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A kinetic model is developed to describe combustion of n-propanol and iso-propanol. It is validated by
comparing predictions made using this kinetic model with new experimental data on structures of coun-
terflow non-premixed flames and previously reported data over a wide range of configurations and con-
ditions. The elementary pyrolysis reactions of methanol and ethanol are well-known and were used as a
starting point for extension to propanol. A detailed description leading to evaluation of rate constants for
initiation reactions, metathesis reactions, decomposition reactions, and four-center molecular dehydra-
tion reactions are given. Decomposition and oxidation of primary intermediate products are described
using a previously developed semi-detailed kinetic model for hydrocarbon fuels. The kinetic mechanism
is made up of more than 7000 reactions among 300 species. The structures of counterflow non-premixed
flames were measured by removing gas samples from the flame and analyzing the samples using a gas
chromatograph. The flame structures were measured under similar conditions for both fuels to elucidate
the similarities and differences in combustion characteristics of the two isomers. The profiles measured
include those of formaldehyde, acetaldehyde, propanal, and acetone. These species are considered to be
pollutants. Validation of the kinetic model was first performed by comparing predictions with experi-
mental data reported in the literature obtained in flow reactors and shock tubes. In these configurations,
combustion is not influenced by molecular transport. The agreement between the kinetic model and
experimental data was satisfactory. The predictions of the kinetic model were then compared with
new and previously reported experimental data on structures of counterflow non-premixed flames of
both isomers. The agreement between the kinetic model and experimental data was again satisfactory.
Satisfactory agreement was also obtained when the predictions of the kinetic model were compared with
experimental data obtained on low pressure burner stabilized premixed flames. The kinetic model was
thus validated over a wide range of temperatures (from 900 K to 2000 K), and configurations. In general
the structures and overall combustion characteristics of n-propanol flames and iso-propanol flames are
similar. Acetone is formed under all conditions in iso-propanol flames, while propanal is formed in n-pro-
panol flames.
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1. Introduction pounds, particulates, and soot. Ethanol is widely used as biofuel addi-

tive to gasoline. Recent work suggests that use of alcohols as fuels has

The need to limit the increase in greenhouse gas levels in the envi-
ronment has motivated numerous studies on combustion of renew-
able fuels. Oxygen containing biofuels, in particular alcohols, show
considerable promise, because they are considered to be neutral in
regard to net greenhouse gas emissions to the environment. As a con-
sequence, numerous experimental and modeling studies have been
carried out to characterize combustion of methanol, ethanol, propa-
nol (C3H,0OH), and butanol [ 1-33]. Alcohols when used as additives to
fossil fuels reduce the formation of polyaromatic hydrocarbon com-
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some deleterious effects on human health, due to high emission lev-
els of toxic oxygenated by-products such as aldehydes [34]. More-
over, high concentrations of acetone ((CH3),CO) were detected in
the exhaust gas of a spark ignition engine upon addition of iso-propa-
nol to a synthetic fuel [35]. The formation of oxygenated pollutants is
a common feature of alcohol combustion that calls for detailed
kinetic studies of the combustion chemistry of alcohol fuels [32].
Here, a kinetic modeling study of combustion of the propanol iso-
mers, n-propanol and iso-propanol is carried out.

Only few kinetic studies of oxidation of n-propanol and iso-pro-
panol are reported in the literature; they include experimental
studies using batch [24-26] and flow reactors [10], shock-tubes
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[33], co-flow diffusion flames [1], counterflow diffusion flames
[29], droplet burning [30] and low-pressure premixed flat flames
[31,32]. The combustion and pyrolysis of n-propanol has been also
investigated in reflected shock waves with particular attention to
the formation of soot and polycyclic aromatic hydrocarbons [23].
Fundamental investigations include studies on thermal decompo-
sition of iso-propanol [27] and structures of flames over liquid
pools [28]. The structure of non-premixed iso-propanol flames
was measured previously employing the co-flow configuration
[1] and the counterflow configuration [29]. The structure of diffu-
sion flames depend on the stoichiometric mixture fraction and the
strain rate [36-38]. The previous measurements of the structure of
iso-propanol flames were made with the oxidizer stream made up
of air enriched with oxygen [29]. The experimental conditions
were characterized by high values of the stoichiometric mixture
fraction and low values of the strain rates. Combustion in practical
systems are characterized by low values of the stoichiometric mix-
ture fraction and both low and high values of the strain rates [39].
To complement the previous studies new experimental data on the
structure of counterflow diffusion flames of n-propanol and
iso-propanol are presented in the next sections of the paper. The
structure was measured with air as the oxidizer. The experimental
conditions are characterized by low values of stoichiometric mix-
ture fraction and moderately high values of strain rate. The new
experimental data allow comparison of the flame structures of pro-
panol isomers. The new experimental data together with previous
experimental data are helpful in a further tuning and validation of
the kinetic model of alcohol fuels.

2. Experimental measurements of flame structure

The structures of non-premixed flames of n-propanol and iso-
propanol were measured employing the counterflow configura-
tion. Fig. 1 shows a schematic illustration of the counterflow
configuration. Steady, axisymmetric, laminar flow of two counter-
flowing streams toward a stagnation plane is considered. In this
configuration a fuel stream made up of prevaporized fuel (n-propa-
nol or iso-propanol) and nitrogen is injected from the fuel duct, and
an oxidizer stream of air is injected from the oxidizer duct. These
jets flow into the mixing layer between the two ducts. The exit
of the fuel duct is called the fuel boundary and the exit of the oxi-
dizer duct the oxidizer boundary. The mass fraction of fuel, the
temperature, and the component of the flow velocity normal to
the stagnation plane at the fuel boundary are represented by Yg;,
T,, and V, respectively. The mass fraction of oxygen, the tempera-
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Fig. 1. Schematic illustration of the counterflow configuration. The figure shows the
quartz microprobe used for measuring flame structure.

ture, and the component of the flow velocity normal to the stagna-
tion plane at the oxidizer boundary are represented by Yo, », Ts,
and V5, respectively. The distance between the fuel boundary and
the oxidizer boundary is represented by L = 10 mm.

