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In process industries, the ignition of premixed combustible gases and oxidant is a major source
of fires and explosions. To prevent such accidents, the knowledge of the auto-ignition temperature
is of primary importance. Unfortunately, information on multicomponent fuels at high pressure
is scarce. This requires a large experimental effort to identify safe operating conditions in the
whole range of pressure and mixture composition of interest. This effort could be rationalized
and minimized if a reliable modeling procedure to predict auto-ignition temperature values were
available. In this work, the reliability of a procedure based on the use of detailed kinetic models
together with easily accessible standard computational tools has been investigated using the
urea production process (which involves mixtures of ammonia, hydrogen, methane, and air at
high pressure and temperature) as an example. It has been found that the differences between
model predictions and both experimental data measured in a laboratory-scale apparatus and
values scaled up to real plant conditions never exceed 10%, thus confirming the reliability of
the proposed procedure for auto-ignition temperature estimation.

Introduction

In process industries, the ignition of premixed com-
bustible gases and oxidant by hot surfaces is a major
source of fires and explosions.1 To prevent such ac-
cidents, the knowledge of the minimum hot surface
temperature (MHST) able to ignite a given mixture of
combustible gases and oxidant would be relevant infor-
mation. Unfortunately, MHST is not an unambiguous
property of a given mixture because it depends on many
process-specific parameters, such as the dynamic state
of the mixture with respect to the hot surface, the
geometry and chemical composition of the hot surface,
and the dynamics of the heat supply.2

An unambiguous inherent property of a given fuel-
oxidant mixture is the so-called auto-ignition temper-
ature (AIT), which is defined as the lowest temperature
to which a premixed fuel-oxidant mixture has to be
heated to combust spontaneously in the absence of an
ignition source.3 Moreover, the MHST is usually higher
than the AIT of the same mixture.4 Therefore, assuming
the AIT value as a threshold limit for the process
temperature leads to safe process conditions. This is the
reason AIT is usually considered in industrial practice
as a measure of the minimum ignition temperature of
combustible mixtures.

Since knowledge of the AIT is very important to
evaluate the explosion hazard in industrial plants
handling such materials, several experimental re-
searches have been previously performed to identify the
AIT values.2,5-9 However, whereas quite a large amount
of data are available for single-component fuels at
atmospheric pressure, information on multicomponent
fuels at high pressure is by far more scarce.

This is a strong limitation of the usefulness of such
data when applied to real industrial conditions because
rarely do the industrial processes involve only a single-
component fuel at atmospheric pressure. Consequently,
a few papers appeared recently where AITs of fuel
mixtures at high pressures have been measured.3,9-12

However, laboratory experiments usually do not repro-
duce exactly the operating conditions found in real
process installations. Therefore, extrapolations are re-
quired, which are usually based on simplified kinetic
model or semiempirical correlations.13

Because auto-ignition of a gaseous mixture is driven
by chemical kinetics, it should be possible to predict the
AIT of a given mixture once the detailed chemical
kinetics of such a mixture is known. As a matter of fact,
nowadays detailed kinetic models, based on complex
mechanisms involving only elementary reactions, are
increasingly used to simulate oxidation processes of
many simple gaseous species, such as small hydrocar-
bons, hydrogen, nitrogen, and ammonia.14 The main
advantage of this approach versus the simpler empirical
mechanisms is its wider operating window. In other
words, while the empirical kinetic mechanisms can be
used only inside the range of operating parameters
(such as temperature, pressure, and composition) in-
vestigated for their tuning, the detailed ones attempt
to describe the kinetics of the oxidation processes almost
everywhere. Moreover, only detailed models provide an
estimate of the concentrations of the radical species
involved in the oxidation processes. These are very
important to simulate the kinetics of the initiation
reactions that determine, for instance, the AIT value.

