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Abstract

This study delves into the auto-ignition temperature of n-heptane and ethanol mixtures within a counterflow flame
configuration under low strain rate, with a particular focus on the impact of ethanol blending on heat release rates.
Employing the sensitivity analysis method inspired by Zurada’s sensitivity approach for neural network, this study
identifies the group of critical species influencing the heat release rate. Further analysis concentration change
reveals the intricate interactions among these various radicals across different temperature zones. It is found that,
in n-heptane dominant mixtures, inhibition of low-temperature chemistry (LTC) caused by additional ethanol,
impacts heat release rate at high temperature zone through diffusion effect of specific radicals such as CH2O,
C2H4, C3H6 and H2O2. For ethanol-dominant mixtures, an increase in heat release rate was observed with higher
ethanol fraction. Further concentration change analysis elucidated it is primarily attributed to the decomposition
of ethanol and its subsequent reactions. This research underscores the significance of incorporating both chemical
kinetics and species diffusion effects when analyzing the counterflow configuration of complex fuel mixtures.
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1. Introduction

The urgent need to reduce the environmental im-
pact of fossil fuels has spurred significant research
into sustainable biofuels. In this context, blending al-
cohol with commercial fuels has entered the market
and gained widespread acceptance, thereby attract-
ing increased interest in combustion characteristics of
hydrocarbon-alcohol mixtures.

In hydrocarbons, such as n-alkanes, alkenes and
cycloalkanes, low-temperature chemistry (LTC) is an
intrinsic feature[1]. The LTC of n-heptane, for ex-
ample, has been extensively investigated in various
experimental setups, including the counterflow flame
[2], shock tube[3], jet-stirred reactor[4], microgravity
droplet flame [5]. Further studies have explored the
impact of alcohol addition to n-heptane or other hy-
drocarbons in combustion characteristics[6]-[7].

Zhang et al. [6] measured ignition delay times
of n-heptane/n-butanol mixtures diluted with argon
in the reflected shock waves across temperatures of
1200K–1500 K and pressures of 2 and 10 atm. Their
findings reveal the mitigated negative-temperature-
coefficient (NTC) behavior in these binary mixtures
compared to pure n-heptane, attributing this to the
limited participation of n-butanol in low-temperature
branching that consequently increasing the ignition
delay times at low temperature.

Similarly, Yang et al. [8] evaluated the ignition
delay times of n-butanol/n-heptane mixtures using
a rapid compression machine at various pressures.
The relevant sensitivity analysis indicated that, in the
pure n-butanol fuel, H-abstraction from the γ-carbon
plays a pivotal role in the reactions promoting low-
temperature branching.

Research on n-Heptane blending with ethanol and
1-butanol in diesel homogeneous combustion com-
pression ignition(HCCI), implemented by Saisirirat
et al. demonstrated that alcohol blending delays the
main combustion, reduced low-temperature heat re-
lease and decreases activated intermediate species as-
sociated with low-temperature heat release. [9]

Furthermore, Ji et al. [10] conducted experiments
using the counterflow configuration and simulations
using the CRECK mechanism to investigate the im-
pact of iso-butanol on the auto-ignition temperature
of n-decane and n-heptane. Their findings under-
scores the significant role of LTC in promoting auto-
ignition. It is observed that even small addition of iso-
butanol to n-decane or n-heptane elevated the auto-
ignition temperature at low strain rates, indicating
that iso-butanol strongly inhibits the LTC of n-decane
and n-heptane. Computational flame structures in-
dicated that additional iso-butanol to n-decane sig-
nificantly lowers the peak of mole fraction of keto-
hydroperoxide, suggesting obstruction in the kinetic
pathway leading to blockage of low-temperature heat
release. These observations were further supported by
sensitivity analysis.

Sensitivity analysis is extensively employed in the
analysis of combustion chemical models, through

quantification of role of parameters, revealing pre-
dominantly controlling parameters alongside indi-
rects effect of parameters changes [11]. It is crucial
in uncertainty analysis, estimation of parameter, and
investigation or reduction of mechanism [12]. This
approach is instrumental in understanding the sensi-
tivity of the predicted outcomes or quantities of inter-
est (QoIs) to uncertain parameters [13]. For example,
sensitivity analysis facilitates quantification of the in-
direct influence of the rate constants of reactions in
terms of temperature. However, the traditional sensi-
tivity analysis in combustion research focuses on the
systematic impact of parameters on output variables.
It falls short of detailed explaining the direct influence
between reactions and the output variables, nor the
subsequent effects of these output variables changes
on other output variables.

There is another approach called Zurada’s sensi-
tivity method, widely used in analysis of neutral net-
work for reduction of training set size [14]. It em-
ploys the calculation of partial derivatives with re-
spect to variables to elucidate their interdependen-
cies. Inspiration by Zurada’s method and taking
into account the unique characteristics of combustion
chemistry alongside governing equations of the coun-
terflow configuration, we introduce a supplemental
method. This method, grounded in the use of partial
derivatives, aims to analyze interplay across different
temperature zones in counterflow flames. It is em-
ployed to provide a detailed explanation of the inter-
actions between n-heptane and ethanol in their binary
mixtures.

2. Numerical Simulations

2.1. Configuration and Procedures

Fig. 1: Schematic illustration of the counterflow configura-
tion

Fig 1 is a schematic illustration of the liquid fuel
counterflow configuration used in this computation
study. In this configuration, an axisymmetric flow of
an oxidizer stream consisting of oxygen and nitrogen
is directed over the surface of an evaporating pool of
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a liquid fuel in a fuel-cup. This flow is injected from
the oxidizer boundary, exit of the oxidizer-duct. The
origin is placed on the axis of symmetry at the liquid-
vapor interface of the liquid pool, and y is the axial
co-ordinate and r the radial co-ordinate and y = 0
represents the liquid-gas interface. The distance be-
tween the liquid-gas interface and the oxidizer bound-
ary is L. At the oxidizer boundary y = L, the mag-
nitude of the injection velocity is V2, the temperature
T2, the density ρ2, and the mass fraction of oxygen
YO2,2. Here, subscript 2 represents conditions at the
oxidizer boundary. The radial component of the flow
velocity at the oxidizer boundary is presumed to be
equal to zero. The temperature at the liquid-gas in-
terface is Ts, and the mass averaged velocity on the
gas side of the liquid-gas interface is Vs. Here, sub-
scripts s and l, respectively, represent conditions on
the gas-side and the liquid-side of the liquid-gas in-
terface. The quantities Xj,l and Yj,l are, respectively,
the mole-fraction and mass-fraction of the component
j in the top surface of liquid pool, and Xj,l,1 and
Yj,l,1 are, respectively, the mole-fraction and mass-
fraction of the component j in the liquid that is en-
tering the fuel-cup of the counterflow burner. It has
been shown previously [15] that the radial component
of the flow velocity at the liquid-gas interface is small
and can be presumed to be equal to zero. It has been
shown that in the asymptotic limit of large Reynolds
number the stagnation plane formed between the oxi-
dizer stream and the fuel vapors is close to the liquid-
gas interface and a thin boundary layer is established
there. The inviscid flow outside the boundary layer is
rotational. The local strain rate, a2, at the stagnation
plane, is given by a2 = 2V2/L [15, 16].