The value of the strain rate, defined as the normal gradient of
the normal component of the flow velocity, changes from the fuel
boundary to the oxidizer boundary [40]. The characteristic strain
rate on the oxidizer side of the stagnation plane a is given by [40]

_2|Vy| WVilvpy

Here, p; and p, represent the density of the mixture at the fuel
boundary and at the oxidizer boundary, respectively. The stoichi-
ometric mixture fraction, Z is [36-38]

Zy = (14 0Yg1/Yo,,) " (2)

where v is the stoichiometric mass ratio of oxygen to fuel.

The profiles of concentration of stable species were measured
for Yg1=0.3, T1=353K, Yo,,=0233, T,=298K, a,=97.5s"",
V1 =0.235m/s, V,=0.25 m/s, and L =10 mm. At these conditions
the stoichiometric mixture fraction Z; =0.2449. Concentrations
of stable species were measured by removing gas samples from
the reaction zone using a heated quartz microprobe, and analyzing
them in a gas chromatograph. The microprobe has a tip with an in-
ner diameter of 150 pum. To minimize disturbances to the flow-
field, the tip of the microprobe was placed at a location of 5 mm
off the axis of symmetry as shown in Fig. 1. The location of the
sampling probe in the flow-field was determined using a digital
photo camera. The size of one pixel in the camera corresponds to
a distance of approximately 20 pm in the flow-field. The mole frac-
tions of various species in the sample were measured using an Agi-
lent 3000microGC gas chromatograph. This instrument is equipped
with a 10 m long molecular sieve 5A column, a 8 m long Poraplot U
column, a 8 m long Poraplot Q column, and a 8 m long OV-1
column. The gas chromatograph has a built-in sample pump. To
ensure equal sample sizes and thus comparable results across all
measurements, a constant sample inlet pressure is required. There-
fore species were sampled at a constant pressure of 600 mbar into
a sample vessel. Nitrogen was then introduced until the vessel at-
tained a total pressure of 1150 mbar. After a waiting period of
6 min, to allow sufficient mixing, the sample was drawn into the
gas chromatograph. All lines from the sample probe to the gas
chromatograph were heated to 373 K. The molecular sieve column
uses argon as a carrier gas. It was used to separate hydrogen (Hs),
oxygen (0O;), nitrogen (N,), methane (CH,4), and carbon monoxide
(CO). All other columns use helium as a carrier gas. The Poraplot
U column was used for separating carbon dioxide (CO,), ethylene
(CoHy), ethane (CyHg), acetylene (CH,), and formaldehyde
(CH,0). The Poraplot Q column was used for separating water
(H,0), propyne (C3Hy), propylene (CsHg), propane (C3Hg), acetalde-
hyde (C,H40), butene (C4Hg), butadiene (C4Hg), acetone (C3HgO)
and propanal (C3HgO). The OV-1 column was used for separating
n-propanol and iso-propanol. The mole fractions of various species
eluting from the columns were measured using thermal-conduc-
tivity detectors (TCD). The detectors were calibrated using samples
of known composition. For those species that are liquids at room
temperature and atmospheric pressure a sample vessel is used.
First the sample vessel is evacuated. Next the liquid is injected
with a syringe through a septum in the wall of the sample vessel.
It is then diluted with nitrogen. The species fraction is determined
from the pressure reading after evaporation. This procedure was
used for n-propanol, iso-propanol, water, formaldehyde, propional-
dehyde, and acetone. For those species that are gases at room tem-
perature and atmospheric pressure, the calibration is performed
with calibration gases of known composition. The peaks for all
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species presented here show very good separation. Therefore, the
expected accuracy for the maximum concentrations of all species
except H,O and CH,0 is expected to be better than +10%. The
expected accuracy for H,0 and CH,O0 is better than +20%. The accu-
racy for formaldehyde is based on the signal size compared to the
baseline noise. The calibration for formaldehyde showed very little
deviation and good repeatability.

The experimental data obtained here are compared with calcu-
lated profiles. They are also compared with the experimental data
of Sinha and Thompson [29]. These previous experimental data
were obtained for Yg; =0.157, T; =318 K, Yo, = 0.422, T, = 298 K,
a,=20.0s"1, V; =0.10 m/s, V5 =0.10 m/s, and L = 20 mm. At these
conditions the stoichiometric mixture fraction Zs; = 0.5283.

3. Detailed kinetic mechanism of n-propanol and iso-propanol

The pyrolysis and oxidation mechanisms of propanol isomers
are very similar to those for hydrocarbon fuels. Therefore, the
development of a complete set of the primary propagation reac-
tions for these fuels requires the study and the definition of few
new Kkinetic parameters for reactions involving bonds and H atoms
near to the OH group. The elementary pyrolysis and oxidation reac-
tions of methanol and ethanol are reasonably well-known and have
been revised recently [9,10,13-16]. The kinetic mechanism for
methanol and ethanol are a useful starting point for the extension
to the kinetic schemes of n-propanol and iso-propanol. Initiation
reactions are generally evaluated, by assuming a reference fre-
quency factor with the activation energy equal to the bond energy,
and microscopic reversibility based on the reverse radical recombi-
nation reaction is applied. Metathesis reactions require defining the
reactivity of the H atoms in hydroxyl position and the H atoms in o
position. Remaining H atoms are presumed to be unaffected by the
presence of the OH group. Decomposition reactions of the
corresponding alkoxy and parent radicals from alcohol fuels need
further discussion. Isomerization reactions of these radicals are of
limited importance and are neglected here. Finally, the class of
the four-center molecular dehydration reactions requires careful
attention. In this section, unimolecular reactions are discussed first
followed by metatheses reactions, decomposition reactions of pri-
mary radicals from alcohol fuels, and four-center molecular dehy-
dration reactions. The rate constant, k; for reaction i is written as
k; = A;T"exp[ —E;/(RT)], where A; is the frequency factor, E; is the acti-
vation energy in cal/mol, T the temperature, n; the temperature
exponent, and R is the gas constant.

3.1. Unimolecular initiation reactions

The activation energy of initiation reactions are evaluated from
the strength of the C-C bond by defining the bond energy of pri-
mary and secondary C atoms (C, and C;) with OH substitutions.
Thus,

CH3CH,CH,0H & C;H; +CH,0H
k =2.0 x 10'® exp[-85000/(RT)] s

CH;CHOHCH; s CH; + *CHOH—CH;

k = 6.0 x 10"® exp[—85000/(RT)] [s7']
The following kinetic parameters are prescribed for the reactions
CH;CH,CH,0H s 1-C3H;, +-OH

k=15 x 10'® exp[—93200/(RT)] [s7}]

CH3;CHOHCH; s 2—C3H; +-OH
k=15 x 10"® exp[—93200/(RT)] [s7!]