In practice, a detailed kinetic scheme consists of all
possible elementary reactions between the various
chemical species that arise during the oxidation process
of a given fuel. Typically, a detailed kinetic scheme
involves a few hundred elementary reactions, also for
the simple case of light hydrocarbon oxidation. As
previously mentioned, such mechanisms are available
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for many species and, at least for the simplest fuels, they
have been extensively validated by comparison of their
predictions with several experimental findings.

Moreover, standard computational tools have been
made available to use such huge kinetic models in
simple fluid dynamic conditions, such as ideal reactors
of laminar flames, in the frame of the CHEMKIN15

package. In particular, the SENKIN16 code allows for
modeling of ideal batch reactor dynamics, which is a
reasonable approximation of the explosion vessels often
used for measuring AIT values at the laboratory scale.
SENKIN code runs in conjunction with the CHEMKIN-
II15 package that handles the detailed chemical reaction
mechanisms and with the CHEMKIN17 database that
allows computation of the thermodynamic data of gas
mixtures.

These detailed kinetic models together with the easily
accessible standard computational tools would allow for
estimation of AIT values also for nonstandard conditions
which are involved in real industrial processes but are
not experimentally investigated, such as multicompo-
nent fuels at high pressure.

However, the reliability of this approach for predicting
AIT values of multicomponent fuels at high pressure
has not yet thoroughly been investigated. Consequently,
the main aim of this work has been to assess the
reliability of this approach to predict AIT values of
multicomponent fuels at high pressure, as found in real
industrial processes. As an example of an industrial
process involving such complex conditions, the urea
production process has been considered. Such a process
uses mixtures of ammonia, hydrogen, methane, and air
at approximately 150 bar and 150 °C, for which experi-
mental data of the AIT have recently been pub-
lished.11,12

Procedure for Predicting the AIT

The first step for predicting the AIT of a given mixture
with the approach here proposed is the selection of a
suitable detailed kinetic mechanism, which mainly
depends on the chemical species involved in the fuel
mixtures to be considered. In this work, we have
simulated the AIT values measured by Vanderbroek et
al.11 Such experiments were carried out for 15 min in
an 8 dm3 spherical stainless steel explosion vessel. Auto-
ignition of the mixture was defined as a temperature
rise larger than 50 K accompanied by a pressure
increase. Vanderbroek et al.11 investigated several
initial pressure and composition values of mixtures
involving NH3, H2, CH4, and air, as summarized in
Table 1. We can see that initial pressure values up to
about 70 bar, as well as several NH3/air (runs from 1 to
11 in Table 1), NH3/H2/air (runs from 12 to 31 in Table
1), and NH3/CH4/air (runs from 32 to 46 in Table 1)
mixture compositions, have been investigated.

The detailed kinetic mechanism used in this work has
been obtained starting from that proposed by Rota et
al.18 for the system NH3/NO/air, which involves 130
elementary chemicals, complemented with a set of 36
reactions for HNCO/NCO and CO oxidation (Glarborg
et al.19) and with 244 reactions for methane oxidation
(Barbé et al.20). The final detailed mechanism involves
510 chemical reactions and 81 species, whose kinetic
and thermodynamic parameters in a CHEMKIN-
compatible format are also available on the Internet at
the address http://www.chfi.polimi.it/ricerca/AIT2002.
The reliability of the three parent subsets of reactions

has been previously assessed by comparing their predic-
tions with several experimental data concerning fuel
oxidation in a laboratory apparatus.21,22 However, it
should be mentioned that also other detailed kinetic
mechanisms have been proposed in the literature for
representing the behavior of such systems, and they can
be used instead of the mechanisms used in this work.
Among the others, it is worth mentioning the valuable
HCNO mechanism discussed by Perry and Miller.23

As previously mentioned, the SENKIN16 code allows
for modeling of ideal adiabatic batch reactor dynamics
(which is a reasonable approximation of the explosion
vessels often used for measuring the AIT values), and
it has been used for all computations reported in this
work. This code implements a suitable numerical solu-
tion algorithm for solving the system of ordinary dif-
ferential equations representing the mass balance of the
various involved chemical species as well as the energy
balance at constant volume:

where Ci is the concentration of the ith species, t the

Table 1. Experimental Data11 Used for Validating the
AIT Prediction Procedure

run
air
(%)

