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Mechanism Reduction for the Oscillatory
Oxidation of Hydrogen: Sensitivity and
Quasi-Steady-State Analyses
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A strategy for reducing complex chemical reaction mechanisms is developed and illusirated with reference to
the oscillatory H; + O; system in a CSTR in the region of the second explosion limit. The approach involves
the identification of redundant species via rate sensitivity analysis and of redundant reactions by the principal
component analysis of the rate sensitivity matrix, Temperature seasitivity analysis is also employed and the
application of the quasi-steady-state approximation is discussed briefly and used in the final stages of the
reduction. The above procedures are shown to assist the understanding of the underlying mechanisms of the
reaction for the chosen conditions and the competition between branching steps during oscillatory ignitions is
discussed. The reduced mechanism is compared with models discussed elsewhere.

NOMENCLATURE

k, mth order rate constant, {molecule
em=3) -7 g

A preexponential factor, (molecule
em ™Y m st

E activation energy, J mol™!

R gas constant, J K~' mol

T gas temperature, K

T, ambient temperature, K

C, specific heat capacity at constant pres-
sure, J K! kg™!

C, species concentration, molecule cm ™3

I residence time of reactor, s

P molar flow rate, mol '

J 4 pressure, torr

v, stoichiometric number,

R, rate of reaction j, molecule cm ™ s~/

o density, kg cm ™3

v volume, cm®

t time, s

AH  enthalpy of reaction, J molecule ™'

p% heat transfer coefficient, W ¢m™? K™

5 surface area, cm?
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INTRODUCTION

Combustion reactions are among the most
complex chemical processes, containing combi-
nations of initiation, propagation, chain
branching, and termination steps. So far much
attention has been directed to understanding
such reaction mechanisms in their fullest form.
Reliable rate coefficient data for component
elementary reactions is increasingly available
[1] and, at least for the high-temperature com-
bustion of simple. fuels, realistic, comprehen-
sive mechanisms can now be formulated that
give good agreement with experimental results
[2]. However, an understanding of the key in-
teractions in combustion processes is not al-
ways easily discerned in such large comprehen-
sive schemes. It is often more instructive to
reduce a mechanism to its minimum in order
to see how species interact and how coupling
can occur between reactions. Such reduced
mechanisms also have the advantage that they
require less computing time, which is often an
important criterion in cases such as computa-
tional fluid dynamic calculations of turbulent
combustion. In addition, recent advances in
techniques, such as path following and stability
analysis for steady-state and periodic solutions,
can greatly reduce the time taken to explore
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the global behavior of a system, but can be
applied only to systems of low dimensionality
3, 4]. :

Over recent years many methods have be-
come available for the reduction of farge
mechanisms and have been used successfully
in many areas. Such methods include redun-
dant species identification, sensitivity analysis
(for concentrations, reaction rates, or tempera-
ture) [5-7, 8], quasi-steady-state approxima-
tions (QSSA) [9, 10], singular perturbation
analysis [11, 12] and species lumping [13, 14].
The present work is part of a program whose
aim is to develop a systematic approach to
mechanism reduction. Rate sensitivity analysis
and the application of the QSSA have been
chosen and this article describes the systematic
application of these methods to a hydrogen
oxidation system in a continuously stirred tank
reactor or CSTR via the following steps:

1. Formulation of a full model and decision
about important species and reaction fea-
tures.

Identification of redundant species.

3. Identification of redundant reactions via
principal component analysis of the rate
sensitivity matrix.

4. Investigation of temperature sensitivities.

5. Application of the quasi-steady-state ap-
proximation.

6. Comparisen of the reduced model with the
full model and investigation of its limita-
tions.

[

Although the H, + O, system is one of the
simplest combustion schemes it shows interest-
ing oscillatory behavior in a CSTR at midrange
temperatures and pressures of around 700 K
and 30 torr, respectively (i, in the region of
the second explosion limit) where there is a
wealth of experimental results [3, 15, 16]. Oscil-
lating reactions constitute a particularly strin-
gent test of mechanism reduction procedures
and so provide an ideal vehicle for the devel-
opment of a systematic approach.

Previous work on the systematic reduction of
the hydrogen oxygen scheme has focused
mainly on single ignition phenomena and on
flame calculations [9, 11, 17, 18] and has used
mainly concentration sensitivity methods. All
reduced models for oscillatory systems have
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been formulated in an heuristic way on the
basis of “experience” of the reaction. Here it is
demonstrated that a systematic approach can
not only reduce a mechanism but can lead to
an improved understanding of the relation-
ships between the elementary reactions in-
volved. Comparisons are made with previous
reduced models for both oscillatory [3, 19] and
ignition systems [17]. A set of core reactions is
identified that is an essential part of the model
over a wide range of conditions. We do not
seek to analyse the full range of possible pres-
sures and mixtures for the reaction but have
concentrated on the three main qualitative re-
gions near the second limit for stoichiometric
mixtures. We have used these conditions to
illustrate the reduction technique, to highlight
its problems and to demonstrate its uses.

FULL MODEL AND REACTION FEATURES

The full reaction mechanism used in the pres-
ent analysis consists of 47 steps involving 9
species, as is shown in Table 1 [20]. The third
body M is assumed to be made up from the
molecular species H,, O,, and H,O with rela-
tive efficiencies of 1:0.4: 6, respectively, for all
reactions [21]. Although the chemistry is de-
rived from the original Dougherty and Rabitz
scheme, the rate data have been updated and
have, where possible, been obtained from the
latest EEC evaluation tables [1]. The sources
for other reaction rate data are shown in Table
1. The wall termination rate constants, k, —
k. were taken from a previous analysis of
H,/0, oscillations in a CSTR [19). Their
equivalence is somewhat unrealistic in view of
the differences in the diffusion coefficients and
surface reactivities of the radicals involved.
The treatment of surface termination possibly
represents a weakness in the full model and
may lead to some deviations from experimen-
tal behaviour. The aim of the present work is,
however, to develop reduction methods and
the primary concern is the comparison be-
tween full and reduced models,

The rate constant for each reaction is in the
form k, = AT" exp( — E /RT) with units (mole-
cule em 3~ s~ for an mth order reaction.
The temperature dependencies and thermo-
chemical data are described by polynomial fits
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TABLE 1

