of 680 K, T ′ of 60 K at the time of 50% EL, (b) the
normalized ELR along each cut line in (a), and (c)–(e) spatial profiles of the reaction and diffusion rates of CO species along each cut line in (a).

loss under HCCI conditions. Therefore, the fraction of
heat release from deflagration is computed and corre-
lated with the exergy loss due to chemical reaction. Our
hypothesis is that a larger fraction of heat release as-
sociated with deflagration leads to a lower exergy loss
from chemical reaction. To ascertain that the behavior
is consistent over a wide range of SCCI conditions, the
temporal evolutions of the fraction of heat release rate
attributed to deflagration for Cases 1–12 are shown in
Fig. 10. Figure 11 also shows the corresponding evo-
lution of the the fractional heat release associated with
deflagration, FDa,D, given by Eq.7.

By comparing Figs. 10 & 11, it is observed that dur-
ing the main combustion process, the fractions of heat
release from the deflagration mode for Cases 1-3, 5, 7
and 9-11 nearly vanish, corresponding to the predomi-
nant spontaneous combustion mode. As a result, FDa,D
is less than 10% for these cases. On the contrary, the
deflagration mode is prevalent for Cases 4, 6, 8 and 12
with up to 50% of heat release from deflagration during
the main combustion process, and FDa,D for these cases
is approximately 23.8%, 25.4%, 22.1%, and 38.6%, re-
spectively.

The relative changes of the exergy loss due to chem-
ical reaction and cumulative heat release, ELchemrel, is
defined as

ELchemrel =
EL0D − ELchem2D

EL0D
(8)

where ELchem2D and EL0D represent the exergy loss due
to chemical reaction of the 2-D DNS process and the
exergy loss of homogeneous 0-D autoignition process,
respectively. Moreover, Figure 12 shows ELchemrel ver-
sus FDa,D for all simulation cases. A strong linear cor-
relation is evident, indicating that deflagrative combus-
tion reduces the exergy loss due to chemical reaction. A
practical implication of the findings is that any strategy
that enhances deflagration by introducing an appropriate
level of mixture inhomogeneities (i.e., HCCI with ther-
mal stratification [49, 70], stratified-charge compression
ignition (SCCI) [33, 72], reactivity-controlled compres-
sion ignition (RCCI) [59, 77], direct dual-fuel stratifica-
tion (DDFS) [67, 78]) or by spark-assisted compression
ignition (SACI) [50, 79], not only smoothes out com-
bustion duration and lowers the peak HRR, but also re-
sults in reducing the exergy loss due to chemical reac-
tion. Note that although the spatial and temporal evo-
lution of 3-D turbulence is quantitatively different from
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Figure 10: Temporal evolution of the mean HRR for twelve SCCI cases with temperature and concentration fluctuations.

Figure 11: Temporal evolution of the fraction of the heat release from the deflagration mode, FDa,D, for twelve SCCI cases with temperature and
concentration fluctuations.

that of 2-D turbulence due to the 3-D vortex-stretching
effects, according to previous studies [6, 7, 79–81], the
overall characteristics of HCCI-type combustion and its
reactive and passive scalars of 2-D DNS cases are gener-
ally not much different from those of 3-D DNS results.
Hence, it is reasonable to expect that the correlation be-
tween ELchemrel and FDa,D remains valid for 3-D simu-
lations.

3.5. Chemical pathway analysis

To further explain the phenomenon above, it is essen-
tial to identify the key chemical reaction pathways that
are responsible for the exergy loss under HCCI/SCCI
conditions. In this way, the underlying reasons for the

reduction of exergy loss due to chemical reactions un-
der SCCI conditions can be clarified. Previous studies
[29, 82] reported that the key reactions contributing to
the heat release are not always directly associated with
the exergy loss. In the following, the main reactions
causing exergy loss are identified among the hundreds
of elementary reactions, and the effects of fluctuations
on the chemical-reaction-induced exergy loss character-
istics are examined in detail.

Figure 13a shows the overall ELR, temperature, and
contribution rates of key individual reaction steps for
the reference 0-D homogeneous DME combustion pro-
cess with an initial mean temperature of 680 K, an ini-
tial pressure of 30 atm, and an equivalence ratio of 0.5.
It is observed that the overall ELR curve displays three
peaks, following the chemical pathway. In general, the
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Figure 12: The correlation between ELchemrel and FDa,D for all the
twenty twenty 2-D DNS cases with different levels of temperature and
concentration fluctuations.