NH3
(%)

H2
(%)

CH4
(%)

initial
pressure (atm)

AIT
(K)

1 76 24 0 0 53.5 823
2 70 30 0 0 50.5 823
3 60 40 0 0 45.5 823
4 50 50 0 0 33.0 823
5 45 55 0 0 28.5 823
6 38 62 0 0 36.8 823
7 32 68 0 0 38.3 823
8 20 80 0 0 55.6 823
9 50 50 0 0 71.8 797

10 50 50 0 0 32.7 823
11 50 50 0 0 1.0 903
12 94 1 5 0 5.5 723
13 90 5 5 0 8.6 723
14 85 10 5 0 10.9 723
15 75 20 5 0 13.6 723
16 65 30 5 0 14.0 723
17 87.5 10 2.5 0 24.6 723
18 82.5 15 2.5 0 17.8 723
19 77.5 20 2.5 0 16.7 723
20 72.5 25 2.5 0 17.7 723
21 67.5 30 2.5 0 25.4 723
22 89 1 10 0 1.0 723
23 85 5 10 0 3.1 723
24 80 10 10 0 4.6 723
25 70 20 10 0 7.7 723
26 60 30 10 0 8.9 723
27 75 5 20 0 42.2 668
28 75 5 20 0 9.5 678
29 75 5 20 0 6.1 688
30 75 5 20 0 3.0 698
31 75 5 20 0 2.0 708
32 90 5 0 5 2.2 723
33 85 10 0 5 4.5 723
34 75 20 0 5 8.9 723
35 65 30 0 5 12.9 723
36 55 40 0 5 17.4 723
38 92.5 5 0 2.5 3.4 723
39 87.5 10 0 2.5 14.8 723
40 80 10 0 10 2.6 723
41 70 20 0 10 4.4 723
42 85 5 0 10 38.6 670
43 85 5 0 10 7.7 673
44 85 5 0 10 4.5 683
45 85 5 0 10 3.6 698
46 85 5 0 10 1.4 723

dCi

dt
) ∑

k)1

NR

νkirk (1)

dU
dt

) 0 (2)
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reaction time, NR the number of reactions, νki the
stoichiometric coefficient of the ith species in the kth
reaction, U the overall internal energy, and rk the rate
of the kth reaction. The forward reaction rate constants
have been computed through the modified Arrhenius
expression

where kk is the forward reaction rate constant, while
Ak, âk, and Ek are its kinetic parameters, R is the ideal
gas constant, and T is the temperature. The backward
reaction rate constants have been computed from the
forward ones using the equilibrium constant values
obtained from the thermodynamic database. Because all
of the reactions are considered elementary, their reac-
tion rates can be computed as the reaction rate con-
stants times the species concentrations. Pressure-
dependent reactions rate constants are also considered
in the detailed kinetic mechanism through standard
approaches.

The experiments summarized in Table 1 have been
simulated by feeding the ideal batch reactor model with
a fuel-oxidant mixture at the same composition and
pressure as the experiments and then increasing the
initial temperature until a temperature rise larger than
50 K accompanied by a pressure increase has been
obtained within 15 min of reaction time. While this
criterion does not conform to any current standard, it
is coherent with the operative definition of AIT used in
the experiments of Vanderbroek et al.11 that we have
considered for validating the predicting procedure.

However, it should be mentioned that the minimum
ignition temperature of a gas mixture depends on the
experimental apparatus used.9 The volume-to-surface
ratio, test cell materials, heat-exchange coefficient with
the environment, and particular definition of auto-
ignition itself used in a given set of experiments are
some of the experimental parameters that can influence
the values measured. As a further complication, it is
well-known that small hydrocarbons can burn through
the so-called cool flames, which are spontaneous reac-
tions that occur at temperatures below the AIT. Despite
the fact that this process is accompanied by limited
pressure and temperature rises (that is, a pressure ratio
smaller than 2 and a temperature increase up to 200
K), it may cause a mixture to enter the auto-ignition
range.24 Depending on the operative definition of AIT
used in a set of experiments, cool flames can be
identified as auto-ignition or not.