Full Reaction Mechanism, Rate Data, and Sources

(E/R)/K  Reference

Reaction no Reaction 3A/(cm® molecule ")~ s~ g
i O + HO, -~ 0, + OH 290 x 10-"! 0 - 200 (30]
2 H, + 0, - H + HO, 240 x 107140 0 28500 (30]
3 H, + OH - H + H,0 170 x 1078 1.60 1660 (1]
4 O, +H - OH+ 0O 330%x 10710 0 8460 (1]
] H,+0 - H + OH 850 % 10°% 267 3160 (1]
6 O, +H+M - M + HO, 137 x 1073 ] - 500 {31]
7 H - WALL 75 0 0 [19]
8 0 - WALL 75 0 0 [19]
9 OH - WALL 75 0 0 [19]
10 HO, - WALL 73 0 ¢ [19]
11 HO, + HO, - H,0,+0, 310x 107" 755 [1
12 0, + OH - O + HO, 3.70 x 10~ " 0 26500 [30]
13 H + HO, - 20H 280 x 10710 0 440 [~
14 H + HO, - H,0+0 5.00x 1o~ 0 8566 (1]
15 HO, + H, -  H,0;+H 5.00 x 10~ 1 0 13100 [30]
16 HO, + H - H, + O, 710 x 1071 0 710 [30]
17 H,0, + M - 20H + M 8.00 x 10797 0 22900 [31]
18 H,0,+ H -  H; + HO, 2.80 x 10~'2 0 1890 {30]
19 H,0, + H - H,0+0H 1.70 x 10-1 0 1800 £30]
20 H,0, + OH — H,0 +HO, 130 x 1071 0 670 [1]
21 H,0,+0 - OH+HO, L10 x 107 % i} 2000 {1]
22 H,0+0 - . 20H 7.60 x 107 1.30 8605 [30)
23 H+ H,0 - OH + H, 7.50 x 1971 1.6 9270 (1}
24 OH+ 0 - H+ 0O, 7.50 x 10710 -0.5 30 (1
25 OH+H - O +H, 810 % 10° 2.8 1950 [30]
26 20H - O+ H,0 250 x 1071 1.14 50 [
27 H+OH+M - H,0 + M 390 x 107 -2.0 0 131]
28 H+O+M - OH+M 1.30 x 10732 0 0 (30]
29 H+H+M = H, + M 8.30 x 1p=23 0 0 [31]
30 OH+0OH+M~» H,0,+M 160 x 1072 ~-30 0 (30]
31 O+0+M - 0, + M 220 x 10-% -1.5 0 [30]
32 HO, + OH - H,0+0, 480 x 10~ 0 — 250 [t}
33 H,0+ M - H+OH+M 3.70 X 109 0 52900 [31]
34 H,+M - H+H+M 146 x 1077 0 48300 [31]
35 O, +M - 0+0+M 3.01 x 19-9 -1.0 60643 {301
36 0, +0+M - 0; + M 215 % 107 0 345 (32
37 0, +M - 0,+0+M 5.80 x 10~'5 0 0 [33]
38 0,+0 - 20, 8.00 x 10712 0 2060 (34
39 0, +H - O, + OH 215 x 1073 0 345 [35]
40 O, + OH -~  HO, +0, 1.60 x 10~ 0 540 (34]
41 0, + HO, —+  20,+OH 110 x 1071 0 500 [34]
42 HO, + M - O+0H+M 530x 19- 1 0 0 [31]
43 H,0+HO, - H,0,+0H 470 x 1071t 0 16500 [31]
44 HO, + M - O,+H+M 200 x 107% —1.18 24363 [30]
43 20H - HO, + H 2.00 x 10~ o 20200 £31]
46 OH + M - O+H+M 4.00 x 107™ 0 50000 {30
47 H,0,+0, - 2HO, 9.06 x 10! 0 20000 (30]

developed by the NASA thermodynamics group
[22].

In order to compare our results with re-
duced models used in previous modeling work
covering the oscillatory region we have re-
tained as far as possible the same conditions

[19]. The system modeled is the homogeneous
reaction of H, with O, in a continuously stirred
tank reactor (CSTR) within the region of the
second explosion limit. The equations that de-
scribe such a homogeneous mixture at a con-
stant volume are the following set of ordinary
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differential equations (ODE):
mass balance:

C,
i = fi(Ci k)
(C!-C)
== - ZUEJ'R;" (1)
res ¥
energy balance:
dT
acp}—; = ): R(-AH)
!
oC T-T,
-( £ 4+ Xs)%, (2)

where C, is the concentration of species § and
C! is the inflow concentration or the steady-
state concentration existing in the vessel when
no reaction takes place. k; is the rate constant
for reaction j, v;; the stoichiometry of species i
in reaction j and R; the rate of reaction j,
where j signifies the reaction number as shown
in Table 1. The residence time ¢, of the
reactor is calculated from the formula ¢, =
pV/pRT,. T, is the ambient temperature, p
the pressure, V' the volume, and p the molar
flow rate.

The total heat loss term describes both the
loss via the flow of gases leaving the reactor
and via Newtonian cooling through the walls.
A constant value for x§/V was chosen of
0.8 X 107> Wem™* K™! to be consistent with
previous modeling work [15, 21]. The equations
were solved numerically using the package
SPRINT (23], which has been specially de-
signed for stiff systems such as the H, + O,
reaction. The kinetic analysis of the mecha-
nism was performed by the program package
KINAL [24].

Experimental studies of the H, + O, system
in a CSTR have revealed three main qualita-
tive regions {15, 21, 25]. At low temperatures
there is a negligible conversion of H, to water.
At high temperatures “strong” ignition takes
place accompanied by a sharp rise in tempera-
ture. Between these two regions lies an area of
repeated ignitions, that is, an oscillatory re-
gion. A P-T, diagram for a 2:1 mixture of
hydrogen to oxygen is shown in Fig. la [25].
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Typically the thermokinetic oscillations found
in this region have a simple periodic waveform
and the representative thermocouple trace
shown in Fig. 1b reveals a sharp temperature
peak with a fast decay followed by a long
period of slow change. All of the following
calculations refer to a stoichiometric H, /O,
system in a CSTR at a total pressure of 20 torr
and with a residence time of 8 s for consistency
with previous experimental and modeling work.
We investigated temperatures within the three
reaction regions (between 500 and 2000 K) but
concentrated mainly on the oscillatory behav-
ior. Although experimentally the reaction is
not detectable at low temperatures, it is still
worth studying theoretically in order to assess
how the important reactions change as the
temperature rises. The reaction has been simu-
lated under isothermal and nonisothermal con-
ditions, primarily to investigate the relation-
ship between reduced schemes for the two
situations.