They are the same as that for the ethanol initiation reaction
C,Hs0H s n-C,H; + -OH. Note that these reference kinetic parame-
ters are not affected by the nature of the C atom. More than
100 kcal/mol is required to release the H atom from the OH group,
therefore reactions of this type cannot contribute to fuel decompo-
sition. On the contrary, the reverse reactions could affect flame
propagation. For this reason, all these reactions are included in
the overall mechanism with the same kinetic parameter
k=5.0 x 10'° [Imol~" s7!]. Kinetic data for the remaining initiation
reactions, that involve the splitting of the C-C bond, are similar to
those used for alkanes. Thus,

CH3CH,CH,0H s CHj + *CH,—CH,0H
k= 2.0 x 10" exp[—88000/(RT)] [s ']

3.2. Metathesis reactions

The energy of the O-H bond in the OH group is greater than
100 kcal/mol and is similar to that of a C-H bond of primary H
atoms in alkyl radicals. As assumed in the formation of methoxy
and ethoxy radicals from methanol and ethanol, the kinetic param-
eters of this H-atom abstraction from the alcohol functional group
are assumed to be equal to those for the abstraction of a primary H
atom from a methyl group. Galano et al. [41] studied the gas phase
reactions of alcohols with the OH radical employing a quantum
mechanical approach. Moving away from the previous values rec-
ommended by Atkinson et al. [42,43], they concluded that the rate
coefficient corresponding to the « channel (k) is larger than those
of the other competing channels (kg,k,,ko), with the different chan-
nels reactivity order: ky > ks > k; > ko. The o branching ratio (I'y) for
n-propanol goes from ~0.5 to 0.7, over the temperature range 290-
500 K. These values are in line with the value 0.73 derived from the
data recommended by Atkinson et al. [42,43]. The branching ratio
I'p=0.12 suggested by Dunlop and Tully [44] for iso-propanol
agrees with the calculations developed by Galano et al. [41]. They
confirm a value of ~0.10, thus supporting the higher reactivity of
the H atoms of the o channel.

On the basis of these previous studies, we assume the following
kinetic parameters for the H-abstraction reactions of OH radicals
(units are: cal, I, mole, s, K):

OH + CH3CH,CH,0H s H,0 + CH3CH,CH, 0O
ko = 400 x T* x exp[500/(RT)]

OH + CH;CH,CH,0H s H,0 + CH3CH,CH OH
k, = 1200 x T* x exp[2260/(RT)]

OH + CH3CH,CH,0H s H,0 + CH3CH'CH,0H
ks = 800 x T* x exp[2260/(RT)]

OH + CH;CH,CH,0H s H,0 + CH;CH,CH,0H
k, = 1200 x T* x exp[500/(RT)]

OH 4 CH3;CHOHCH3  H,0 + CH3CHO'CH;
ko = 400 x T? x exp[500/(RT)]

OH + CH;CHOHCH3 & H,0 + CH;C'OHCH;
k, = 600 x T> x exp[3180/(RT)]

OH 4 CH3;CHOHCH3 ¢ H,0 + CH,CHOHCH;
ks = 2400 x T> x exp[500/(RT))

We preferred to maintain, also for these H sites, our systematic ap-
proach for metathesis reactions described elsewhere [45,46] and
extensively used in the entire kinetic scheme [47]. Thus, kinetic
parameters of H abstractions from CH;-CH,-CH,-OH and from
(CH3),-CH-OH in o position are obtained by increasing by 50% the
frequency factors of secondary and tertiary H atoms, respectively.
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In this way, the o branching ratio for n-propanol is ~0.5, and 0.6 for
iso-propanol. Metathesis reactions of H, CHs and other abstracting
radicals are treated according to the same approach.

3.3. Decomposition reactions of primary radicals from propanol

The expressions for the rate constants for C1-C4 alkyl and
alkoxy radicals decomposition via -scission have been revised re-
cently [48]. Recommended rate parameters of the -decomposition
reactions are calculated using microscopic reversibility based on
the reverse addition reactions of H or an alkyl radical to an olefin
or carbonyl species. Recommended rate constants for C1-C4 alkoxy
radical decompositions are based on an extensive study of available
experimental data. Thus, ethoxy radical can decompose to form
either formaldehyde and methyl radical, or acetaldehyde and a
hydrogen atom, with the following suggested kinetic rates:

CH5CH,0" & CH,0 + CH; k= 5.0 x 10" exp[—18700/(RT)] [s~]
CH3CH,0" & CH3CHO + H' k = 5.0 x 10" exp[—22200/(RT)] [s]

These rate expressions on one hand indicate a very high reactivity
of alkoxy radicals, and on the other hand show a limited selectivity
toward the dehydrogenation channel. In the temperature range
700-1000 K the first reaction channel that gives formaldehyde is fa-
vored by about a factor of ten. Even lower selectivity towards dehy-
drogenation paths are observed for C3 alkoxy radicals than those
indicated above for C2 radical. Thus

CH3CH,CH,0 & CH,0 + CHs

k =5.0 x 10" exp[~14700/(RT)] [s7")
CH3CH,CH,0" < CH3CH,CHO + H'

k=5.0 x 10" exp[-23100/(RT)] [s7")
CH3CHO'CH3 s CH3CHO + CHy

k=5.0 x 10" exp[—~13000/(RT)] [s}]
CH3CHO'CH3 s CH3COCH; + H°

k = 5.0 x 10" exp[—20700/(RT)] [s']

These considerations could lead to simplifications of the overall
mechanism and the kinetic model. Alkoxy radicals do not signifi-
cantly interact with the reacting system and could be considered
instantaneously transformed into their final decomposition prod-
ucts. This limits the number of intermediate radical species in-
volved in the overall kinetic scheme.