2.2. Numerical Simulations

The computations are performed using Cantera
[17] C++ interface with modified boundary condi-
tions for liquid-gas interface of the liquid-pool. The
mix-average transport model is applied to obtained
steady-state solutions. At the oxidizer boundary, the
injection velocity V2, the temperature, T2, and the
value of YO2,2 are specified. At the fuel side, Eq (1)
shows the boundary conditions for species conserva-
tion and energy conservation that are applied at the
liquid-gas interface.

ṁYi,s + ji,s = 0,
ṁYj,s + jj,s = ṁYj,l,1,
[λ (dT/dy)]s − ṁ

∑
j Yj,lhj,l = 0,

Pv,jXj,l − pXj,s = 0,

(1)

and the constraint
∑

j Xj,l − 1 = 0. Here sub-
scripts i and j, respectively, refer to non-evaporating
and evaporating species (specifically components of
the liquid fuel), ṁ is the mass evaporation rate, Yi,s,
and ji,s the mass fraction and diffusive flux of the
non-evaporating species, Yj,s, Xj,s and jj,s the mass
fraction, mole fraction and diffusive flux of the evapo-
rating species on the gas side of the interface, λ is the

thermal conductivity of the gas, and hj,l, and Pv,j,
respectively, are the heat of vaporization and vapor
pressure of component j on the liquid-side of liquid-
gas interface and p the total pressure. The total mass
flux of all species, i, on the gas-side of the liquid-
gas interface comprises the diffusive flux, ji,s, and the
convective flux ṁYi,s. The first expression in Eq (1)
imposes the condition that the total mass flux for all
species, except for those of the evaporating fuel com-
ponents, vanishes at the liquid-gas interface. The sec-
ond expression of Eq (1) imposes the constraint that
the outgoing mass flux of each evaporating compo-
nent in the liquid from the liquid-gas interface must be
equal to the incoming mass flux, specifically the prod-
uct of ṁ and the mass fraction of the species at liquid
pool inlet, Yj,l.1. The third expression in Eq (1) is en-
ergy balance at the liquid-gas interface, and the fourth
expression is Raoult’s law relating the mole-fraction
of the evaporating species on the gas side to the corre-
sponding mole-fraction in the liquid. It is noticed that
the Xj,l at the liquid-gas interface is different from
liquid pool inlet Xj,1, considering the properties’ dif-
ference among components in the liquid pool

Kinetic modeling is carried out using the San
Diego Mechanism [18]. The computer program Can-
tera is used to compute the flame structure and critical
conditions of auto-ignition. Empirical coefficients for
calculating the vapor pressure, and the heat of vapor-
ization, for these fuels are from [19].

The simulation procedure for determining the crit-
ical conditions of auto-ignition is outlined as follows.
The process begins with the establishment of the flow
field where volumetric flow rate derived from prede-
fined strain rate for the oxidizer stream. The inlet con-
dition of liquid pool are set and interface boundary of
liquid pool boundary will be solved simultaneously. It
is crucial to ensure no flame presence detected within
the reactive field. The temperature of the oxidizer
stream is gradually increased in small increments to
obtain steady-state solution until auto-ignition takes
place. The temperature of the oxidizer stream at point
of auto-ignition, Tig is recorded alongside the prede-
fined strain rate a2. This simulation is repeated for
various mixtures, maintaining same strain rate, to en-
sure subsequent comprehensive analysis and compar-
ison.

3. Methodology

3.1. Analysis of reaction rate change

Reaction-rate-change-analysis is designed to iden-
tify factors, either rate constant or species concentra-
tion, that primarily produce variations of rate of the
nth reaction ∆ω̇ under different conditions. Similar
to the approach taken in sensitivity analysis, the cal-
culation of partial derivatives of the reaction rate with
respect to the rate constant and species concentration
serves as an important tool in this method of analysis.

The rates of forward reaction ẇf,i and reverse re-
action ẇb,i are determined by the product of the con-
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centration of reactants or products [Xj ] and their re-
spective rate constants kf,i, kb,i, expressed as fol-
lows:

ẇf,i = kf,i
∏n

j=1[Xj ]
ν′
j , ẇb,i = kb,i

∏n
j=1[Xj ]

ν′′
j (2)

The parameters ν′
j , ν′′

j represent the stoichiometric
coefficients for species j appearing as a reactant and
as a product, respectively.

In this research, we distinguish between forward
and reverse elemental reactions, treating each as dis-
tinct entities. It is encapsulated by equation:

ẇn = (ẇf,i,−ẇb,i), i = 0, 1...m (3)

Here, m denotes the total number of elementary reac-
tions before their separation into forward and reverse
components, while n represents the total number of
reactions after separation.

Change of reaction rate distributed to the nth reac-
tion rate constant change ∆kn and species j concen-
tration change ∆[Xj ] are given as follows:

∆ẇn|k,n = ∆ẇn ×

∂ẇn

∂kn
×∆kn

∆ω̇approx
n

(4)

∆ẇn|[Xj ] = ∆ẇn ×

∂ẇn

∂[Xj ]
×∆[Xj ]

∆ω̇approx
n

(5)

where the derivatives ∆ω̇approx
n , ∂ẇn

∂kn
and ∂ẇn

∂[Xj ]
are

given by:

∆ω̇approx
n =

∂ẇn

∂kn
×∆kn +

m∑
j=1

(
∂ẇn

∂[Xj ]
×∆[Xj ]

)
(6)