Qualitatively the agreement between the full
model and experiment is good and Fig. 2 shows
a typical simulated temperature profile. The
main aim of the present work, however, is to
develop methods for generating a reduced
maodel that reproduces the full model behavior,
Close agreement with experiment is, therefore,
not an important criterion. In assessing the
reduced model the period of oscillation is a
demanding test and has been chosen as the
main feature for comparison between reduced
and full models. We also require that the re-
duced model should match the concentrations
of important species as determined by the full
model.

BACKGROUND TO SENSITIVITY
METHODS

Identification of Redundant Species

In the first stage of the reduction process, the
modeler selects the fmportant species and fea-
tures of the reaction. In general the important
species will include the initial reactants and
main products of the reaction. For nonisother-
mal reactions, temperature may alsc be an
important feature. The reduced model must
generate values for the important species and
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Fig. 1. (a) A typical p/T, diagram for a 2:1
mixture of H,:0, in the region of the
second explosion limit showing the bound-
aries between slow reaction, oscillatory igni-
o tion, and fast reaction. (b} A thermocouple
0 u‘ln 2‘;'.0 trace for a total pressure of 17 torr and an
t's ambient temperature T, = 715 K.
T,
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Fig. 2. An example temperature trace from
T T [ T T -

the full 47-step scheme showing a maximum
25 30
0 5 10 15 20 temperature rise of around 1400 K. Pressure
vs =2torr, T, = 790 K.
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features, which are in agreement, to a specified
accuracy, - with those generated by the full
model. '

The next stage is the identification of redun-
dant species, which may be excluded from the
model, and necessary species, which must be
included in order to produce accurate results
for the important species. The necessary
species will be coupled to the important ones
through significant reactions [6]. Redundant
species will be those that are not coupled in
any significant way to the set of important and
necessary species and so can be excluded from
the model with only negligible effects on the
important concentrations, both directly or indi-
rectly.

The most robust way to find redundant
species is simply to remove those reactions

whose rates depend directly on a chosen species

(i.e., its consuming reactions) and compare the
results from a simulation of the resulting model
with those from the full modet [6], In this way
the effects on both species concentration and
reaction features can be assessed. Although
this is a very safe method, it is time consuming
since it has to be applied to each nonimportant
species. A reduced model has to be prepared
for each of these species and an integration
has to be carried out.

A second method is by the investigation of
the Jacobian [6]. A species may be considered
redundant if a change in its concentration does
not greatly affect f,, the rate of production of
important and necessary species given, An ele-
ment of the normalized Jacobian is a measure
of this effect. It represents the fractional
change in the rate of production of a species {
caused by a fractional change in concentration
C;. For an N-membered group of important
and necessary species we take the sum of
squares of the normalized Jacobian elements:

N falnf,\
&= L ( 21nC, ) )

a=1

(3)

On the first iteration the higher the value of B,
the greater the direct effect of a nonimportant
species on the set of important ones. At this
stage a threshold must be defined. This thresh-
old will be different for each model studied but
in most cases a natural limit will exist where
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there are several orders of magnitude between
the B; values for one species and the next;
species with B, above this limit now become
necessary species. Since important species may
be coupled through reactions involving several
necessary species the identified necessary
species have to be admitted to the N-mem-
bered group. The procedure must therefore be
iterative in order to account for such indirect
effects; on each iteration new necessary species
are included in the sum. Usually convergence
is achieved after not more than four or_five
iterations and species still remaining below the
threshold are considered redundant.

Identification of Redandant Reactions

The second stage of the reduction is the identi-
fication of redundamt reactions giving the
mechanism comprising only important and
necessary species. A recent review on sensitiv-
ity analysis {7] has shown that one technique
employs local concentration sensitivity analy-
sis. An alternative method for investigating
sensitivities is via reaction rates, and previous
results have shown that rate sensitivity analysis
is as effective as concentration sensitivity anal-
ysis for mechanism reduction; the results in
test cases have been equivalent {8, 26]. Rate
sensitivity analysis measures the effect of a
perturbation in rate parameter k; on the rate
of change of species {. This method has an
advantage over concentration sensitivity meth-
ods in that the log-normalized rate sensitivity
matrix depends algebraically on reaction rates
and is easily computed:

_ dlnf, uyR;

Fiy = dlnk;, f ' (4)

where v, is the stoichiometric number of
species | in reaction j, RJ- is the rate of reac-
tion j, and f; is the rate of production of
species i. The computing time required to cal-
culate this matrix is therefore far less than for
the concentration sensitivity matrix, and for
large mechanisms this can greatly increase the
speed of the reduction process.

In the present study there are 9 species and
47 rate parameters and so a large amount of
information is contained in the rate sensitivity
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matrix which has to be interpreted. An impor-
tant advance in sensitivity analysis methods has
therefore been the application of principal
component analysis to sensitivity matrices,
which quantifies the importance of reaction
groups for the set of important and necessary
species [6, 8, 27]. This method has made the
interpretation of sensitivity information much
simpler and more automatic. A principal com-
. ponent analysis of matrix F is based on the
eigenvalue-eigenvector decomposition of the
cross-product matrix FTF. The eigenvalues
measure the significance of their eigenvectors

in the overall mechanism. The eigenvectors

represent sets of coupled reactions whose rela-
tive contributions are recognized by the rela-
tive size of the eigenvector elements.

The eigenvector elements also provide infor-
mation about the connections between reac-
tions. Defining two thresholds, for the signifi-
cant eigenvalue and eigenvector elements,
therefore provides an automatic way of decid-
ing which parameter groups can be eliminated.
The thresholds which have been typically used
in the present study have been 1.00 x 10~* for
the eigenvalues and 0.1-0.2 for the eigenvector
components, although a more natural thresh-
old may exist in specific cases and should be
investigated.,

The overall rate sensitivity coefficients [8]

5 To,R, T
_ ij N
aivs
provide a way of ordering the overall impor-
tance of the reactions selected by the principal
component analysis at different reaction times.

|
Temperature Sensitivity Analysis

Often in combustion modeling the important
feature is not species concentration but can be
the time to ignition, the maximum temperature
rise, or simply the critical ignition temperature.
Frequently temperature is a measured quantity
in an experiment since measuring species con-
centrations is more difficult, especially for radi-
cals. The sensitivity of the rate of change of
temperature to a change in the rate parame-
ters is therefore of importance. If the reduced
model is required only to produce accurate

temperature profiles, then the temperature
sensitivities become useful. It is of interest
therefore, to compare temperature rate sensi-
tivities with the overall rate sensitivities calcu-
lated using the methods referred to in the
previous section.