Kinetic data for decomposition reactions of alkyl radicals are the
same as those used in the case of alkanes. The activation energy of
reactions that involve the splitting of C-C or C-H bonds in « posi-
tion of the OH group requires a careful analysis. Following previous
work on ethanol decomposition, the following decomposition rates
are assumed for n-propanol radicals:

CH;CH,CH,0H s CH, + CH,0H'

k=3.0 x 10" exp[-30000/(RT)] [s ']
CH3CH'CH,0H s C3Hs + OH'

k = 3.0 x 10" exp[—36000/(RT)] [s~']
CH3CH'CH,0H s C3HgO + H'

k = 6.0 x 10" exp[—36000/(RT)] [s~']
CH3CH,CH'OH s CH3CHO + CHj

k =3.0 x 10" exp[—32500/(RT)] [s"]
CH3CH,CH'OH s C3HgO + H'

k = 6.0 x 10" exp[—36000/(RT)] s~

Similarly, the following decomposition reactions of iso-propanol
radicals are postulated:

CH;CHOHCH; s CH3COCH; + H

k =6.0 x 10" exp[-35000/(RT)] [s ']
CH;CHOHCH; s CH3CHO + CH;

k = 3.0 x 10" exp[~36000/(RT)] [s~!]
CH;,CHOHCH; & C3Hg + OH'

k = 3.0 x 10" exp[~37000/(RT)] [s~!]
CH5;C'OHCH; & CH3COCH; + H'

k = 6.0 x 10" exp[~36000/(RT)] [s~]

In these dehydrogenation reactions, the methyl-vinyl alcohol
formed is presumed to be instantaneously transformed into ace-
tone, via keto-enol tautomerism. The isomerization reactions of
these radicals can be reasonably neglected, due to their very limited
weight in respect of the corresponding decomposition reactions.
Thus, the isomerization reaction of the primary radical of n-propa-
nol to form the alkoxy radical, via a five membered ring
intermediate:

CH;CH,CH,0H & CH;CH,CH,0f
k =1.0 x 10" exp[—20600/(RT)] [s7}

could become significant only at temperatures lower than 800 K.
This is further enhanced for the reverse reaction of the alkoxy rad-
ical. The remaining isomerization reactions would require 4-mem-
bered ring intermediates and are therefore negligible.

3.4. Four-center molecular dehydration reactions

This class of reactions involves a four-center cyclic transition
state with the formation of parent alkenes and H,0, as shown in
Fig. 2. Thus both propanol isomers form propylene with a four
membered ring intermediate. Several kinetic parameters have
been suggested for this class of reactions [12,13,19,20,27,49]. The
following kinetic parameters are assumed for the dehydration
reactions of the two propanol isomers:

CH5CH,CH,0H s C3Hg + H,0
k=2.0x 10" exp[-67100/(RT)] [s"]
CH3CHOHCH; s C3Hg + H,0
k=2.0 x 10" exp[—-67100/(RT)] [s"]

These values for the rate constants are consistent with the recent
kinetic analysis of n-butanol dehydration reactions [21]. This reac-
tion is endothermic by 8.25 kcal/mol with an associated activation
enthalpy of ~67.5 kcal/mol. Fig. 3 is a schematic illustration of n-
propanol and iso-propanol decomposition. The detailed sub-mecha-
nism of n-propanol and iso-propanol is reported in Table 1. Further
decomposition and/or oxidation reactions of primary intermediate
products are described in a semi-detailed oxidation mechanism
for hydrocarbon fuels up to C16 developed in previous studies
[47,50]. The overall kinetic scheme is based on hierarchical

H----OH
CH,CH,CH,0H —» / — /  +HO

CH,CHOHCH, — / — / +H,0

Fig. 2. Dehydration reactions of n-propanol and iso-propanol to form propylene.
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modularity and is made up of more than 7000 reactions among 300
species. Thermochemical data for most species was obtained from
the CHEMKIN thermodynamic database [51,52]. For those species
for which thermodynamic data is not available in the literature,
the group additive method was used to estimate these properties
[53]. The complete mechanism, with thermodynamic and transport
properties, is available online in CHEMKIN format [54].

4. Numerical methods and simulations

The kinetic model described in the previous section was vali-
dated by comparing the results of numerical simulations with
new and previous experimental data on counterflow non-pre-
mixed flames, and available experimental data obtained employing
shock tube and flow reactor.

The DSMOKE code was used to numerically solve the system of
equations that describe various aspects of combustion in shock
tube and ideal flow reactor [55]. To predict aspects of combustion
that include molecular transport and chemical reactions a 1-D lam-
inar flame model was employed. A detailed description of this code
is given elsewhere [56]. This code includes multicomponent diffu-
sion and thermal diffusion. Discretization of the differential equa-
tions is carried out using conventional finite differencing
techniques for non-uniform mesh spacing. The numerical problem
corresponds to a large system of differential-algebraic equations
(DAE). The specifically conceived methods and solver routines of
BzzMathLibrary [57,58] are used to handle the complexity of this
numerical problem. More than 300 grid points are used to ensure

A. Frassoldati et al./Combustion and Flame 157 (2010) 2-16

grid-insensitive results. This 1-D laminar flame code is used here
to predict the structure of counterflow non-premixed flames and
premixed flames. In premixed burner-stabilized flames experi-
ments there are often significant heat losses to the burner which
are difficult to estimate. Therefore, in the numerical simulations
the measured temperature profile is used as an input parameter.
As a consequence, for premixed flames, the energy conservation
equation is not included in the system of equations that are solved.
The boundary conditions employed in flame calculations are iden-
tical to those in the experiments.

5. Model predictions and comparisons with experimental data

Norton and Dryer [10] studied the oxidation of propanol isomers
in a flow reactor at atmospheric pressure, temperatures of 1000-
1100 K and residence time of ~0.1 s. They investigated propanol
oxidation under fuel lean conditions with high N, dilution. Recently
ignition delay times have been measured for n-propanol and iso-
propanol in shock tubes [33]. New experimental data on the struc-
ture of counterflow non-premixed n-propanol and iso-propanol
flames have been obtained and are discussed later. Similar non-
premixed flames of pure iso-propanol and different mixtures with
propane were investigated by Sinha and Thomson [29].