∂ẇn

∂kn
=

m∏
j=1

[Xj ]
|νj |,

∂ẇn

∂[Xj ]
= kn|νj |[Xj ]

|νj |−1
m∏
i=1
i̸=j

[Xi]
|νi| (7)

with
νj = ν′′

j − ν′
j

Here, m represents the total number of species in-
volved in the nth reaction. The term ∆ω̇approx

n is an
approximation of ∆ω̇n, derived from the Taylor ex-
pansion truncated at the first-order derivative. For
an augmentation in precision, particularly concern-
ing the reaction rate, ω̇n, which manifests as a mul-
tivariate function, employing the second-order Taylor
expansion provides deeper understanding. The for-
mula below outlines the approximated reaction rate
from the second-order Taylor expansion for function
of multiple variables:

∆ω̇approx
n =

m∑
i=0

∂ω̇n

∂xi
∆xi +

1

2

m∑
i=0

m∑
j=0

∂2ω̇n

∂xi∂xj
∆xi∆xj (8)

For simplification, let the variable xj encompasses
both the rate constant, kn, and the species concen-
tration, [Xj ], with x0 specifically denoting kn. By

employing the second derivative in Taylor series, the
change in reaction rate attributed to ∆xi could be
written as:

∆ω̇n|xi =
∂ω̇n

∂xi
∆xi +

1

2

∂2ω̇n

∂x2
i

(∆xi)
2 +

m∑
j=0
j ̸=i

1

2

∂2ω̇n

∂xi∂xj
∆xi∆xj (9)

The term ∂ω̇n
∂xi

∆xi +
1
2

∂2ω̇n

∂x2
i
(∆xi)

2 delineates the
direct contribution of ∆xi to ∆ω̇n, encapsulating
both linear and quadratic influences. While, the term
1
2

∂2ω̇n
∂xi∂xj

∆xi∆xj quantifies the synergistic influence
on ∆ω̇n emanating from interaction between ∆xi

and ∆xj . This synergistic influence could be sym-
metrically attributed to the influence from both ∆xi

and ∆xj .

3.2. Analysis of heat release rate change

Heat-release-rate-analysis aims to quantify the im-
pact of changes in each species on overall heat release
rate under different conditions. Heat release rate, de-
noted by Q̇, is determined by summing the production
of reaction enthalpy and net reaction rate for all rel-
evant reactions. The relationship is mathematically
represented as:

Q̇ = −
∑

i ∆Hrxn,i × ẇi (10)

where ∆Hrxn,i signifies the enthalpy change of the
ith reaction and ẇi represents the net rate of the ith

reaction. The net reaction rate further delineated as
the difference between forward and backward reac-
tion rates:

ẇi = ẇf,i − ẇb,i (11)

The expression of heat release rate can be reformu-
lated as follows:

Q̇ = −
∑
i

∆Hrxn,i × (ẇf,i − ẇb,i)

= −
∑
n

∆Hrxn,i × ẇn (12)

Heat-release-rate-analysis presented in this study
primarily focuses on high-temperature zone where
oxidizer temperature maintained constantly. There-
fore, the local temperature at selected points for vari-
ous mixtures are nearly identical, allowing for the rea-
sonable assumption that reaction enthalpy ∆Hrxn, n,
which dependent on local temperature, remains con-
stant. Therefore, the distribution of change of heat re-
lease rate, ∆Q̇, in response to changes in reaction rate
constant, ∆kn and species concentrations ∆[Xj ], are
defined as follows:

∆Q̇|k,n = −∆Hrxn,n ×∆ẇn|k,n (13)

∆Q̇|[Xj ] =
∑
n

(
−∆Hrxn,n ×∆ẇn|[Xj ]

)
(14)

4



The terms ∆Q̇|k,n,∆Q̇|[Xj ] represent the change
of heat release rate attributed to the change of nth

reaction rate constant ∆kn and the change of species
j concentration ∆[Xj ]

3.3. Analysis of species concentration change

Analysis of species concentration change aims to
quantifying the impact of reactions on changes of
species and elucidate the interrelation among vari-
ous species, particularly those achieving steady-state.
While for species that do not satisfy steady-state ap-
proximation, the analysis incorporates the effects of
species diffusion and convection. Furthermore, dia-
grams illustrating species equation terms provides a
visual representation that enhances understanding in-
teractions associated with these species.

For the counterflow flame, in steady state solution,
governing equation for species B is given by :

0 = −ρu
dYB

dz
− djB

dz
+WB(ω̇

+
B − ω̇−

B) (15)

[
−ρu dYB

dz

]
: species convection term[

− djB
dz

]
: species diffusion term[

WB(ω̇
+
B − ω̇−

B)
]
: species net production term

Here, WB denotes the molecular weight of species
B. The production rate of species B is represented by
ω̇+
B , while ω̇−

B symbolizes the consumption rate of
species B. The production and consumption rate can
be expressed as follows:

ω̇+
B =

r∑
k=1

νB,k

[
(1− δ′B,k)ω̇f,k − δ′B,kω̇b,k

]
=

r∑
k=1

|νB,k|
[
(1− δ′B,k)ω̇f,k + δ′B,kω̇b,k

]
(16)

ω̇−
B =

r∑
k=1

νB,k

[
−δ′B,kω̇f,k + (1− δ′B,k)ω̇b,k

]
=

r∑
k=1

|νB,k|
[
δ′B,kω̇f,k + (1− δ′B,k)ω̇b,k

]
(17)

with δ′B,k defined as

δ′B,k =

{
1 if νB,k < 0,

0 if νB,k > 0
(18)

The term

νB,k = ν′′
Bk

− ν′
B,k

where ν′
B,k, ν′′

B,k are the stoichiometric coefficients
for species B appearing as a reactant and as a product
in kth reaction, respectively.

Governing equation of species B, Eq.(15), could be
rewritten as :

ω̇−
B = −ρu

dYB

dz
/WB − djB

dz
/WB + ω̇+

B (19)

While, ω̇−
B can be expressed as:

ω̇−
B = [XB ]×

r∑
k=1

|νB,k|
[
δ′B,kw

den
f,k + (1− δ′B,k)w

den
b,k

]
(20)

where wden
f,k , wden

b,k , δ′B,k, δ
′′
B,k are defined as:

wden
f,k = kf,k

n∏
j=1

[Xj ]
ν′
j−δB,j , wden

b,k = kb,k

n∏
j=1

[Xj ]
ν′′
j −δB,j

(21)
and δB,j indicates whether species j is species B:

δB,j =

{
1 if the species j is species B,
0 otherwise.