The normalized temperature rate sensitivity
is given by

1 (dT)
n e —
dr _ *AHRJ; 6
Ink, 7 (6)
I o—
Prdr

In the present study it is calculated sepa-
rately from the usual rate sensitivities and is a
simple one-dimensional array. A second ap-
proach would be to treat temperature as though
it were a concentration and to include it in the
eigenvector /eigenvalue analysis.

RESULTS FROM SENSITIVITY ANALYSIS

The aims of this section are to illustrate the
application of the techniques discussed above
to the stoichiometric H, + O, reaction at a
pressure of 20 torr and a residence time of 8 s,

Redundant Species

The important species in this model were cho-
sen as the primary reactions H, and O,, and
the product H,0. Table 2 shows examples of
redundant species calculations from the full
nonisothermal scheme at differing parts of the
oscillatory trace and at two different tempera-
tures. They show the effect, on a logarithmic
scale, of each species on the rate of production
of important and necessary species for the final
iteration (i.e., when convergence has been
achieved) based on Eq. 3. H,0, and O, have
by far the lowest B, values at all conditions
tested and so become the redundant species.
Their consuming reactions have the smallest
effect on the rates of production of H,, O,,
and H,O both directly and via the necessary
species H, O, HO,, and OH at these condi-
tions. It is also worth noting that HO, hasa B,
value below the other remaining radicals at all
conditions tested.
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TABLE 2

‘Estimated Effect of Species for the Rate of Change of Necessary Species: T = 2311 K, T = 818 K*

231t K 18K N
Species log B, Species log B,
1 H + 9.46 OH + 4.43
2 H, + 9.45 H, + 4.25
3 H,O + 932 H + 4.21
4 OH + 9.25 H,0 + 369
5 O + 8.50 0 + 3306
6 0, + 6.64 o, + 3.27
7 HO, + 3.16 HO, + 2.89
8 0, — ~3.66 0, - —387
9 H,0, — —465 H,0, — 434 —

® — indicates species below the chosen threshold that are therefore redundant.

Isothermal Conditions

Rate Sensitivities and Principal Component
Analysis

In principle it may be possible to produce a
reduced scheme that models nonisothermal
behavior from analysis carried out on an
isothermal model. An isothermal system is eas-
ier to model since thermodynamic and heat
transfer properties can be excluded from the
calculations. It is important, however, to make
sure that a simulation of the full nonisother-
mal scheme is first carried out in order to
establish the temperature extremes under
which the isothermal scheme must be studied.
From Figure 2 we see that the extremes of
temperature during an oscillation are approxi-
mately 700 and 2000 K and we have therefore
studied a series of temperatures within this
range in order to establish the significant reac-
tions at each temperature. We have also in-
cluded the study of a low-temperature model
at 500 K. The importance of identifying redun-
dant species as a first step has been highlighted
above. In order to illustrate this. point we have
carried out a principal component analysis first
including all species in the objective function
and second including only the importance and
necessary ones.

Low temperatures. At low temperatures the
reaction is slow and the steady-state concen-
tration of water remains very small. Inchuding
only the seven important and necessary species
in the objective function shows that at short

times (t = 1.0 X 10° s) only the initiation step
2 and reactions 3 and 4 are significant. As the
reaction proceeds a second branching step (re-
action 5) becomes important as well as the
third body termination step 6 and wall termi-
nation steps 7, 8, and 10 at longer reaction
times. If all species are included in the objec-
tive function, then reactions 11, 36, and 37 are
also selected by the principal component anal-
ysis even though their removal from the scheme
has little effect on the concentrations of the
important species.

The same results are obtained from an ex-
amination of the overall rate sensitivities con-
sidering all species as shown in Table 3 for
t=1.0sat T =500 K. Reactions 36 and 37

O0+0,+M—-0,+M (36)
0, +M->0+0,+M (37)
TABLE 3
Ordering of Overall Rate Sensitivities for Isothermal

J Scheme at ¢+ = 1.0 5 and 500 K
Reaction Overall
Order Number Sensitivity
1 4 2.49 x 10°
2 5 1.77 x 10°
3 10 9.25 x 10¢
4 2 6.28 x |p*
5 6 3.47 x 108
[ 8 6.02 x 107
7 3 2.84 x 107
? )] AHERR LY
9 36 1.22 x 107
10 7 447 x 10°

Th
the
19,

the
the
ing
thi
te:
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appear in the top ten reactions with sensitivi-
ties comparable to that for reaction 3:

H, + OH - H + H,0. (3)

Reaction 37 is the reverse of reaction 36 and is
rapid under all conditions studied, so that the
concentration of O, is kept small and kineti-
cally insignificant. Removing reaction 37 leads
to a buildup of O, and therefore produces an
effect on the necessary species through other
reactions. Removing both reactions however
leaves the behavior of the system unchanged.
Sensitivity analysis examines the effect of
changes in rate coefficients of reactions and
quantifies this effect. Although the principal
component analysis may contain information
about reversible reactions it does not select
redundant reactions on this basis. The overem-
phasis of fast reversible reactions can there-
fore occur in rate sensitivity analysis. The pre-
sent analysis demonstrates that, in some cases,
such coupled reaction sets can be automati-
cally removed from the model via the identifi-
cation of redundant species.

Using the results of the principal component
analysis, a suitable low-temperature mecha-
nism can be formulated that, for stoichiometric
mixtures, includes a core of reactions shown
below:

Scheme 1
H, + O, = H + HO,, (2)
H, + OH - H + H,0, (3)
0,+H - OH + O, (4)
H, + O - H+ OH, (5
0O, +H+ M - HO, + M, (6)
H - WALL. (7

This set of reactions is in good agreement with
the conclusions of other modeling studies [17,
19, 21].

At low temperatures and low conversions
the only other reactions that play a part are
the wall reactions of O and HQ,. It is interest-
ing to note not only that radical termination at
the wall is important but that the major wall
termination step switches from the removal of
H to the removal of O and HO, as the reac-

tion proceeds. Termination reactions involving
OH were not significant at low temperatures.