Kasper et al. [32] studied the combustion of the two propanol
isomers in low-pressure, premixed flat flames using two indepen-
dent MBMS techniques. For each alcohol, a set of three flames at
~2000 K with different stoichiometries was measured, providing
an extensive data base. Profiles of stable and intermediate species,

/—H
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Fig. 3. Reaction mechanism of n-propanol and iso-propanol decomposition.
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Table 1
Sub-mechanisms of n- and iso-propanol decomposition.
Reaction® A n E,

n-Propanol

1 nCsH,0H s CHs + CoH40H 2.0 x 10'® 0 88,000

2 nCsH,0H s C,Hs + CH,OH 2.0 x 106 0 85,000

3 nC3H;0OH < OH + nC3H- 1.5 x 106 0 92,300

4 nC3H,0H s CH,CH,CH,0H + H 3.6 x 10%° -1 102,800

5 nCsH,0H s CH;CHCH,OH +H 1.8 x 10"° -1 99,600

6 nCsH;0OH < CH3CH,CHOH + H 7.7 x 108 -1 97,400

7 R + nC3H,0H - RH + CH,CH,CH,OH 3Hprim

8 R + nC3H,0H — RH + CH3CHCH,OH 2Hsec

9 R + nC3H;0H — RH + CH3CH,CHOH 21.12:6'
10 R + nC3H,0H — RH + CH3CH,CH,0 1Hpyim
11 CH5CH,CH,0 s CH,0 + C,Hs 5.0 x 103 0 14,700
12 CH,CH,CH,0H s C;H4 + CH,0H 3.0 x 10 0 30,000
13 CH,CH,CH,0H < H+C5Hs0H 3.0x 10" 0 36,000
14 CH3CHCH,0H s C3Hg + OH 3.0x 10" 0 36,000
15 CH3CHCH,0H s H + C,HsCHO 6.0 x 10 0 36,000
16 CH5CH,;CHOH < CH35CHO + CH3 3.0x 10" 0 32,500
17 CH5CH,CHOH s H + 0.5C,HsCHO + 0.5C3H50H 6.0 x 103 0 36,000
18 0, + CH,CH;,CH,0H < HO, + C,HsCHO 1.5 x 10° 0 5000
19 0O, + CH3CHCH,0H < HO, + 0.5C;H5CHO + 0.5C3Hs0OH 1.5 x 10° 0 5000
20 0, + CH5CH,CHOH < HO, + C3HsOH 1.5 x 10° 0 5000
21 nCsH,0H s C3Hg + H,0 2.0x10™ 0 67,100
iso-Propanol

1 iC3H,0H & CH; + CH;CHOH 6.0 x 10'6 0 85,000

2 iC3H;0H s OH +iC3H; 1.5 x 106 0 93,200

3 iC3H;0H s CH3COHCH; + H 7.0 x 10'® -1 97,800

4 iC3H,0H s CH3CHOHCH, + H 3.3 x 10" -1 103,200

5 R +iC3H;0H — RH + CH;CHOCH; 1Hprim

6 R +iC3H,0H — RH + CH;CHOHCH, 6Hpyim

7 R +iC3H;0H — RH + CH;COHCH; 2HO,

8 CH3CHOCH3 s CH3 + CH3CHO 5.0 x 10 0 13,000

9 CH5CHOCH3 s CH5COCH3 + H 5.0x 10" 0 20,700
10 CH3COHCH3 & CH3COCH; + H 6.0 x 10" 0 36,000
11 CH3CHOHCH; < CH3 + CH3CHO 3.0 x 10 0 36,000
12 CH5CHOHCH; < CH3COCH; + H 6.0 x 10" 0 35,000
13 CH3CHOHCH, s C3Hg + OH 3.0x 10" 0 37,000
14 0O, + CH3COHCH;3 < HO, + CH3COCH3 1.5 x 10° 0 5000
15 0O, + CH3CHOHCH,; < HO, + CH3COCH3 1.5 x 10° 0 5000
16 iC3H;0H s CsHe + H,0 2.0x 10" 0 67,100

@ k =A-T"exp(—E,/RT). Units are: mole, 1, s, K and cal.

including several radicals, were measured as a function of height
above the burner. Finally, Li et al. [31] investigated lean and rich
premixed flames of n-propanol and iso-propanol at low pressure,
aiming at a better understanding of the combustion chemistry of
C3 alcohols. They used the synchrotron photoionization and
molecular-beam mass spectrometry (PI-MBMS) techniques to
measure radical intermediates and stable species in the flame
[31]. Validation of the kinetic mechanism was carried out over a
wide range by comparing predictions with experimental data ob-
tained: (1) in flow reactors [10], (2) ignition delay times measured
in shock tube [33], (3) new and previous [29] measurements of
structures of counterflow non-premixed flames, and (4) low-pres-
sure premixed flames [31,32]. While the complete set of predicted
results and relevant comparisons with the experimental measure-
ments is reported in the Supplemental material, the key and crucial
features are described in the following sections.

5.1. Flow reactor at atmospheric pressure

Figs. 4 and 5 compare predictions of the kinetic model with
experimental data obtained in flow reactor [10]. Fig. 4 shows com-
parison for n-propanol and Fig. 5 for iso-propanol. The agreement
between model predictions and experimental measurements are
satisfactory. Note that, following usual practice employed for com-
parison with flow reactor data [16], predicted profiles are shifted
by ~20-30 ms in order to account for non-ideal reactant mixing.

Moreover, to better match the fuel conversion, predicted profiles
are obtained with the input temperature profile increased by
~5-10 K above the measured profile for both the fuels. Experimen-
tal data clearly confirm the higher reactivity of n-propanol with re-
spect to iso-propanol. Propylene (C3Hg) yields from iso-propanol
are higher than 35% while less than one half is obtained from
n-propanol. The larger propylene formation from iso-propanol is
mainly due to the molecular dehydration reaction of the fuel. As
shown in Fig. 3, H-abstraction reactions form three different inter-
mediate radicals C3H;0 whose major decomposition product is
acetone. n-Propanol is the most reactive of the two isomers, due
to the larger importance of radical pathways with the significant
formation of propanal (C;HsCHO). Acetone yield from iso-propanol
peaks to ~20%, while the maximum yield of propanal from n-pro-
panol is ~10%. Radical decomposition paths prevail on the n-pro-
panol decomposition. As usual, H-abstraction reactions of OH and
H radicals are the dominant ones (~65% and ~25%, respectively),
with a minor role of methyl (~7%) and oxygen radicals. On the con-
trary, molecular dehydration of iso-propanol is the main source of
propylene and it accounts for more than 50% of the overall conver-
sion in these conditions. It seems relevant to underline that ethyl-
ene (C,H4) is only a secondary product of iso-propanol, its scarce
formation moves through the H addition to propylene, the forma-
tion of 1-propyl radical and the successive de-methylation reac-
tion. On the contrary the formation of ethane (C,Hg), due to the
recombination reactions of methyl radicals, is over-predicted.
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Fig. 5. Comparison of predictions of the kinetic model with experimental data obtained in flow reactor for iso-propanol. The symbols represent experimental data [10] and

the curves are predictions of the kinetic model.