(22)

Combining the Eq (19) and Eq (20), the concen-
tration of substance B, [XB ] can be derived from fol-
lowing expression:

[XB ] =
−
ρu dYB

dz

WB
−

djB
dz

WB
+ ω̇+

B

r∑
k=1

|νB,k|
[
δ′B,kw

den
f,k + (1− δ′B,k)w

den
b,k

] (23)

Upon substituting Eq (16) into the equation above,
we could obtain a detailed expression for [XB ] as:

[XB ] =

−
ρu dYB

dz

WB
−

djB
dz

WB
+

r∑
k=1

|νB,k|
[
(1− δ′B,k)ω̇f,k + δ′B,kω̇b,k

]
r∑

k=1

|νB,k|
[
δ′B,kw

den
f,k + (1− δ′B,k)w

den
b,k

] (24)

Here, the terms [−ρu dYB
dz

/WB ] and [− djB
dz

/WB ]
correspond to convective and diffusive mass transfer
related term of species B, respectively.

With the framework established by Eq (24), we can
delve into analyzing changes in the concentration of
species B. For the kth elemental reaction, the con-
tribution of its forward reaction rate with respect to
species [XB ] is delineated as follows:

∆[XB ]|f,k =


1

sum
× ∂[XB ]

∂wf,k
×∆wf,k , νB,k > 0

1

sum
× ∂[XB ]

∂wden
f,k

×∆wden
f,k , νB,k < 0

(25)

Similarly, its backward reaction rate contribution
with respect to [XB ] is expressed as:

∆[XB ]|b,k =


1

sum
× ∂[XB ]

∂wb,k
×∆wb,k , νB,k < 0

1

sum
× ∂[XB ]

∂wden
b,k

×∆wden
b,k , νB,k > 0

(26)
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The contributions of convective mass transfer with
respect to changes in [XB ] are identified as:

∆[XB ]|convection =
1

sum
× ∂[XB ]

∂(ρu dYB
dz

)
×∆(ρu

dYB

dz
) (27)

Similarly, the contributions of diffusion mass
transfer with respect to changes in [XB ] is expressed
as:

∆[XB ]|diffusion =
1

sum
× ∂[XB ]

∂( djB
dz

)
×∆(

djB
dz

) (28)

Here, sum defined as the aggregate of all contri-
butions to changes in [XB ], encapsulating those from
both the forward and backward reaction rates, as well
as from the convective and diffusive mass transfers:

sum =
∑ ∂[XB ]

∂wf,k
×∆wf,k +

∑ ∂[XB ]

∂wden
f,k

×∆wden
f,k

+
∑ ∂[XB ]

∂wden
f,k

×∆wden
f,k +

∑ ∂[XB ]

∂wden
b,k

×∆wden
b,k

+
∂[XB ]

∂(ρu dYB
dz

)
×∆(ρu

dYB

dz
) +

∂[XB ]

∂( djB
dz

)
×∆(

djB
dz

)

(29)

Under the assumption that species B adheres to the
steady-state approximation in the counterflow flame,
governing equation terms exhibit the following rela-
tionship:∣∣∣ρu dYB

dz

∣∣∣ ≈ ∣∣∣ djBdz ∣∣∣ ≈ |WBω̇B | <<
∣∣WBω̇

+
B | ≈ |WBω̇

−
B)

∣∣ (30)

This suggests the magnitude of the convective and
diffusive terms is considerably less than that of the
production and consumption rates of species B. Con-
sequently, upon disregarding the diffusion and con-
vection terms, the concentration of species B, as de-
picted in Eq (24), simplifies to:

[XB ] =

r∑
k=1

|νB,k|
[
(1− δ′B,k)wf,k + δ′B,kwb,k

]
r∑

k=1

|νB,k|
[
δ′B,kw

den
f,k + (1− δ′B,k)w

den
b,k

] (31)

In this approximation, the contributions of
both convection (∆[XB ]|convection) and diffusion
(∆[XB ]|diffusion) are considered negligible. Further-
more, the term sum simplifies in the steady-state(ss)
approximation as follows:

sumss =
∑ ∂[XB ]

∂wf,k
×∆wf,k +

∑ ∂[XB ]

∂wden
f,k

×∆wden
f,k

+
∑ ∂[XB ]

∂wden
f,k

×∆wden
f,k +

∑ ∂[XB ]

∂wden
b,k

×∆wden
b,k

(32)

In scenarios where steady-state approximation is
not applicable to species [XB ], it becomes critical

to consider all terms in governing equation, includ-
ing those related to diffusion and convection. This
comprehensive approach acknowledges the compara-
ble significance of diffusion and convection related
terms alongside the chemical reaction term:

|ρu dYB
dz

| ≈ | djB
dz

| ≈ |WBω̇B | ≈ max(WBω̇
+
B ,WBω̇

−
B) (33)

For the species not in steady state, visualizations
delineating equation terms including convection, dif-
fusion and net production terms, across the reactive
field could help identify the origin of species under-
going diffusion or convection to other regions.

At a specific location, the dominance of one term
over others in species equation highlights its pivotal
role in shaping concentration profile. A positive value
indicates an enhancement in concentration, whereas a
negative value signifies a diminishing effect on con-
centration profile. This approach is elaborated in re-
sults and discussion section.

4. Results and Discussion

The fuels tested in this study include n-heptane,
ethanol, and their mixtures with volumetric composi-
tion of 20% n-heptane + 80% ethanol, 30% n-heptane
+ 70% ethanol, 50% n-heptane + 50% ethanol,
80% n-heptane + 20% ethanol, and 90% n-heptane +
10% ethanol. The oxidizer used is air.

4.1. Auto-ignition temperature and heat release rate
analysis
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Fig. 2: Auto-ignition temperature at low strain rate

Fig. 2 illustrates auto-ignition temperature calcu-
lated at low strain rate, 95s−1 for various volume
fraction of ethanol in n-heptane. Additionally, Fig.
3 illustrates the variations in heat release rate, prior
to auto-ignition, for these mixtures within the high-
temperature zone, particularly focusing at 4.3mm
from the fuel stream inlet, which corresponds to an
oxidizer temperature, Tox, of 1060K. A comparison
between Fig. 2 and Fig. 3 indicates a direct correla-
tion between the magnitude of heat release rate in this
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Fig. 3: Heat release rate in the high-temperature zone
[Tox=1060 K]

zone and the requisite temperature of auto-ignition
(Tig). Among these examined mixtures, the 50%n-
heptane-50%ethanol blend stands out, necessitating
the highest Tig , a phenomenon that can be attributed
to its significant lowest peak in heat release rate.