High temperatures. At 1000 K further reac-
tions become signiftcant. Considering the over-
all sensitivities at # = 1072 s in Table 4 shows
that reaction 13, H + HO, - 20H becomes
of major significance at high temperatures and
has a higher sensitivity than both reactions 4
and 5. Since HO, is a more stable radical than
OH reaction 13 can be effectively considered
as a branching step. The product of this reac-
tion, OH, now becomes more signilicant as is
illustrated by the inclusion of reactions 9 and
22-27 in the high temperature mechanism, all
of which involve OH. We shall return to a
further consideration of this pomt when we
discuss species lifetimes.

Although the third body reaction H + O, +
M - HO, + M remains the main termination
route other termination reactions become im-
portant at high temperatures. The system be-
comes highly sensitive to reaction 16, for exam-
ple, and to other radical-radical reactions, such
as OH + O —» H + O,, which leads to a re-
duction in the concentration of the radical
pool. These reactions become important only
as the reaction proceeds and the radical con-
centrations buildup. The set of selected reac-
tions at 1000 K therefore consists of the core
set of reactions (scheme I) together with the
set of reactions shown below:

Scheme 11
O — WALL, (8)
OH - WALL, (N
HG, —» WALL, (10)
H + HO, — 20H, (13)
H+ HO, - H, + O,, (16)
H,0 + O - 20H, (22)
H+H,0- 0OH + H,, {23)
OH+ O - H + 0,, (24)
OH+H - 0+ H,, (25)
20H - O + H,0, (26)

H+OH+M - H,0 + M. (27)
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TABLE 4

O}dering of Overall Rate Sensitivities for Isothermal Scheme at 1 = 1.0 X 10~2 5 and 1000, 2000 K.

1000 K 2000 K
Reaction QOverall Reaction Overail
Order Number Sensitivity Number Sensitivity
1 6 1.37 % 10° 23 1.13 x 108
2 13 773 x 107 3 1.08 x 10"
3 39 231 x 107 26 8.74 x 108
4 16 2.90 x 108 22 7.72 x 108
5 14 1.05 x 10° 6 3.14 x 10°
6 42 2.56 x 10* 13 2.21 x 10°
7 19 2.14 x 10* 5 7.64 x 165
8 5 148 x 104 _ 25 4.14 % 10°
g 3 1.26 x 10* 24 1.85 x 10%
10 1 Li4 x t0* 4 1.85 x 10°
11 pXx} 425 % 10? 16 1.08 x 10°
12 24 6.86 x 107 45 8.68 x 19°
13 4 6.16 x 103 14 4.60 % 10*
14 6 551 x 10° 2 1.49 x 10*
15 43 5.08 x 10° 42 5.38 x 10°

At 2000 K the following reactions are also
selected by the principal component analysis:

Scheme HI

H + HO, — H,0 + O, (14)
H+0+M- OH+ M, (28)
H+H+M - H, +M, (29)

0, +M—->0+0+M, (35)
OH + OH - HO, + H, (45)

producing 2 high-temperature mechanism con-
taining 22 reactions in all. The order of overall
sensitivities calculated from Eq. 5 at 2000 K
and + = 1.0 X 102 s is given in Table 4.

Oscillatory region. Although it has not been
possible to isolate isothermal oscillations ex-
perimentally for the H, + O, system, it has
been shown in previous modeling studies that
oscillations have a kinetic origin and so can be

penerated by an isothermal model. We now -

examine the oscillatory region at T = 790 K
and show how the main reactions switch as the
concentrations change in a periodic way. Fig-
ure 4a shows the molecular hydrogen concen-
tration. An expanded section of the ignition is
shown in Fig. 4b and serves to identify the time
points f, to fg at which the rate sensitivity and
principal component analyses were performed.

Table 5 lists the reactions identified as signifi-
cant using the procedures given in the section
on identification of redundant reactions. At
t; = 10.0 s as hydrogen is replenished in the
flow reactor and the radical concentrations are
low, the principal components in Table 5 show
that only six reactions are of importance (reac-
tions 3-7 and reaction 10). This is equivalent
to the “weak” ignition region. In the “strong”
ignition stage at time ¢,, reactions 13, 14, 16,
and 24 become significant and as the radical
concentrations increase and the concentration
of H, falls to a minimum at t,, reaction 23
becomes an important propagation step. A
comparison of the rates of reaction 13 with the
combined rates of reactions 4 and 5 in Fig. 3
shows clearly the switch between the two sets
of branching reactions as the system moves in
and out of ignition.

From the principal component analysis of
the rate sensitivity matrix we select 14 reac-
tions in order to reproduce accurately the
isothermal oscillations of hydrogen, oxygen,
and water found in the full scheme, that is, the
core set of reactions (scheme I) along with the
following reactions:

Scheme IV
0O — WALL, _ (&)
OH — WALL, (M
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TABLE 5

Comparison of Principal Component Analysis Results in the Oscillatory Region at 790 K.,

£, =10.005s ;= 1440 ty = 14455 £, =1450s ts= 14555 1, = 14.60s
3 + + + + + +
4 + + + + + +
5 + + + + + +
6 + + + + + +
7 + + + + + +
8 - - + — — —
9 — — + - — —
10 + + + + + +
13 - + + + + -
14 — + + + — — =
16 — + + + — -
23 — — — — + +
24 — + - - — —
? +indicates the selection of a reaction with thresholds of 1.00 X 10™* and 0.1 for the eigenvalues and eigenvectors,
respectively.
HO, —» WALL, (10)  gate the relationship between the isothermal
and nonisothermal reduction methods.
H + HO, — 20H, (13)
. Comparison of Results with the Full Model
H,0 + O, 14
H + HO, - H,0 (14) for Isothermal Reaction
H + HO, - H, + 0,, (16)  Figures 4a and 4c compare some results from
the 47-step full model and the 14- and 17-step
H+ H,0—-OH+H,, (23)  reduced models for T = 790 and 1000 K, re-
spectively. In the reduced models ini-
OH+0 —H+O0,. (24) Spectively © the mini

The next stage of the reduction is to com-
pare the results from the reduced scheme with
those from the full model and also to investi-

mum scheme has been chosen at each temper-
ature corresponding to those reactions selected
by the principal component analysis, as shown
in the previous section. At T =790 K the
reduced model consists of schemes I and IV; at

20.0 -
W
]
E 15.0
]
=
3
g 100+
Q /s
E
=1 50 4 )
v o
+ 1
3 |
L o0 k
o |
T
7 -50 |
=
~—
Fig. 3. Comparison of fluxes for reactions
-10.0 ; - T T [ T 1 4, 5, and 13 in the reduced isothermal
120 135 14.0 14.5 15.0 15.5 180 scheme showing how the main branching
ts reaction switches during the ignition.
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Fig. 4. Comparnison of log hydrogen concen-
trations for full and reduced isothermal
schemes {I + IV) and (I + II}, respectively.
(a) T = 790 K. (b) Closeup of hydrogen peak
showing the points at which the sensitivity
calculations were carried out. (¢) T = 1000
K.
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1000 K it consists of schemes I and II. The
low-temperature simulation is not included in
Fig. 4 since the results are so close as to be
indistinguishable.