Methane is well predicted and this seems to indicate a reasonable
concentration of methyl radicals. The large formation of ethylene,
and model under-prediction, could also induce perplexity on the
accuracy of ethane-ethylene separation.

Other minor products, such as propadiene (C3H,) and allene and
C4 species are also well predicted. The experimental data of ther-
mal decomposition of iso-propanol in a batch reactor at 0.058 bar
and 766 K (Trenwith [26]) allow to better validate the radical
paths. In fact, molecular dehydration reaction is not significant at
these conditions. The 30% iso-propanol decomposition observed
and properly predicted by the model after ~400 s is only due to
the radical reaction mechanism. Pyrolysis of both n-propanol and
iso-propanol at temperatures of 800-900 K in a closed batch reac-
tor was also investigated by Barnard and Hughes [24] and Barnard
[25]. Model prediction underestimates propanol conversion by a
factor of ~2 for both the fuels. According to the experimental mea-
surements, model prediction confirms that pyrolysis of iso-propa-
nol is faster than the corresponding one of n-propanol, in these
conditions. The formation of tar components and the large deficit
in the C/H/O balances observed in experimental data does not al-
low detailed comparisons of model predictions with experimental
data.

5.2. Ignition delay times in shock tube

Recently, ignition delay times of reactive mixtures of either
n-propanol or iso-propanol with oxygen and argon have been mea-
sured behind reflected shock waves at high temperatures (1350-
2000 K) and atmospheric pressure [33]. Fuel-lean, stoichiometric
and fuel-rich mixtures were considered. Pressure measurements
and CH’ emissions were used to determine ignition delay times.
The influence of temperature and stoichiometry on ignition delay

times has been characterized and also compared to the predictions
of a detailed kinetic mechanism currently under development [33].
This study and experimental data [33] shows the similar behavior
of the two fuels confirming the greater reactivity of n-propanol rel-
ative to corresponding mixtures of iso-propanol only at low tem-
peratures. The kinetic model developed here was also used to
predict the ignition delay times. Fig. 6 compares the predictions
of ignition delay times [us] as a function of 1000/T, with experi-
mental data. Here T is the initial temperature of the reactive mix-
ture. The numerical simulations were performed for values of
equivalence ratio, @ equal to 0.5, 1.0, and 2.0. For & =1.0, and
@ = 2.0, the fuel mass fraction in the reactive mixture was 0.005,
and for @ = 0.5 the fuel mass fraction was 0.0025. The predictions
of the kinetic model agrees well with experimental data at low
temperatures. Larger deviations between predictions and data
are mainly observed at temperatures higher than 1700 K. The rel-
evant curvature at high temperature is not reproduced by the mod-
el. The apparent activation energies predicted are in the order of
45-50 kcal/mol, while those calculated using the measured data
are lower than 35 kcal/mol. This clearly points to further experi-
mental and kinetic modeling analysis.

5.3. Counterflow non-premixed flame of n-propanol and iso-propanol

Experimental measurements on counterflow non-premixed
flames discussed in Section 2 are compared with model predictions
in Figs. 7 and 8. Fig. 7 shows the structure of a non-premixed iso-
propanol flame while Fig. 8 shows the structure of a non-premixed
n-propanol flame. These figures show the mole fraction of various
species as a function of distance from the fuel boundary. The sym-
bols in these figures represent experimental data and the lines are
model prediction. The profiles in these figures were obtained at a
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strain rate a,=97.5s !, and the stoichiometric mixture fraction nol flame in comparison to its concentration in the iso-propanol
Zs: = 0.2449. There are a number of similarities between the flame flame. This large difference in ethylene peaks is properly predicted.
structure of these isomers. The measured profile of ethylene shows As already mentioned, ethylene is only a secondary product in iso-

that the concentration of this compound is higher in the n-propa- propanol decomposition. This fact is well evident in Fig. 9, which
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shows the reaction flux analysis of the two flames. Ethylene forma-
tion from iso-propanol is only due to the dehydrogenation of ethyl
radicals (formed via recombination of methyl radicals leading to
ethane and successive H abstractions) and to the de-methylation
of n-propyl radical (formed via H addition reaction on propylene).
On the contrary, primary ethylene formation from n-propanol is
also sustained by the p-decomposition reaction of the
"‘CH,CH,CH,0H radical (see Fig. 3). In iso-propanol and n-propanol
flames, ethylene consumption is mainly due to the H-abstraction

reactions to form vinyl radical in the fuel region and to the addition
reaction of O radical in the flame front:

0+ GGHy s CH; + HCO

The kinetic model satisfactorily predicts the profile of acetone in
n-propanol flame (Fig. 8) and propanal in iso-propanol flame
(Fig. 7). Fig. 10 shows the structure of a non-premixed iso-propanol
flame measured by Sinha and Thompson [29] at a strain rate
a,=20s"', and the stoichiometric mixture fraction Z=0.5283.
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Fig. 9. Reaction flux analysis of ethylene formation in propanol flames of Figs. 7 and 8.
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The symbols represent experimental data [29] and the lines are
model predictions. Comparison of Figs. 7 and 10 shows the influ-
ence of strain rate and stoichiometric mixture fraction on flame
structure. The agreement between the predicted and measured pro-
files of oxygenated and C2 species is satisfactory. Fig. 7 shows that
the predicted profile of propylene agrees with experimental data,
while the predicted profile of propylene in Fig. 10 exceed the exper-
imental data approximately by a factor of 2. These data are useful
both in order to confirm the experimental measurements and to
verify the possible systematic deviations between model predic-
tions and experiments.

5.4. Low-pressure premixed flames of n-propanol and iso-propanol

Kasper et al. [32] carried out an experimental study of combus-
tion of n-propanol and iso-propanol in low-pressure, premixed flat
flames using two complementary molecular-beam mass spectrom-
etry (MBMS) techniques: electron ionization (EI) and photon ioni-
zation (PI). The equivalence ratio of the reactive mixture, @,
considered was 1, 1.5 and 1.9.