DME oxidation process undergoes the following reac-
tion pathways. The first ELR peak is associated with
the low temperature reactions, which are classified into
four reaction groups (RG), as follows:

H-atom abstraction from the fuel, such as

CH3OCH3 + H = CH3OCH2 + OH
CH3OCH3 + OH = CH3OCH2 + H2O
CH3OCH3 + HO2 = CH3OCH2 + H2O2 (RG1)

Oxygen addition to the alkyl radicals, such as

CH3OCH2 + O2 = CH3OCH2O2

CH3OCH2 + O2 = CH2OCH2OOH (RG2)

The isomerization of peroxy alkyl radicals to hy-
droperoxy alkyl radicals,

CH3OCH2OO = CH2OCH2OOH (RG3)

The decomposition of hydroperoxyalkyl and hy-
droperoxyalkylperoxy radicals producing OH, such as

CH2OCH2OOH = CH2O + CH2O + OH
O2CH2OCH2OOH = HO2CH2OCHO + OH (RG4)

Subsequently, the second ELR peak arises mainly due
to the reactions

CH2O + OH = HCO + H2O (R1)
HCO + O2 = CO + HO2 (R2)
H2O2 + M = OH + OH + M (R3)

It is observed from Figure 13a that these three reac-
tions contribute to approximately one-third of the sec-
ond peak of the exergy loss. Specifically, the above re-
actions belong to the H2O2 loop reactions [46, 83, 84].
In this reaction loop, H2O2 is generated and consumed,
and a large amount of heat release is produced. As such,
this is also referred to as the thermal ignition preparation
reaction loop.

Finally, the standard H2–O2 combustion reactions,
R4–R6, contribute to more than 70% of the third peak
of ELR.

CO + OH = CO2 + H (R4)
HO2 + OH = H2O + O2 (R5)
H + O2 + M = HO2 + M (R6)

Next, the effects of fluctuations on the exergy loss in-
duced by chemical reaction are examined in Fig. 13b
for Case 13 (the most deflagrative case). As a com-
parison with the 0-D reference case, only the ELR due
to chemical reactions is shown. Now the ELR curve
shows only one peak, for which RG1–RG4 are identi-
fied as the primary contributors to the low temperature
chemistry in the earlier phase. However, the ELR due
to these reactions drastically declines when compared to
the 0-D case, as the addition of T ′ almost suppresses the
low-temperature combustion reaction pathway. More-
over, R1–R6 are still found to be the largest contributors
(more than 50%) throughout the period of higher exergy
losses, implying that the high temperature chemistry is
mainly responsible for the exergy losses. Note that there
are the two peaks of the second- and third-stage heat-
release reactions associated with the high temperature
chemistry in the 0-D case; however, with a high fluctu-
ation level (i.e, large T ′ and φ′), these two peaks merge
into a single peak and occur simultaneously.

The quantitative analysis in this section is consistent
with the observation in the previous studies [85, 86]
in that the combustion process of small hydrocarbons
breaking down directly to CO/H2 induce smaller overall
exergy loss while large hydrocarbons undergoing many
reaction steps, such as in the presence of cool flame in-
volving low-temperature chemistry, potentially induce
higher energy loss [85, 86]. Enhanced deflagration to-
gether with the decreased effect of the low-temperature
chemistry under SCCI conditions is a potential reason
for the reduction of exergy loss.