Results produced by a simulation of the
reduced schemes are within 1% of the full
model for both times to ignition and steady-
state concentrations in both the high- and
low-temperature schemes. However, for the os-
cillatory scheme the percentage deviation at
each time peint is much greater, This diver-
gence arises because the period of oscillation
for the reduced scheme is slightly different
from that for the full scheme. The period dif-
fers by only a few percent, however, and the
qualitative nature of the peaks is satisfactorily
reproduced by the reduced scheme.

Reaction 3 is fast and at low temperatures
dominates the reactions involving OH. Sensi-
tivity analysis demonstrates, however, that re-
actions 9 and 24 become significant as the
ignition spike develops. Their enhanced contri-
bution arises because of the increase in the
lifetime of OH, due to a decrease in R; as
[H,] falls. R,, also increases because of the
general increase in radical concentrations in
the ignition spike. Figure 5 shows the effect on
{H,] of removing reactions 9 and 24. They
serve to limit the increase in [OH] during an
ignition and hence to reduce the consumption
of H,, with the result that the recovery of the
system is faster with these reactions included
and the oscillatory ignition period shorter. The
removal of OH radicals is therefore an impor-
tant factor in determining the period of oscilla-
tion. The general importance of wall termina-
tion is particularly significant and represents a
major limitation in comparing experimental
and modelling results since the rate constants
for such reactions can vary with the type of
vessel used and the coating applied to its walls.
In order to match modelling to experiment
with any accuracy it seems that the wall con-
stant has to be measured carefully, a consider-
ation that is often either very difficult or is
neglected.

Nonisothermal Modeling

Thus far, reduced models have been applied at
different constant temperatures. A nonisother-

—_

mal oscillatory system covers a wide range of
temperatures and in this section we develop a
reduced model for such a system. A question
of interest is whether the sum of the reduced
isothermal models, covering the same tempera-
ture range, is equivalent to the noen-isothermal
model.

Rate Sensitivities and Principal Component
Analysis

Nonisothermal analysis has been carried out in
the oscillatory region, which covers a wide
range of gas temperatures. Again we have used
a principal component analysis of the rate sen-
sitivity matrix and we have chosen various times
during the ignition and oscillatory region in-
cluding the maxima and minima as shown in
Fig. 6. The objective function again contains
the species H,, 0,, H,0, OH, O, H, and HO,.
Table 6 lists the reactions selected by the prin-
cipal component analysis at an ambient tem-
perature of 790 K. The original analysis was
carried out at 20 different time points, but
certain regions of the oscillation required the
same reactions and so for clarity we have in-
cluded only selected time points in the table of
results.

As in the isothermal case we see clearly how
certain reactions, in patticular radical termina-
tion reactions and the reactions of water, be-
come important at high temperatures and high
conversions. The highest number of reactions
is selected at the peak maximum where the
temperature rises above 2000 K. All reactions
required by the nonisothermal analysis; reac-
tions 2-10, 13, 14, 16, 22-29, 35, 45 (schemes
I+ 31+ 1III) were featured in one of the
isothermal mechanisms. It is therefore possible
to produce a reduced scheme for a non-iso-
thermal simulation from an isothermal analy-
sis. Figure 7 compares the full model with
schemes (I + II + III) illustrating the excel-
lent agreement,

Further Reduction and Cemparison with
Temperature Rate Sensitivity Coefficients

The automatic mechanism reduction methods
have led to the reduction of the 47 reaction
scheme to schemes involving 6, 14, and 17
reactions at 500, 790, and 1000 K, respectively,
and to a 23-step model for nonisothermal oscil-
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Fig. 5. Comparison of full mode] with reduced
scheme where OH reactions 9 and 24 have

18 -1
. Full model
17
L
3
& 15—
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E
;' 14 |
o
o
- 13
Reduced model
12 T T T T T
0 5 10 15 20 25

t/s

lations at T, = 790 K. Having obtained a good
reduced scheme by principal component analy-
sis we now wish to eliminate more reactions to
obtain a less accurate but smaller reduced
model. Overall sensitivities can be used for this
task. From Table 6 it can be seen that certain
reactions in the reduced scheme are important
only during small time periods and if such
reactions also have a small overall sensitivity it
may be possible to eliminate them. Table 7
shows an example of the top 20 reactions from
the overall sensitivities at time ¢; = 26.92 s,
Results at other times show that reactions 35
and 14 appear very low in the overall sensitiv-
ity order, and reactions 27 and 29 do not
appear in the top 20 reactions, even at those

| been removed, to illustrate the effect of OH
concentration on the consumption of hydrogen.
T=T0K.

times for which they have been selected by the
principal component analysis. It is possible
therefore that they can be excluded from the
scheme without affecting the important species
significantly. Reactions 45 and 37 are also re-
moved since they are important during only
small regions of reaction time,

Figure 7 compares the results from this sec-
ond reduction, under nonisothermal condi-
tions, with both the full and the first reduced
scheme (I + Il + III). The first reduced
scheme is almost identical to the full scheme
showing the same period and only a small
difference in temperature rise. The second re-
duction has caused a slight shift in the period
of the peaks and also a reduction in the maxi-

2000 - ) 14
1800 |
1600 -
T/K 1400
1200 -]
ts
1000 —
te
800 - 17
|
: 3 T 1 T
2686 268 270 27.2 274
t/s

f Fig. 6. Closeup of the time points chosen in
the ignition region for sensitivity analysis of
the nonisothermal scheme: 7, = 79 K.