Fig. 3 illustrates that reducing the volume frac-
tion of heptane from 100% to 90% leads to a sig-
nificant decrease in heat release rate. Further heat-
release-rate-analysis, as depicted in Fig. 4, attributes
this decline of heat release rate predominantly and
directly to changes of concentrations of HCO, HO2,
OH, C2H5, C2H3, CH2O.

In contrast, the reduction in volume fraction of n-
heptane from 50% to 20% is correlated to observ-
able increase in heat release rate, as illustrated in Fig.
3. Similar heat-release-rate-analysis conducted and
shown in Fig. 5, which indicated the increase of heat
release rate is attributed to involvement of species
such as CH3, HO2, OH, HCO, C2H5OH, CH3CHOH,
CH2O.
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Fig. 4: Distribution of heat release rate change from 100%n-
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4.2. key species in n-heptane-dominant mixtures

The species contributing to heat release rate change
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Fig. 5: Heat release rate change from 50% n-heptane to 20%
n-heptane

could be categorized into two groups based on sat-
isfaction of the steady-state approximation at the se-
lected location.

For species that not satisfied steady-state approxi-
mation, their concentrations are governed by a com-
bination of the diffusion term, convection term and
chemical reaction term in species equation. Specif-
ically, in Fig. 6, for CH2O , the net production rate
peak is observed around 1.2mm, located in low-
temperature zone where the LTC is highly activated.
Additionally, positive value of diffusion term between
2mm and 5mm elucidate the role of diffusion term
in promoting the transport of the CH2O from the
low-temperature zone to the high-temperature zone.
Consequently, a decline of activity of LTC in the
low-temperature region, caused by additional ethanol,
leads to a reduction of diffusion effect, subsequently
impacting heat release rate and auto-ignition at the
high-temperature region. This effect is also evi-
denced by analysis of CH2O concentration change,
depicted in Fig. 7. The observed reduction of CH2O
in the high-temperature region is primarily attributed
to decrement in diffusion term.

Similar patterns are observed with other radicals,
such as hydroperoxyl (H2O2), ethylene (C3H6), and
formaldehyde (C2H4). The corresponding analyses
and plots for these species are included in the sup-
plemental materials, ranging from Fig. 21 to Fig. 24.

Within the context of steady-state species, their
concentrations are predominantly governed by the
the equilibrium between production and consumption
rates at selected location. Among the species impli-
cated in heat release rate reduction, HCO, HO2, OH,
C2H5 and C2H3 are identified to be in the steady-state,
indicating they produced at selected location concur-
rently consumed. The fluctuations in their concentra-
tions were affected by specific reactions and variation
of other species, elucidated through the analysis of
concentration change.

Fig. 8 demonstrates that concentration change of
radical OH at the high-temperature zone primarily af-
fected by reverse reaction of R16:2 OH (+M) ⇔ H2O2
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Fig. 6: CH2O Species equation terms

150 100 50 0 50 100 150

189.CH3CH2O + M <=> CH2O + CH3 + M[f]

224.C3H5 + HO2 <=> C2H3 + CH2O + OH[f]

52.CH3 + O2 <=> CH2O + OH[f]

109.C2H3 + O2 <=> CH2O + HCO[f]

134.CH2OH + O2 <=> CH2O + HO2[f]

38.CH2O + OH <=> H2O + HCO[f]

Convection

Diffusion

Fig. 7: Contribution on CH2O concentration change@4.2mm

100 50 0 50 100

219.C3H6 + OH <=> C3H5 + H2O[f]

14.HO2 + OH <=> H2O + O2[f]

98.C2H4 + OH <=> C2H3 + H2O[f]

137.CH2CO + OH <=> CH2OH + CO[f]

10.H + HO2 <=> 2 OH[f]

38.CH2O + OH <=> H2O + HCO[f]

1.H + O2 <=> O + OH[f]

16.2 OH (+M) <=> H2O2 (+M)[r]

Fig. 8: Contribution on OH concentration change@4.2mm

(+M) , involving the decomposition of H2O2. H2O2
is not in steady state and is diffused from the low-
temperature zone.

Further concentration analysis reveals that concen-
tration of HO2 is predominantly controlled by HCO,
through R33: HCO + O2 ⇒ CO + HO2. Similarly,
HCO concentration are primarily controlled by CH2O
and OH via R38: CH2O + OH ⇒ H2O + HCO. Con-
centration of C2H3 is primarily regulated by C2H4 by
R98: C2H4 + OH ⇒ C2H3 + H2O. Illustrative plots
of these relationships are provided in the supplemen-
tal materials, as seen in Figures 25, 26, and 27. As
mentioned before, both CH2O and C2H4 are mainly
transported from the low-temperature region via dif-
fusion.

Fig. 9 reveals that the radical C2H5 is primarily in-

100 50 0 50 100

303.C7H14 + OH <=> C2H5 + C3H6 + CH3CHO[f]

277.NC7H15 <=> C2H4 + C2H5 + C3H6[f]

288.C4H8 + H <=> C2H4 + C2H5[f]

84.C2H6 + OH <=> C2H5 + H2O[f]

92.C2H5 + O2 <=> C2H4OOH[f]

96.C2H5 (+M) <=> C2H4 + H (+M)[r]

218.C3H6 + O <=> C2H5 + HCO[f]

92.C2H5 + O2 <=> C2H4OOH[r]

Fig. 9: Contribution on C2H5 concentration change@4.2mm

fluenced by R92: C2H5+O2=C2H4OOH. However, it
is actually a fast reaction so that the substantial con-
sumption of C2H5 in the forward reaction is coun-
terbalanced by its production in the reverse reaction.
Therefore, greater emphasis should be placed to the
second reaction depicted in Fig. 9, R218: C3H6 + O
⇒ C3H6 + HCO, which is primarily affected by C3H6.
Notably, C3H6 is not in the steady state at the high-
temperature zone and is primarily diffused from the
low-temperature region.

In summary, radicals including CH2O, C2H4, C3H6
and H2O2 predominantly diffused from the low-
temperature zone, significantly influencing the heat
release rate and auto-ignition process in the high-
temperature zone.