To further evaluate the impact of spatial inhomo-
geneities of temperature on the chemically-induced ex-
ergy loss at a specific time, the ELR due to chemical re-
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Figure 13: The temporal evolution of the total ELR, temperature, and the contribution rates of key reactions for (a) 0-D homogeneous ignition (left
column) and (b) 2-D ignition of Case 13 for the DME/air mixture with T ′ = 60 K at T0 = 680 K, P0 = 30 atm, and φ0 = 0.5 (right column).
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action is conditioned on the local temperature and plot-
ted in Fig. 14 at the time of 40% EL for Case 13. A
few points are noted. First, a small peak is observed
within the temperature range of 800 K to 1000 K. This
peak is caused by the low-temperature reactions, but is
less pronounced as compared with that of the 0-D case.
Second, the ELRs due to the second and third stage heat
release reactions are separable when the ELR is con-
ditioned on the local temperature. It is also observed
that these two peaks appear to be contributing to the
high-temperature chemistry (1200 K < T < 1400 K) and
(1600 K < T < 1900 K), respectively. This is consistent
with the observation in Fig. 13b that the majority of the
exergy loss occurs at the temperature region of 1500 K
to 2100 K. Note that, for the 0-D case, the maximum
ELR is reached at a temperature of about 1400 K, which
is generally lower than that of Case 13. It is widely
accepted that the temperature profile is one of the pri-
mary factors that affects the exergy loss, and higher
temperature generally leads to lower total exergy loss
[18, 28, 76]. Therefore, the higher front temperature
caused by the prevalent deflagration mode may be the
primary reason for the reduction of the exergy loss by
the transition of the combustion mode. Note that due to
a simplified canonical DNS configuration in this study,
no models are considered to account for wall heat trans-
fer that may introduce additional complexities in exergy
loss analyses as reported in the previous studies [24, 27].
The influences of temperature and concentration fluctu-
ations on the heat transfer are further discussed in the
following section.

3.6. Practical implications
Some levels of thermal and mixture inhomogeneities

naturally exist in HCCI-type engines, and under high
load conditions they are also deliberately introduced
to prevent excessive HRR due to low-speed deflagra-
tion. The general finding in this study is that these in-
homogeneities introduced in the SCCI mode of IC en-
gines have an additional benefit of decreasing the ex-
ergy destruction due to chemical reaction according to
the second-law thermodynamics. In practical engines,
however, the overall engine efficiency is determined by
many additional factors, such as heat transfer losses, ex-
haust heat losses, and incomplete combustion, and thus
the net effect of the mixture stratification on the over-
all engine efficiency needs to be carefully interpreted.
For example, the heat transfer loss is primarily deter-
mined by the temperature gradient near the wall regions
and the heat transfer duration [87]. Li et al. [24] and
Jia et al. [88] reported that the stratified combustion

mode leads to a lower temperature of the near-wall re-
gion compared to that of the HCCI mode, indicating that
moderate stratification may reduce the heat loss. How-
ever, if the level of stratification further increases, the
prolonged combustion duration may increase the heat
loss compared with the homogeneous burning. More-
over, a delay in the 90% heat release point (CA90) im-
plies an increased exhaust enthalpy loss [19, 88] and
higher HC and CO emissions [89–92].

Therefore, to optimize the efficiency of SCCI en-
gines, all the factors associated with the first and sec-
ond law of thermodynamics must be accounted for. The
key message of the present study is that, so long as the
first-law efficiency criteria are met, an optimal level of
mixture inhomogeneous preparation potentially reduces
exergy losses and thus benefits the overall engine effi-
ciency. As such, the figure of merit in terms of the mix-
ture inhomogeneities on the overall engine performance
should be taken into consideration. Further details of
quantitative assessment in actual engine design are left
for future work.
4. Conclusions

The exergy loss characteristics of DME/air and
ethanol/air mixtures were investigated by analyzing a
2-D DNS data set. Exergy loss analysis was carried out
over a wide range of thermodynamic conditions under
HCCI and SCCI modes with different levels of temper-
ature and concentration fluctuations, and the main con-
clusions are summarized as follows:

(1) For SCCI combustion, it is found that the addition
of T ′ and φ′ significantly decreases the peak mag-
nitude of the ELR and prolongs the combustion du-
ration, which is primarily attributed to the preva-
lent deflagration mode (i.e. shifted from dominant
spontaneous ignition mode to a mixed mode of
prevalent deflagration and spontaneous ignition).

(2) For the cases with both T ′ and φ′, the uncorrelated
T−φ fluctuations generally have more influence on
the exergy loss characteristics rather than the cases
with negative correlations, except for the cases
with initial mean temperature within the NTC re-
gion. On the contrary, for the cases with T ′ only,
the effect of temperature fluctuations on reducing
the exergy loss of ethanol mixtures becomes more
pronounced as the initial mean temperature de-
creases. For the DME mixtures with a strong NTC
behavior, however, the effect of temperature fluctu-
ations is less effective when the mean temperature
lies within the NTC regime.
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(3) The sources of exergy loss for SCCI combustion
were identified. Chemical reactions are found to
be the primary contributor to the total exergy loss.
The exergy losses induced by heat conduction and
mass diffusion play a secondary role regardless of
the fluctuation levels and fuel type.