Moreover, the ideal adiabatic batch reactor model
involves some shortcuts with respect to the real experi-
mental apparatus. In particular, heat exchange between
the gaseous mixture and the environment is dis-
regarded. This is not a severe assumption as far as the
auto-ignition phenomenon being very fast is concerned
because heat exchange is a relatively slow process.
However, it could become important for slow ignition
phenomena because in this case gas cooling can dampen
the ignition. This is not considered by the model because
it disregards any heat exchange, thus leading to con-
servative results. Another shortcut is represented by
disregarding wall phenomena that can both catalyze the
oxidation reactions and quench the radicals. These
opposite phenomena can lead to higher or lower AIT
values depending on the experimental apparatus. Their
importance for the case here considered can be quanti-

fied only by comparing experimental results with model
predictions.

In fact, it is worth mentioning that all of the results
discussed in the following are true predictions; that is,
no model parameters have been tuned on the experi-
ments here considered in order to obtain a better
agreement with the experiments. This makes the vali-
dation of the AIT prediction procedure fair.

Results and Discussion

All of the experiments summarized in Table 1 have
been simulated with the aforementioned procedure. The
model predictions are summarized in terms of percent-
age errors between experimental and predicted AIT
values in Figures 1-3. These values are computed as
(AITexp - AITmod)/AITexp × 100, where subscripts exp
and mod refer to experimental and predicted values,

kk ) AkT
âk exp(-Ek/RT) (3)

Figure 1. Percentage error between predicted and experimental
AIT values for NH3/air (run numbers refer to Table 1). The
percentage error is computed as (AITexp - AITmod)/AITexp × 100,
where subscripts exp and mod refer to experimental and predicted
values, respectively.

Figure 2. Percentage error between predicted and experimental
AIT values for NH3/H2/air (run numbers refer to Table 1). The
legend is as in Figure 1.

Figure 3. Percentage error between predicted and experimental
AIT values for NH3/CH4/air (run numbers refer to Table 1). The
legend is as in Figure 1.
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respectively. This means that for positive percentage
errors the predicted AIT values are lower than the
experimental ones, which is a welcomed feature because
it leads to conservative results in terms of process
safety.

We can see that the model is always able to predict
the experimental AIT values with an uncertainty lower
than about 9%, which results in an absolute error
always lower than about 60 K. When averaging is done
over the 46 experiments, the model is able to predict
AIT values with a relative error equal to about 3.5%
and an absolute one equal to about 25 K. Because, as is
evident from the aforementioned experimental proce-
dure, these errors are of the same order of experimental
uncertainty and reminding that no model parameters
have been tuned on these experimental data, we can
conclude that the model is able to predict rather
correctly the effect of the pressure and composition on
the AIT values of NH3/H2/CH4/air mixtures.

In more detail, we can see that when NH3/H2/air
mixtures are involved (see Figures 1 and 2), the model
always underestimates the experimental AIT values,
thus providing conservative results. However, the aver-
age errors computed considering only these sets of data
do not differ significantly from those computed consid-
ering all of the data.