1000 750 500 250 0 250 500 750 1000

189.CH3CH2O + M <=> CH2O + CH3 + M[f]

248.OC3H5OOH <=> CH2CHO + CH2O + OH[f]

Convection

109.C2H3 + O2 <=> CH2O + HCO[f]

81.CH3O + M <=> CH2O + H + M[f]

38.CH2O + OH <=> H2O + HCO[f]

Diffusion

302.NC7-OQOOH <=> C2H4 + CH2O + CO + N-C3H7 + OH[f]

Fig. 10: Contribution on CH2O concentration change@1.1mm

4000 2000 0 2000 4000

91.C2H5 + O2 <=> C2H4 + HO2[f]

242.N-C3H7 (+M) <=> C2H4 + CH3 (+M)[f]

Convection

186.C2H4 + OH <=> CH2CH2OH[r]

277.NC7H15 <=> C2H4 + C2H5 + C3H6[f]

93.C2H4OOH <=> C2H4 + HO2[f]

302.NC7-OQOOH <=> C2H4 + CH2O + CO + N-C3H7 + OH[f]

Diffusion

Fig. 11: Contribution on C2H4 concentration change@1.1mm

This observation underscores the necessity of de-
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lineating the production mechanism of these species
in the low-temperature zone. As indicated in Fig.
10 and Fig. 11, CH2O and C2H4 primarily produced
through reaction R302: NC7OQOOH ⇒ C2H4 +
CH2O + CO + NC3H7 + OH at the low-temperature
zone.

The origins of C3H6 and H2O2 in the low-
temperature zone is notably complex. Fig. 12 proves
that concentration of C3H6 is predominantly regu-
lated by NC3H7. Similarly, concentration analysis
of H2O2 and HO2 indicate H2O2 is mainly converted
from HO2, which, in turn, is affected by NC3H7. .
These analysis results are further detailed in the sup-
plemental materials, specifically in Figures 28 and 29.

2000 1000 0 1000 2000

282.C5H10 + OH <=> C2H3 + C3H6 + H2O[f]

Convection

303.C7H14 + OH <=> C2H5 + C3H6 + CH3CHO[f]

276.NC7H15 <=> 2 C3H6 + CH3[f]

277.NC7H15 <=> C2H4 + C2H5 + C3H6[f]

246.C3H6OOH <=> C3H6 + HO2[f]

244.N-C3H7 + O2 <=> C3H6 + HO2[f]

Diffusion

Fig. 12: Contribution on C3H6 concentration change@1.1mm

Given its pivotal role, NC3H7 emerges as a crucial
species impacting both H2O2 and C3H6. It is primar-
ily produced through reaction R302, as indicated in
Fig. 13. Thus, in the low-temperature region, R302
exerts a direct influence on producing CH2O, C2H4,
while indirectly affecting C3H6 and HO2 via NC3H7.

100 75 50 25 0 25 50 75 100

242.N-C3H7 (+M) <=> C2H4 + CH3 (+M)[f]

244.N-C3H7 + O2 <=> C3H6 + HO2[f]

278.NC7H15 <=> C4H8 + N-C3H7[f]

302.NC7-OQOOH <=> C2H4 + CH2O + CO + N-C3H7 + OH[f]

245.N-C3H7 + O2 <=> C3H6OOH[f]

245.N-C3H7 + O2 <=> C3H6OOH[r]

Fig. 13: Contribution on NC3H7 concentration change@1.1mm

Fig. 14 provides a comprehensive overview eluci-
dating interplay between the low and high tempera-
ture zones in n-heptane-dominant mixtures. The addi-
tion of ethanol leads to competition of oxygen, result-
ing in a decreased of NC7OQOOH concentration in
the low-temperature zone. This reduction in concen-
tration of NC7OQOOH subsequently diminishes the
reaction rate of R302 and concentrations of its prod-
ucts. Ultimately, these effects propagated to the high-
temperature zone through species diffusion.

4.3. key species in ethanol-dominant mixtures
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Fig. 14: Heptane-dominant mixture overview. In the back-
ground, the black solid line represents the temperature pro-
file and the grey dashed line indicates heat release rate

With the decrease of n-heptane’s volume frac-
tion from 50% to 20% and a concurrent increase
in ethanol’s volume fraction from 50% to 80%, it
is observed the elevation in heat release rate in the
high-temperature zone. This is primarily due to
ethanol undergoing decomposition into three major
products through hydrogen abstraction: CH3CHOH,
CH2CH2OH and CH3CH2O.

80 60 40 20 0 20 40 60 80

201.CH3CHOH + M <=> CH3CHO + H + M[f]

195.CH3CHOH + O2 <=> CH3CHO + HO2[f]

175.C2H5OH + H <=> CH3CHOH + H2[f]

181.C2H5OH + CH3 <=> CH3CHOH + CH4[f]

183.C2H5OH + HO2 <=> CH3CHOH + H2O2[f]

178.C2H5OH + O <=> CH3CHOH + OH[f]

172.C2H5OH + OH <=> CH3CHOH + H2O[f]

Fig. 15: Contribution on CH3CHOH concentration change@4.2mm

The production of CH3CHOH, mainly from reac-
tions R172: C2H5OH + OH ⇒ CH3CHOH + H2O
and R178: C2H5OH + O ⇒ CH3CHOH + OH,
plays a significant role in increasing heat release rate,
as confirmed in Fig. 15. Notably, one pathway to
form CH3CHOH, via R183: C2H5OH + H2O2 ⇒
CH3CHOH + H2O2, is accompanied by a significant
production of H2O2, as depicted in Fig. 16b, with
the peak production around 2.0mm-2.2mm, shown
in Fig. 16a. It is subsequently diffused to the high-
temperature region, contributing to the increase of OH
concentration through the reverse reaction of R16:
H2O2 (+M) ⇒ 2 OH (+M), corroborated by Fig. 17.
Additionally, the reverse reaction of R186, involving
the decomposition of CH2CH2OH, contributes to the
elevation of OH concentration, as indicated in Fig. 17.

Furthermore, Fig. 18a demonstrates that the el-
evated levels of CH3CHOH (through R195) and
CH3CH2O (through R188) lead to an increase in
CH3CHO. And Fig. 18b further confirmed that part of
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4000 2000 0 2000 4000

184.C2H5OH + HO2 <=> CH2CH2OH + H2O2[f]

275.C7H16 + HO2 <=> H2O2 + NC7H15[f]

Convection

183.C2H5OH + HO2 <=> CH3CHOH + H2O2[f]

Diffusion

(a) At production peak (2.2mm)

150 100 50 0 50 100 150

183.C2H5OH + HO2 <=> CH3CHOH + H2O2[f]

18.2 HO2 <=> H2O2 + O2[f]

17.2 HO2 <=> H2O2 + O2[f]

Diffusion

Convection

(b) At the high-temperature zone (4.2mm)
Fig. 16: Contribution on H2O2 concentration change

increasing CH3CHO diffused to the high-temperature
region, thereby promoting heat release rate.