(4) Damköhler number analysis revealed that the rel-
ative change of exergy loss due to chemical reac-
tion monotonically increases with the fraction of
heat release by deflagration, indicating that the de-
flagration is beneficial in reducing the exergy loss
due to chemical reaction.

(5) Chemical pathway analysis shows that the exergy
loss induced by the low-temperature reactions dra-
matically declines with fluctuations. Moreover,
the dominant reactions for the exergy loss induced
by the high-temperature chemistry including the
H2O2 loop reactions, H2-O2 system reactions, and
CO + OH = CO2 + H (R4), occur at relative higher
temperatures for SCCI combustion, leading to re-
duction of the exergy loss due to chemical reaction.
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[8] W. Hwang, J. E. Dec, M. Sjöberg, Fuel stratification for low-

load HCCI combustion: performance & fuel-PLIF measure-
ments, SAE Trans. (2007) 1437–1460.

[9] R. R. Steeper, S. De Zilwa, Improving the NOx-co2 trade-off of
an HCCI engine using a multi-hole injector, SAE paper (2007)
2007–01–0180.

[10] J. E. Dec, Advanced compression-ignition en-
gines—understanding the in-cylinder processes, Proc. Combust.
Inst. 32 (2009) 2727–2742.

[11] T. Aroonsrisopon, P. Werner, J. O. Waldman, V. Sohm, D. E.
Foster, T. Morikawa, M. Iida, Expanding the hcci operation with
the charge stratification, SAE Trans. paper (2004) 1130–1145.

[12] R. D. Reitz, G. Duraisamy, Review of high efficiency and clean
reactivity controlled compression ignition (RCCI) combustion
in internal combustion engines, Prog. Energy Combust. Sci. 46
(2015) 12–71.

[13] J. E. Dec, W. Hwang, Characterizing the development of thermal
stratification in an hcci engine using planar-imaging thermome-
try, SAE Int. J. Engines 2 (2009) 421–438.

[14] D. L. Reuss, V. Sick, Inhomogeneities in HCCI combustion: an
imaging study, SAE Trans. paper (2005) 867–882.

[15] D. Splitter, M. Wissink, D. DelVescovo, R. D. Reitz, RCCI
engine operation towards 60% thermal efficiency, SAE Paper
(2013) 2013–01–0279.

[16] X. Lu, Y. Shen, Y. Zhang, X. Zhou, L. Ji, Z. Yang, Z. Huang,
Controlled three-stage heat release of stratified charge compres-
sion ignition (SCCI) combustion with a two-stage primary ref-
erence fuel supply, Fuel 90 (2011) 2026–2038.

[17] K. Epping, S. Aceves, R. Bechtold, J. E. Dec, The potential of
HCCI combustion for high efficiency and low emissions, SAE
Paper (2002) 2002–01–1923.

[18] J. A. Caton, The thermodynamic characteristics of high effi-
ciency, internal-combustion engines, Energ. Convers. Manage.
58 (2012) 84–93.

[19] J. Zheng, J. A. Caton, Second law analysis of a low temperature
combustion diesel engine: effect of injection timing and exhaust
gas recirculation, Energy 38 (2012) 78–84.

[20] C. D. Rakopoulos, E. G. Giakoumis, Second-law analyses ap-
plied to internal combustion engines operation, Prog. Energy
Combust. Sci. 32 (2006) 2–47.

[21] W. R. Dunbar, N. Lior, Sources of combustion irreversibility,
Combust. Sci. Technol. 103 (1994) 41–61.

[22] K. D. Edwards, R. M. Wagner, T. Briggs, T. J. Theiss, Defining
engine efficiency limits, in: 17th DEER Conference, Detroit,
MI, October, 2011, pp. 3–6.

[23] M. Razmara, M. Bidarvatan, M. Shahbakhti, R. Robinett III,
Optimal exergy-based control of internal combustion engines,
Appl. energy 183 (2016) 1389–1403.