Profiles of various species were calculated employing the
kinetic model described here. Predicted profiles were shifted by
1.5-2 mm to better match flame structure and maxima of interme-
diate species. These values are within the experimental uncertain-
ties for the measured temperature profiles. For all flames tested

O jso -propanol

0.06

0.04 A

Mole Fraction

0.02 A

0.00 f T i
0.0 0.5 1.0 1.5 2.0

Exit from fuel duct [cm]

0.0060
0 C,H,

0.0050 - ©CH,

0.0040

0.0030

Mole Fraction

0.0020

0.0010

0.0000 f
0.2 0.4 0.6 0.8 1.0 1.2

Exit from fuel duct [cm]

good agreement was obtained between model predictions and
experimental data for major species. As observed by Kasper et al.
[32], the structures of n-propanol flame and iso-propanol flame
are similar. Differences were mainly observed in the primary oxy-
genated products as well as in ethylene that is a secondary product
in the iso-propanol flames. Further detail of model comparisons
with the experimental measurements of both sets of n-propanol
and iso-propanol flames at @ =1.0, 1.5 and 1.9 are available in
the Supplemental material.

Figs. 11 and 12 show comparison of predicted profiles of major
intermediate species with experimental data for & =1.0, and
@ =1.9. Fig. 11 shows comparison for iso-propanol flame and
Fig. 12 for n-propanol flame. Experimental measurements shown
in these figures include those obtained by Kasper et al. [32] using
electron EI and PI techniques. Figs. 13 and 14 show similar compar-
ison of methyl (CH3) and propargyl (CsHs) radicals, for both the
fuels. Benzene production in the rich flames is well predicted by
the model and is similar for both the fuels, although it is possible
to observe a larger formation from iso-propanol flame.

Fig. 15 reports the sensitivity analysis to benzene formation.
Benzene is mainly formed from propargyl radicals in both the
cases, thus all the reactions favoring propylene, allene as well as
allyl and propargyl radicals formation show a positive sensitivity
coefficient. On the contrary, all the propagation reactions favor
benzene depletion. It is also noteworthy that benzene peak is high-
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Fig. 10. Profiles of mole fraction of various species as a function of distance from the fuel boundary for non-premixed iso-propanol flames at a value of the strain rate
a,=20s"", and the stoichiometric mixture fraction Z = 0.5283. The symbols represent experimental data obtained by Sinha and Thompson [29] and the lines are model
predictions.
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The curves are model predictions.

er and it occurs later in the iso-propanol flame, due to the lower
reactivity and the larger presence of methyl radicals.

Studies on premixed laminar flames of iso-propanol and n-pro-
panol at low pressure were recently carried out by Li et al. [31]. The
complete simulation results are reported in the Supplemental
material. Table 2 shows a comparison between measured and pre-
dicted peak positions and corresponding maximum mole fractions
in both the rich flames (@ = 1.8). Predicted profiles are shifted of
about 4-5 mm to match measured flame structure and maxima
of intermediate species. It is noteworthy to observe again that
there exists strong similarity between the two flames. Moreover
is of interest to observe the similarity between these flames and
the corresponding ones studied by Kasper et al. [32].

Table 2 shows that although the predicted peak values and posi-
tions of several species, including acetone and propanal, agree well
with the experimental measurements, large discrepancies are also
evident for some species and they require some comments. The
availability of two other sets of independent experimental mea-
surements, resulting from the work of Kasper et al. [32] and Li
et al. [31], allows to better evaluating the meaning and importance
of these deviations. The following summarizes some observations
of the comparisons shown in Table 2:

Acetylene: The observed over-prediction of acetylene for the iso-
propanol flame is not consistent with the slight under-prediction
reported in Fig. 12.

Vinyl radical: This species is largely over-predicted for both
fuels. These experimental measurements do not agree with the
corresponding measurements, both with EI and PI techniques of
Kasper [59].

Formyl radical: This species is largely over-predicted for both
fuels. These experimental measurements do not agree with the
corresponding measurements with PI technique of Kasper [59].
Ethyl radical, with atomic mass 29, is ~1 x 107> is completely cov-
ered by formyl radical.

Allyl radical: This species is again 10 times over-predicted for
both fuels. The measurements of Kasper [59] employing the PI
technique indicate that for the iso-propanol flame the measured
values of allyl radical are closer to model predictions.

Propylene: This species is over-predicted for both fuels. Compar-
isons with the experimental data of Kasper et al. [32] do not con-
firm this deviation.

1-Butene and butadiene: These species are under-predicted by a
factor 2 in n-propanol flame, while a closer agreement is observed
in iso-propanol flame.

Diacetylene and vinylacetylene: These species are largely under-
predicted in all the flames and C4Hs radical shows the same
deviation.

Benzene: The predicted peak value of this species is ~one half of
the measured value in n-propanol flame, while the predictions are
double of the measured value in the iso-propanol flame. The pre-
dicted values are consistent with those measured by Kasper et al.
[32] employing the PI technique, but both are under-predicted
when compared with those measured employing the EI technique.

Pentadiene and cyclopentadiene: Predicted values of these spe-
cies show satisfactory agreement with experimental data.

The availability of this double set of very accurate experimen-
tal data is of course of extreme value for the kinetic modeling
activity. In addition, model results could be of potential interest
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equivalence ratio is @ =1, and @ = 1.9. The symbols represent experimental data measured by Kasper et al. [32] using electron ionization (EI) and photon ionization (PI)
molecular-beam mass spectrometry. The curves are model predictions.
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n-propanol

nC,H,0H = C,H, + H,0

H+0,=0H+0

H + CH,CHCH, = H, + aC;H,
R + C;H, = RH + CH,CHCH,
| C;H; + OH = C,H, + HCO
HCO+M=CO+H+M
C;H; + C3H; = C¢Hs + H
| nC;H,0H = C,H; + CH,0H
C;H; + 0=CH,0 + C,;H
aC;H, — pC;H,

R + C.Hg = RH + C¢H;

aC;H, + H=C;H;+ H,
HCO+H=H,+CO
HCO + CH; - CO + CH,
0, + CH; = CgH;0 + O
CHs=CH;+H
C;H; +H=C;H, + H,
C;H; + C;Hy + M= CHg + M

iso-propanol

iC;H,0H = C;H + H,0
H + CH,CHCH, = H, + aC;H,
C;H; + C;H; = C¢H; + H
R + C;H; = RH + CH,CHCH,

H+0,=0H+0

C;H; + OH = C,H; + HCO

HCO+M=CO+H+M

| CsH3+0=CH,0+C,H
iC;H,0H = CH; + CH;CHOH

aCH, + H=CjH;+ H,

aC;H, — pC;H,

R + CgHg =RH + C¢Hy
CH; + CH; =H + C,H;

| C,H,+H=C,H,+H,

O0+CH;=CH,0+H
0, + CHs = CH;0 + O

CeHg=CeHs + H
C3H; + CH + M = CHg + M

Fig. 15. Sensitivity coefficients for benzene formation in n-propanol and iso-propanol flames [32] a & = 1.9. Sensitivity coefficients refer to the axial location corresponding to
the benzene maxima in the flames. Dark bars correspond to positive sensitivity coefficients.

to further improve the experimental accuracy and/or experimental
methods.