As was previously mentioned, the volume-to-surface
ratio can influence the AIT value. In particular, it is
usually assumed that increasing the volume-to-surface
ratio shifts the AITs toward lower values. Therefore,
experimental data measured in a laboratory-scale ap-
paratus with a low volume-to-surface ratio have to be
scaled up to real-size plants with a definitely higher
volume-to-surface ratio. This is usually done through
Semenov’s theory of the thermal ignition, which leads
to a correlation among AIT, pressure, and volume-to-
surface ratio. For spherical vessels, AIT can be com-
puted as a function of pressure and vessel diameter with
the following relation:13

where P is the initial pressure and D the vessel
diameter, while A and B are empirical constants whose
values depend on the dimensional units used for P, AIT,
and D. In the following, the units Pa‚K‚m will be used.
From their experimental data, Vanderbroek et al.11

derived the values for the empirical constants A and B
reported in Table 2. The effect of the volume-to-surface
ratio predicted using such values is shown in Figure 4
for a mixture with 50% ammonia in air, where also the
experimental results and the model predictions are
reported. Data extrapolated with Semenov’s relation
refer to 120 dm3, which is the volume of the exhaust
pipe of the scrubber in a typical urea plant, and 1.42
m3, which is the volume of one compartment of the pool
reactor in a typical urea plant.

Correctly, both the predicted and experimental results
show that when the initial pressure increases, the AIT
values decrease. We can also see that for ammonia/air
mixtures not only are the values predicted by the model
always lower than the experimental values measured
in the laboratory-scale apparatus, but they are also
always close to the values extrapolated with Semenov’s
relation for larger vessels. It should be noted that the
model predictions do not depend on the vessel volume
because no heat exchange has been considered; in this
respect they are more similar to a large-scale explosion
than to small-scale experiments. The main conclusions
arising from the comparison between model predictions
and laboratory-scale experiments are confirmed also by
the comparison with the data extrapolated to real-size
vessels. In particular, the model predictions are always
closer than 10% to the reference data. This seems to
indicate that, in these conditions, 10% can be assumed
as a sort of safety factor to be used together with the
model predictions to allows for safe operations in real-
size industrial vessels.

Similar conclusions arise from the data reported in
Figures 5 and 6 that refer to 5% ammonia-20%
hydrogen and 5% ammonia-10% methane mixtures,
respectively. In particular, also in these conditions
model predictions never differ more than 10% from the
reference data.

When standing alone without being related to any
general theory, experimental information from a labora-
tory-scale apparatus can only serve as a relative mea-
sure of the ignitability of various gas mixtures in the
specific test conditions. In this sense, the main advan-
tage of coupling experimental information with a sound
detailed kinetic modeling is that it can be used to infer
information in conditions outside the window experi-
mentally investigated, with particular reference to real
plant situations.

For instance, the use of a detailed kinetic model
avoids the scale-up of laboratory data to real plant
pressures. A comparison between the values extrapo-
lated from laboratory-scale data to real plant pressure
values with Semenov’s correlation and the model pre-

Table 2. A and B Empirical Constants for Semenov’s
Correlation, Equation 4, Estimated from
Laboratory-Scale Experimental Data with Units
Pa‚K‚m11

mixture A B

50% NH3, 50% air 30 950 -30.9
5% NH3, 20% H2, 75% air 21 900 -26.4
5% NH3, 10% CH4, 85% air 13 850 -15.0

ln( P
AIT) ) A

AIT
+ B + ln(1

D) (4)

Figure 4. AIT as a function of the initial pressure for mixtures
with 50% ammonia in air: (0) experimental data;11 (4) data
extrapolated using Semenov’s correlation, eq 4, for a vessel volume
of 120 dm3; (+) data extrapolated using Semenov’s correlation, eq
4, for a vessel volume of 1.42 m3; (s) model preditions.
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dictions is reported in Table 3. We can see that also in
this case the difference between the model predictions
and the scale-up of the experimental data never exceeds
10%.

As a final example of the use of the model to foresee
the behavior of the system NH3/H2/CH4/air, Figures 7
and 8 show the influence of the relative amount of
ammonia, hydrogen, and methane when mixed with
85% of air at different pressure values. As usual, the
edges of the triangle refer to fuel binary mixtures while
inside the triangle three-component fuel mixtures exist.
We can see that in these conditions and at low pressure
(see Figure 7) the presence of any amount of hydrogen
is able to reduce significantly the AIT of ammonia

(which is close to 900 K), while the same effect requires
a larger amount of methane. On the other hand,
increasing the pressure 50 times (see Figure 8) results
in a larger AIT reduction when methane is involved.
Similar diagrams can be easily built for any condition
of interest.