150 100 50 0 50 100 150

38.CH2O + OH <=> H2O + HCO[f]

1.H + O2 <=> O + OH[f]

172.C2H5OH + OH <=> CH3CHOH + H2O[f]

52.CH3 + O2 <=> CH2O + OH[f]

16.2 OH (+M) <=> H2O2 (+M)[r]

173.C2H5OH + OH <=> CH3CH2O + H2O[f]

171.C2H5OH + OH <=> CH2CH2OH + H2O[f]

186.C2H4 + OH <=> CH2CH2OH[r]

Fig. 17: Contribution on OH concentration change @4.2mm

1500 1000 500 0 500 1000 1500

158.CH3CHO + OH <=> CH3CO + H2O[f]

Diffusion

188.CH3CH2O + M <=> CH3CHO + H + M[f]

Convection

195.CH3CHOH + O2 <=> CH3CHO + HO2[f]

(a) At the production peak (3.0mm)

1500 1000 500 0 500 1000 1500

158.CH3CHO + OH <=> CH3CO + H2O[f]

188.CH3CH2O + M <=> CH3CHO + H + M[f]

195.CH3CHOH + O2 <=> CH3CHO + HO2[f]

Diffusion

Convection

(b) At the high-temperature zone (4.2mm)
Fig. 18: Contribution on CH3CHOconcentration change

As illustrated in Fig. 19, the decomposition

75 50 25 0 25 50 75

99.C2H4 + O <=> CH3 + HCO[f]

51.CH3 + HO2 <=> CH3O + OH[f]

Diffusion

Convection

242.N-C3H7 (+M) <=> C2H4 + CH3 (+M)[f]

276.NC7H15 <=> 2 C3H6 + CH3[f]

157.CH3CO (+M) <=> CH3 + CO (+M)[f]

189.CH3CH2O + M <=> CH2O + CH3 + M[f]

Fig. 19: Contribution on CH3 concentration change@4.2mm

of CH3CH2O into CH3 and CH2O through R189
: CH3CH2O (+M)⇒ CH3 + CH2O (+M), with
these products subsequently diffused to the high-
temperature region. This process is augmented by
R52: CH3 + O2 ⇒ CH2O + OH, as illustrated in
, wherein CH3 reacts with O2, further elevating the
concentration of CH2O. The increase in CH2O and
OH leads to a rise in HCO, increasing HCO con-
tributes to enhanced concentration of HO2 in the high-
temperature region. The concentration change analy-
sis related to CH2O, HCO and HO2 are provided in
Fig. 30, Fig. 31 and Fig. 32 in supplemental materi-
als.

The reaction pathway including CH2O, HCO and
HO2 exhibits similarity in both n-heptane-dominant
and ethanol-dominant mixtures. However, the con-
centration of CH2O in n-heptane-dominant mixtures
is predominantly influenced by the low-temperature
chemistry of n-heptane, whereas in ethanol-dominant
mixtures, CH2O is significantly affected, directly and
indirectly, by CH3CH2O, through ethanol’s hydrogen
abstraction reaction, R189.

Additionally, the increase in HO2 partially results
in heightened level of H2O2 at the high-temperature
region, as evidenced in Fig. 16b.

High Temperature Zone

CH2O

CH3

CH3CHOH
CH3CHO

DifffusionH2O2

CH3CH2O
CH2O HCO

CH3

HO2

H2O2 OH
C2H5OH

CH3CHO

CH2CH2OH
R186r

R16r

R172f
R178f

R195f

R
18
8

f

R
18
9

f R
52
f

R
52
f

R33fR38f

R38f

R52f

Difffusion

Difffusion

Difffusion

Fig. 20: Ethanol-dominant mixture overview. In the back-
ground, the black solid line represents the temperature pro-
file and the grey dashed line indicates heat release rate

Fig. 20 succinctly summarizes the reaction path-
ways and diffusive effects associated with ethanol-
dominant mixtures. The observed increase in heat
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release rate, as ethanol volume fraction increased
from 50% to 80%, is primarily attributable to species
and reactions associated with ethanol’s chemistry. In
these mixtures, the influence of the inhibition of LTC
is considered negligible.

5. Conclusion
This work delves into the relationship between

change in heat release rate and variations in species,
elucidating interaction among related species and the
potential influence of species transport across tem-
perature zones. This investigation specifically targets
n-heptane and ethanol dominant mixtures under the
counterflow flame configuration. By employing the
sensitivity method introduced earlier, it provides a de-
tailed explanation of variation of auto-ignition tem-
peratures at low strain rate.

Simulation result indicates the correlation be-
tween heat release rate and auto-ignition tempera-
ture. Further quantitative analyses, utilizing the pro-
posed method, reveals heat release rate change in
both n-heptane and ethanol dominant mixtures are di-
rectly associated with alteration of several key species
within the high-temperature zone.

In n-heptane-dominant mixtures, the investiga-
tion reveals that steady-state species at the high-
temperature zone, including hydroxyl radicals (OH)
and hydroperoxyl radicals (HO2), are in maintaining
the equilibrium between production and consumption
rate, directly affecting heat release rate. Non-steady-
state species at the high-temperature zone, such as
CH2O and C2H4 play significant roles in the auto-
ignition process, primarily due to their involvement
in LTC at the low-temperature zone and subsequent
diffusion to the high-temperature region.

For ethanol-dominant mixtures, the study high-
lights the observed increase in heat release rate with
the increase in ethanol’s volume fraction, attributing
this elevation to the decomposition of ethanol into
major products including CH3CHOH, CH2CH2OH
and CH3CH2O radicals. The production of these
species, particularly through hydrogen abstraction re-
actions is identified as the key pathway driving the
observed increase in heat release rate.

The analysis result emphasizes the important role
of species diffusion in the the interaction between low
and high temperature zones in n-heptane-dominant
mixtures. Additionally, in the ethanol dominant mix-
tures, chemical kinetics are notably unaffected by n-
heptane’s LTC, highlighting the distinctive chemical
pathways of ethanol and the influence of fuel compo-
sition on auto-ignition and heat release rate.

In summary, this study provides valuable insights
into interplay between n-heptane and ethanol domi-
nant mixtures in the counterflow diffusion flame, of-
fering a detailed understanding of the roles of key
chemical species and their interactions across differ-
ent temperature zones. The findings underscore the
importance of considering both the chemical kinet-
ics and species diffusion effect in 1D flame model-
ing to predict the combustion behavior of complex

fuel mixtures. Future research directions may include
applying the method of analysis under varying strain
rates. Given the complexity of preparing the overview
for various mixtures, future efforts should focus on
streamlining the analysis process through enhancing
code automation.