6. Summary and conclusions

A kinetic mechanism that describes the primary reactions of
combustion of n-propanol and iso-propanol is developed. This pri-
mary mechanism is appended to a previously developed detailed
scheme of pyrolysis and oxidation of hydrocarbon fuels. The main
effect arising from the presence of hydroxyl group in alcohols was
on the o position in the H-abstraction reactions and radical decom-

Table 2

positions. Employing a systematic approach for the metathesis
reactions and some lumping procedure for fast intermediate radi-
cals, a small subset of new primary reactions were developed for
describing combustion of n-propanol and iso-propanol. Four-cen-
ter molecular dehydration reaction to form propylene is mainly
relevant for iso-propanol. New experimental data on counterflow
non-premixed flames were obtained for mechanism validation.
Flame structures were measured under similar conditions for both
fuels to elucidate the similarities and differences in combustion
characteristics of the two isomers. The profiles measured include
those of formaldehyde, acetaldehyde, propanal, and acetone. The

Comparison of predicted peak position and maximum mole fractions (Xmax) of the rich flames of n-propanol and iso-propanol with experimental data. The experimental data are

those of Li et. al. [31].

Formula Species Rich n-propanol flame Rich iso-propanol flame
Position (cm) 2wz Position (cm) Xmax
Pred.” Exp Pred. Exp Pred. Exp Pred. Exp

CH3 Methyl radical 0.76 0.85 6.1 x 107 6.8 x 107 0.84 0.85 8.1x10°% 49 x 107%
C,H, Acetylene 0.87 0.85 1.9 x 10792 1.8 x 10792 0.98 0.9 1.9 x 10792 5.6 x 10793
C,H; Vinyl radical 0.78 0.85 1.6 x107°% 3.0 x 107% 0.91 0.95 1.1x10°% 1.1x10°%
C,H,4 Ethylene 0.72 0.75 1.4 x 1079 1.9 x 1079 0.84 0.8 1.0 x 1072 5.7 x 1079
HCO Formyl radical 0.8 0.7 3.2 x10°% 4.1 %x10°% 0.91 0.85 2.5 x 1079 2.0x10°%
H,CO Formaldehyde 0.69 0.7 6.7 x 1079 6.9 x 10 0.82 0.65 5.0 x 107 2.8 x107%
CH;0H Methanol 0.59 0.5 1.1 x107% 8.1x10°% 0.57 0.5 6.2 x 107% 29 x107%
C3Hs; Propargyl radical 0.81 0.85 5.1 x 107 3.3 x10°% 0.91 0.95 73 x107% 3.4 x 107%
C3H,4 Propyne 0.82 0.8 4.1 %x107% 5.6 x 107 0.89 0.85 6.5 x 1079 4.6 x107%
C3H,4 Allene 0.77 0.75 3.6 x 107 2.5 x 1079 0.85 0.85 6.0 x 107 1.8 x 107
C3Hs Allyl radical 0.82 0.8 14 x 1079 1.4 x10°% 0.89 0.9 1.8 x 107 1.4 x10°%
C,H,0 Ketene 0.72 0.7 24x107% 12 x10°% 0.77 0.8 3.8 x10°% 39 %10
C3Hg Propylene 0.72 0.7 7.5 x 1079 2.5x10°% 0.77 0.8 1.4 x 10792 39 x10°%
C,H,40 Acetaldehyde 0.63 0.65 45 x 1079 52 x 1079 0.74 0.65 3.8 x 109 1.1x10°%
C4H, Diacetylene 0.92 0.95 8.0 x 1079 4.7 x 107% 1 1 9.8 x 109 2.4 % 107%
C4Hy Vinylacetylene 0.77 0.85 1.8 x 107 1.3 x10°% 0.87 0.9 3.9 x107% 1.6 x 107°%*
C4Hs But-2-yn-1-yl radical 0.63 0.7 4.2 %1079 4.9 x 107% 0.6 0.95 33 x 107" 9.9 x 107
C4Hs 1,3-Butadiene 0.72 0.75 43 x10°% 9.1 x 1079 0.79 0.85 12x107% 1.4 x10°%
C4Hg 1-Butene 0.67 0.7 6.2 x 1079 1.2 x10°% 0.72 0.75 2.2 x107% 1.7 x 107%
C3H6O Propanal 0.64 0.55 29x10°% 22 %1079 0.64 nd 1.0 x 107%° nd

C3HgO Acetone 0.97 nd 22x10°% nd 0.67 0.75 6.5 x 1079 53 x 1079
CsHe 1,3-Cyclopentadiene 0.74 0.8 1.1x10°% 15x107% 0.82 0.85 3.3 x10°% 2.8 x10°%
CsHg 1,3-Pentadiene 0.76 0.7 4.6 x 107%° 6.0 x 107°% 0.84 0.75 8.5 x 107% 9.4 x 107%
CsHe Benzene 0.74 0.7 7.6 x 1079 1.4 x107% 0.86 0.85 23x10°% 1.3 x107%

@ Predicted values are shifted of 0.52 cm.
b predicted values are shifted of 0.44 cm.
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validation of the kinetic model was extended to different sets of
experimental data obtained by other investigators in very different
operative conditions and reaction configurations. The agreement
between the kinetic model and experimental data was generally
satisfactory, in terms of reactivity and selectivity in major products
and minor species. The flame structures and overall combustion
characteristics of n-propanol and iso-propanol are found to be sim-
ilar. Modeling shows that ethylene is only a secondary product of
iso-propanol combustion and its amount is significantly lower.
Acetone is formed under all conditions in iso-propanol flames,
while propanal is formed in n-propanol flames. The kinetic model
developed here is expected to be the starting point for extension to
higher alcohols.
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