[24] Y. Li, M. Jia, Y. Chang, S. L. Kokjohn, R. D. Reitz, Thermo-
dynamic energy and exergy analysis of three different engine
combustion regimes, Appl. Energy 180 (2016) 849–858.

[25] M. Rangasamy, G. Duraisamy, N. Govindan, A comprehensive
parametric, energy and exergy analysis for oxygenated biofuels
based dual-fuel combustion in an automotive light duty diesel
engine, Fuel 277 (2020) 118167.

16

https://doi.org/10.1016/j.proci.2020.05.044
https://doi.org/10.1016/j.proci.2020.05.044
https://doi.org/10.1007/s10494-020-00171-9
https://doi.org/10.1007/s10494-020-00171-9


[26] K. Nishida, T. Takagi, S. Kinoshita, Analysis of entropy genera-
tion and exergy loss during combustion, Proc. Combust. Inst. 29
(2002) 869–874.

[27] Y. Li, M. Jia, S. L. Kokjohn, Y. Chang, R. D. Reitz, Comprehen-
sive analysis of exergy destruction sources in different engine
combustion regimes, Energy 149 (2018) 697–708.

[28] J. Zhang, Z. Huang, D. Han, Exergy losses in auto-ignition pro-
cesses of DME and alcohol blends, Fuel 229 (2018) 116–125.

[29] Y. Li, M. Jia, Y. Chang, G. Xu, Comparing the exergy destruc-
tion of methanol and gasoline in reactivity controlled compres-
sion ignition (RCCI) engine, SAE Paper (2017) 2017–01–0758.

[30] J. Zhang, Z. Huang, K. Min, D. Han, Dilution, thermal, and
chemical effects of carbon dioxide on the exergy destruction in
n-heptane and iso-octane autoignition processes: a numerical
study, Energy & fuels 32 (2018) 5559–5570.

[31] F. Pan, J. Zhang, D. Han, T. Lu, Numerical study on exergy
losses of iso-octane constant-volume combustion with water ad-
dition, Fuel 248 (2019) 127–135.

[32] M. B. Luong, F. E. Hernández Pérez, A. Sow, H. G. Im, Pre-
diction of ignition regimes in DME/air mixtures with tempera-
ture and concentration fluctuations, AIAA SciTech 2019 Forum
(2019). doi:10.2514/6.2019-2241.

[33] M. B. Luong, F. E. Hernández Pérez, H. G. Im, Prediction of
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Abbreviation

0-D Zero-dimensional

2-D Two-dimensional

BL Baseline cases with no turbulence

CDC Conventional diesel combustion

CI Compression ignition

DNS Direct numerical simulation

EGR Exhaust gas recirculation

EL Exergy loss

ELR Exergy loss rate

HTC High-temperature chemistry

HCCI Homogeneous-charge compression ignition

HRR Heat release rate

ICE Internal combustion engine

ITC Intermediate-temperature chemistry

LTC Low-temperature combustion

NC Negatively-correlated

NTC Negative-temperature coefficient

RMS Root mean square

RCCI Reactivity-controlled compression ignition

SCCI Stratified-charge compression ignition

SI Spark-ignited

UC Uncorrelated distribution

Symbols

Da Damköhler number

FH Fraction of HRR associated with deflagra-

tion

lφ The most energetic length scale of equiva-

lence ratio

le The most energetic length scale of turbu-

lence

lT The most energetic length scale of temper-

ature

φ0 Initial mean equivalence ratio

φ′ Root mean square (RMS) equivalence ratio

fluctuation

q̇ Heat release rate

τig Ignition delay time

τ0ig Zero-dimensional homogeneous ignition

delay time

τt Turbulence time scale, τt = le/u′

T , P ,

and φ

Temperature, pressure, and equivalence

ratio

T0 Initial mean temperature

T ′ Root mean square (RMS) temperature

fluctuation

P0 Initial mean pressure

u′ Root mean square (RMS) velocity fluctu-

ation

Vj,k Diffusion velocity of species k in the j-

direction

ω̇k Net production rate of species k

ρu Density of the unburnt mixture

Chemical formula

CH2O Formaldehyde

CO Carbon monoxide

CO2 Carbon dioxide

H2O2 Hydrogen peroxide

HO2 Hydroperoxyl

NOx Nitric oxides

O2 Oxygen

OH Hydroxyl
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