Q!
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TABLE 6

Reactions Selected by the Principal Component Analysis for Selected Times During the Oscillatory Ignition of the
Nonisothermal Scheme at T, = 790 K.

tp=106"%s 1,=3351"%s 6 =01s £,=2690s 1, =2092s  t; = 26965 f;=27035
T=7190K T=2511K T=81K T=8179K T=2111K =931 K T=MK

o0 =] Th LA R L B
| ++ + + + +
| ++++ + |
[+ + + + + |
| + + + + + +
| ++++++

9 —_
10 —
13 -
14 —
16 —
22 -
23 et
24 —
75 —_
26 -
27 —
29 -
35 it
37 —
45 -

| + + |
|
b+

+i+++++++++++ ] ++++++++
I
+ ]+ ++++F++ |+ FE A+ + o+

mum temperature rise. For modeling features H+H,0-0+H+H,, (23)
like time to ignition, however, such a scheme OH+H->H+0,, (24)
would still be useful since the deviations are

quite small, This final reduced model (scheme OH +H - O+ H,, (25)
V) achieved by sensitivity analysis contains only 20H - O + H,0. {26)
16 reactions and 7 species, approximately a

. - - The r itiviti lcul
third of the original reaction set: temperature sensitivities calculated from

Eq. 6 are presented for ¢, in Table 7 alongside
the overall rate sensitivities. The results as

Scheme V expected are not identical to the rate sensitivi-
H, + O, - H + HO,, (2)  ties. However, the reactions selected by the
H, + OH - H + H,0, (3) principal component anerl?rsis remain at the top
B of the temperature sensitivity order. There are
O, +H->OH+ O, 4) exceptions of course, such as the wall reactions

H,+ O - H + OH, (5)  that as formulated have no direct effect on the
temperature, and so such an analysis cannot be

0;+H+ M~ M+HO,, (6) useful in assessing their significance. By choos-
H — WALL, (7} ing a suitable threshold and taking the sum of

O — WALL, (8)  ali reactions which have a temperature sensi-

OH — WALL, (%) tivity hl_ghcr than this lhr.cshold at the chosen

time points we should arrive at a scheme close

HO, » WALL, (10)  to that obtained from the principal component

H + HO, — 20H, (13)  analysis. In practice however the threshold
H+ HO, » H, + O, (16) value is not easily chosen since no natural cut

appears in the temperature sensitivity order.
H,0 + O —» 20H, (22)  Temperature rate sensitivities are therefore
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1600 Fig. 7. Comparison of temperature
traces from two reduced models
(schemes (F + 11 + [II) and V) with the
800 [ full nonisothermal model at T, = 790 _
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] 5 10 15 20 25 0 35, 37, and 45 causes only a small
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more useful in assessing the general impor-
tance of reactions for temperature changes
rather than providing a systematic reduction
method and are recommended as a useful tool
but not as a single method of model reduction.

THE QUASI-STEADY-STATE
APPROXIMATION (QSSA)

General Comments

The above methods have enabled the removal
of all redundant species and reactions from the
original mechanism. Any further reduction will
require the possible lumping of reactions and
species in arder to reduce the number of ODEs
required to model the system. One method of
combining reactions and species is via the
quasi-steady state approximation (QSSA). The
concentrations of QSSA species C,, can be
expressed algebraically in terms of other
species since it is assumed that their rates of
change can be decoupled from the set of ODEs
and the right-hand sides set to zero, that is,
dC. /dt = 0. The number of differential equa-
tions is therefore reduced since some have
been replaced by algebraic expressions. It may
then be possible to substitute for C in the
remaining ODEs by analytic solution of the
algebraic equations and the solution of this
smaller set should require less computing time.
The solution of such coupled sets of algebraic
equations is made difficult by the nonlineari-
ties present and so numerical solution of the

decrease in the oscillatory period.

coupled sets of algebraic-differential equations
is often necessary.

An important aspect of applying the QSSA
is the choice of QSSA species. The ultimate
criterion must be the accuracy of the resulting
model, but retaining this accuracy is aided by
employing objective procedures for identifying
QSSA species. Frank-Kamenetskii [10] sug-
gested that the choice should be based on the
species lifetime, 7, and we discuss the basis of
this criterion in greater detail elsewhere [28).
For the present, we shall simply demonstrate
its application to the H; + O, system. The
lifetime can be defined as

=T (7)

where J, arc the diagonal elements of the
Jacobian matrix. The lifetime is easily calcu-
lated during each simulation since the Jaco-
bian is evaluated at each integration step. It is
commonly and wrongly assumed that the appli-
cation of the QSSA depends on small rates of
change of species concentration. An oscillatory
system such as hydrogen oxidation, in which
radical concentrations change rapidly during
an ignition, therefore provides an interesting
and testing case for the application of the
technique.

Application

Figure 8 shows some examples of species life-
time for the isothermal system in the oscilla-
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TABLE 7

Comparison of Overall Rate Sensitivity and Temperature Semsitivity Order for f = 3.5 x 1072 5, T = 2311 K.

Reaction Overall Reaction Temperature
Order Number Sensitivity Number Sensitivity

1 3 6.94 x 107 6 0.43
2 5 1.28 x 107 3 0.41
3 4 4.71 % 10° 13 0.22
4 23 1.72 x 10° 23 .11
5 22 2.02 x 10° 16 061 x 107}
6 37 9.66 x 10* 4 0.48 x 107!
7 6 931 x 167 14 034 x 107!
8 10 7.75 % 10° 22 0.16 x 10~
9 9 1.52 x 10° 5 0.42 x 1072
10 7 1.09 % 10° 42 041 x 1072
11 8 9.30 x 10? 1 029 x 1072 __
12 17 5.22 % 10* 24 0.90 x 10~
13 2 1.18 27 0.58 x 1073
14 33 264 x 107" 32 0.40 x 10~3
15 43 115 x 107} 39 0.34 x 107*
16 KLl 2.64 x 1072 26 0.19 x 107?
17 19 234 x 1072 29 D.15 x 102
18 36 2.80 x 1074 11 0.52 % 104
19 20 348 x 103 19 021 x 107*
20 14 102 x 10-8 28 0.94 x 105

tory region at 7 = 790 K. As expected the
lifetime varies periodically with time in the
same way as the species concentrations. How-
ever, for some species, the lifetime always re-
mains low. OH and O for example have a
lifetime that remains below 1072 s throughout
the oscillation. The application of the QSSA
should therefore be possible for these species.
Previously it has been thought by several au-
thors that the QSSA can be applied to all
radical species in a model partly because of
their low concentrations. H and HQO, are
therefore also possible candidates.