Figure 5. AIT as a function of the initial pressure for mixtures
with 5% ammonia and 20% hydrogen in air: (0) experimental
data;11 (∆) data extrapolated using Semenov’s correlation, eq 4,
for a vessel volume of 120 dm3; (+) data extrapolated using
Semenov’s correlation, eq 4, for a vessel volume of 1.42 m3; (s)
model preditions.

Figure 6. AIT as a function of the initial pressure for mixtures
with 5% ammonia and 10% methane in air: (0) experimental
data;11 (4) data extrapolated using Semenov’s correlation, eq 4,
for a vessel volume of 120 dm3; (+) data extrapolated using
Semenov’s correlation, eq 4, for a vessel volume of 1.42 m3; (s)
model preditions.

Figure 7. AIT values (K) predicted by the detailed kinetic model
for the system NH3/H2/CH4/air. The diagram refers to various
relative amounts of NH3/H2/CH4 mixed with a fixed amount of air,
equal to 85%. The initial pressure is equal to 1 atm.

Figure 8. AIT values (K) predicted by the detailed kinetic model
for the system NH3/H2/CH4/air. The diagram refers to various
relative amounts of NH3/H2/CH4 mixed with a fixed amount of air,
equal to 85%. The initial pressure is equal to 50 atm.

Table 3. AIT Values at Industrial Plant Pressure and
Size Values

AIT (K)

pressure
(MPa) method

volume
(dm3)

NH3/air
(50/50)

NH3/H2/air
(5/20/75)

NH3/CH4/air
(5/10/85)

10 Semenov’s 8 795 632 594
120 776 615 570

1420 760 600 551
model predictions 771 614 594

15 Semenov’s 8 786 624 583
120 768 607 561

1420 752 594 542
model predictions 763 602 587

20 Semenov’s 8 781 619 576
120 762 603 570

1420 747 589 551
model predictions 757 597 583
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Conclusions

The minimum ignition temperature of a gas mixture
depends on the details of the experimental procedure
used to measure it. This means that when standing
alone without being related to any general theory,
experimental information from a laboratory-scale ap-
paratus can only serve as a relative measure of the
ignitability of various gas mixtures in the specific test
conditions.

In this framework, the main aim of this work has been
to validate a procedure for coupling a little experimental
information with detailed kinetic modeling and simple
standard computational tools. Once validated, the model
allows for inferring information in conditions outside
the window experimentally investigated, such as real
plant situations. This avoids the scale-up of laboratory
data to real plant pressures with semiempirical correla-
tion.

A comparison between model predictions and both
experimental data measured in a laboratory apparatus
and the values extrapolated from laboratory-scale data
to real plant conditions shows that the difference
between the model predictions and the scale-up of the
experimental data never exceeds 10%. This seems to
indicate that 10% can be assumed as a safety factor to
be used together with the model predictions to allow for
safe operations in real-size industrial vessels. In other
words, once the AIT is computed in industrial condi-
tions, this value has to be reduced by 10% to obtain a
lower bound of the expected AIT, that is, a conservative
estimation of the minimum ignition temperature. This
value obviously applies only to the conditions investi-
gated in this work. Different mixtures or operating
conditions could require a different value of the safety
factor.

Finally, general diagrams of AIT as a function of
mixture composition can be easily constructed with this
procedure also for complex multicomponent fuels, show-
ing the main effect of the presence and amount of a
specific chemical species on the plant safety.

Despite the fact that the proposed approach requires
further validations in conditions different from those
considered here and is currently limited by the avail-
ability of kinetic data, it could represent a valuable tool
to rationalize and thus minimize the experimental effort
required to identify safe operating conditions in indus-
trial plants handling flammable mixtures at high tem-
perature and pressure.
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