Supplementary material

1. Concentration Analysis Results

1.1. n-Heptane Dominant Mixtures
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Fig. 21: C2H4 Species equation terms

600 400 200 0 200 400 600

91.C2H5 + O2 <=> C2H4 + HO2[f]

100.C2H4 + O <=> CH2CHO + H[f]

186.C2H4 + OH <=> CH2CH2OH[f]

93.C2H4OOH <=> C2H4 + HO2[f]

99.C2H4 + O <=> CH3 + HCO[f]

98.C2H4 + OH <=> C2H3 + H2O[f]

Convection

Diffusion

Fig. 22: Contribution on C2H4 concentration change @4.2mm

400 200 0 200 400

226.C3H6 + H <=> C2H4 + CH3[f]

222.C3H5 + H (+M) <=> C3H6 (+M)[f]

218.C3H6 + O <=> C2H5 + HCO[f]

220.C3H6 + O <=> CH2CO + CH3 + H[f]

219.C3H6 + OH <=> C3H5 + H2O[f]

223.C3H5 + HO2 <=> C3H6 + O2[f]

Convection

Diffusion

Fig. 23: Contribution on C3H6 concentration change @4.2mm
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150 100 50 0 50 100 150

40.CH2O + HO2 <=> H2O2 + HCO[f]

21.H2O2 + OH <=> H2O + HO2[f]

22.H2O2 + OH <=> H2O + HO2[f]

16.2 OH (+M) <=> H2O2 (+M)[r]

18.2 HO2 <=> H2O2 + O2[f]

17.2 HO2 <=> H2O2 + O2[f]

Convection

Diffusion

Fig. 24: Contribution on H2O2 concentration change @4.2mm

150 100 50 0 50 100 150

195.CH3CHOH + O2 <=> CH3CHO + HO2[f]

14.HO2 + OH <=> H2O + O2[f]

Convection

18.2 HO2 <=> H2O2 + O2[f]

9.H + O2 (+M) <=> HO2 (+M)[f]

134.CH2OH + O2 <=> CH2O + HO2[f]

17.2 HO2 <=> H2O2 + O2[f]

33.HCO + O2 <=> CO + HO2[f]

Fig. 25: Contribution on HO2 concentration change @4.2mm

60 40 20 0 20 40 60

33.HCO + O2 <=> CO + HO2[f]

294.C4H6 + OH <=> C3H5 + H + HCO[f]

36.CH2O + H <=> H2 + HCO[f]

218.C3H6 + O <=> C2H5 + HCO[f]

37.CH2O + O <=> HCO + OH[f]

109.C2H3 + O2 <=> CH2O + HCO[f]

99.C2H4 + O <=> CH3 + HCO[f]

38.CH2O + OH <=> H2O + HCO[f]

Fig. 26: Contribution on HCO concentration change @4.2mm

80 60 40 20 0 20 40 60 80

110.C2H3 + O2 <=> CH2CHO + O[f]

111.C2H3 + O2 <=> C2H2 + HO2[f]

263.C4H8 + H <=> C2H3 + C2H4 + H2[f]

97.C2H4 + H <=> C2H3 + H2[f]

282.C5H10 + OH <=> C2H3 + C3H6 + H2O[f]

109.C2H3 + O2 <=> CH2O + HCO[f]

224.C3H5 + HO2 <=> C2H3 + CH2O + OH[f]

98.C2H4 + OH <=> C2H3 + H2O[f]

Fig. 27: Contribution on C2H3 concentration change @4.2mm

6000 4000 2000 0 2000 4000 6000

22.H2O2 + OH <=> H2O + HO2[f]

183.C2H5OH + HO2 <=> CH3CHOH + H2O2[f]

Convection

40.CH2O + HO2 <=> H2O2 + HCO[f]

275.C7H16 + HO2 <=> H2O2 + NC7H15[f]

17.2 HO2 <=> H2O2 + O2[f]

18.2 HO2 <=> H2O2 + O2[f]

Diffusion

Fig. 28: Contribution on H2O2 concentration change @1.1mm

75 50 25 0 25 50 75

272.C7H16 + O2 <=> HO2 + NC7H15[r]

300.NC7-QOOH <=> C7H14 + HO2[f]

246.C3H6OOH <=> C3H6 + HO2[f]

93.C2H4OOH <=> C2H4 + HO2[f]

33.HCO + O2 <=> CO + HO2[f]

298.NC7H15 + O2 <=> C7H14 + HO2[f]

18.2 HO2 <=> H2O2 + O2[f]

244.N-C3H7 + O2 <=> C3H6 + HO2[f]

Fig. 29: Contribution on HO2 concentration change @1.1mm

1.2. Ethanol Dominant Mixtures

400 200 0 200 400

80.CH3O + O2 <=> CH2O + HO2[f]

134.CH2OH + O2 <=> CH2O + HO2[f]

81.CH3O + M <=> CH2O + H + M[f]

38.CH2O + OH <=> H2O + HCO[f]

189.CH3CH2O + M <=> CH2O + CH3 + M[f]

52.CH3 + O2 <=> CH2O + OH[f]

Diffusion

Convection

Fig. 30: Contribution on CH2O concentration change @4.2mm

100 75 50 25 0 25 50 75 100

39.CH2O + O2 <=> HCO + HO2[f]

109.C2H3 + O2 <=> CH2O + HCO[f]

218.C3H6 + O <=> C2H5 + HCO[f]

36.CH2O + H <=> H2 + HCO[f]

40.CH2O + HO2 <=> H2O2 + HCO[f]

99.C2H4 + O <=> CH3 + HCO[f]

37.CH2O + O <=> HCO + OH[f]

38.CH2O + OH <=> H2O + HCO[f]

Fig. 31: Contribution on HCO concentration change @4.2mm
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150 100 50 0 50 100 150

93.C2H4OOH <=> C2H4 + HO2[f]

Diffusion

18.2 HO2 <=> H2O2 + O2[f]

9.H + O2 (+M) <=> HO2 (+M)[f]

17.2 HO2 <=> H2O2 + O2[f]

33.HCO + O2 <=> CO + HO2[f]

Convection

195.CH3CHOH + O2 <=> CH3CHO + HO2[f]

Fig. 32: Contribution on HO2 concentration change @4.2mm
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