The model chosen to test the application of
the QSSA is scheme (I + IV) under isothermal
conditions. Results show that the QSSA is ap-
plicable to species O, OH, and HO, with no
significant change in the behavior of the sys-
tem. Figure 9a compares the concentrations of
H, and one of the QS8SA species OH, with and
without the application of the QSSA to OH, O,
and HO,. Figure 9t shows the temperature
traces from a simulation of the equivalent non-
isothermal schemes. Note that the periodically
changing OH can still be described by an alge-
braic function of the non-QSSA species.

The QSSA does not apply to all radicals,
however, since its application to H leads to

negative concentrations in H and to concentra-
tions of H, and O, that exceed their initial
concentrations. A mathematically real solution
of the QSSA equation for H exists but its
solutions are not physically realistic. It is per-
haps surprising that HO, is a successful QSSA
species and H is not, given that H has a lower
average lifetime. It has been noted previously
that the QSSA cannot successfully be applied
to H [9, 18, 29] in the H, + O, system. The
probable reason for this is that the errors
inherent in the application of quasi-steady
states spread quickly to the non-QSSA species
causing drastic changes in the dynamics of the
system. One measure of the spread of such
erroys is concentration sensitivity, that is, the
effect on species concentration C; at a time ¢,
of a change in species concentration C; at a
time ¢, [7]:

dCi(t;)
aC, (1) (8)

Figure 10 shows examples of such concentra-
tion sensitivities for the radical species H, OH,
and HO, during the ignition period of the
reaction. The effect can be positive or negative
{a perturbation can result in an increase or
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decrease of the concentration) but for clarity
the log of the absolute sensitivities is used. The
sensitivity to both H and OH is orders of
magnitude higher than to HO, showing that
any spread of errors will be much faster for
these species. Because OH has a shorter life-
time the QSSA errors propagated are much
smailer than in the case of H. HO, has a
lifetime comparable to that of H but has a low
sensitivity which limits the propagation of er-

Fig. 8. Log species lifetime for radicals
showing OH 10 be the most likely QSSA
species. (a) H (b) OH (¢) O (d) HO,.

rors. We therefore have some indication as to
why H is the only unsuccessful radical QSSA
species. The question of error estimation and a
more rigorous criterion for the application of
the QSSA is discussed in detail in a separate
article by the authors [28]. The set of ODEs
resulting from the application of quasi-steady
states to the H, + O, system involves only
four species (less than half of the original
number).
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0 1 2 3 4 5 6 7 scheme. {b) Temperature trace in non-iso-
t's thermal scheme.

In addition to its use in identifying potential
QSSA species, the analysis of the lifetimes of a
radical species via the diagonal Jacobian ele-
ments can-aid the interpretation of the mecha-
nism of a reaction. For example, we referred
above to the, at first sight, surprising observa-
tion that the wall removal of OH becomes
significant as the peak of the ignition is ap-
proached. Figure 8 demonstrates clearly the
increase in lifetimes of H, OH, and O as the
ignition progresses. These increases arise from
the reduction in the concentrations of the re-
actants H, and O, during the ignition and to
the predominance of radical-molecule reac-

tions 3-6 in determining the lifetimes of H,
OH, and O at least in the earlier siages of
ignition. In contrast, HO, shows a decrease in
lifetime at the peak of the ignition reflecting
the importance of radical-radical reactions in
removing HO, in this region.

The minimum oscillator

In this section we examine how far the scheme
can be further reduced while still retaining
oscillatory behavior under the conditions dis-
cussed above. We do not seek to reproduce the
period of the oscillations or even the time to
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ignition but simply to simulate oscillatory be-
bavior. The resulting oscillatory scheme re-
quires the competition of a set of overall
branching reactions 3-5 with termination reac-
tions 6 and 7 as follows:

H, + O, -» H + HO,, 2
H, + OH - H + H,0, (3)
O, +H - OH + O, (4)

H, + O » H + OH, (5)

0, +H+ M- M + HO,, (6)
H - WALL, (7

and is identical to the low-temperature scheme
1. Note that the wall termination reaction has
to be present in order to produce oscillatory
behavior for the chosen conditions,

The application of the QSSA to the above
scheme leads to a simple set of differential and
algebraic equations describing the system and
to an algebraic relationship between the QSSA
and the non-QSSA species. As above, we
choose O and OH as the QSSA species (HO,
is no longer in the scheme; it is considered a
stable product) and set d[Q]/dt = d[OH]/dt
= 0. This results in the following algebraic
equations:

k,[0,][H
. LI ©)
ks(H,] + —

s

A.S. TOMLIN ET AL.

Fig. 10. Concentration sensitivities
dC{t,)/CLt) for radicals H, OH, and
HO, during the first ignition stages of the

I reaction showing that the system is far more
0.5 0.0 sensitive to initial errors in H concentration
than to errors in the concentration of HO,.
ksk [H,;]{0,][H]
k{0, ][H] +
ks[H,] +
res
[OH]qs = 1

kH,] + —

({11
(10)

Substituting for the QSSA species in the
original ODEs, the governing set of differen-
tial equations for this system becomes

d[Hz] _ [Hzlo - [Hz]

” o, — k2[H, ][O, ]
2k4ks[H, 2{H
e [0,]H]- [ ][01}[ ],
ksfH, ]+ —
Ires
(11)
d[0,] [0;]; - [0,]
e = ky[H;]{0,]
— k,[O,][H} — k,[H}[O,][M],
(12)
d[H,0] [H,0]
iy + k[0, ](H]
. kiks[H, 1[0, ][H] , (13)

1
kH,] + p
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dlH H
L P
2k ks[H, ){O,][H]
+ i
k[H,] + 1
- ksfﬂ][oz][M]-
— k4{H] (14)

Since k, is large it is assumed that k,[H,] =
1/t.s and so we neglect the ¢, term in the
case of [OH],,. k; is smaller and a similar
assumption cannot be made for [O],.

Figure 11 shows a comparison of the tem-
perature profile obtained from the solution of
the above system along with the energy bal-
ance equation 2, with that from the original
47-step scheme. The period from the minimum
scheme is less than half that for the full scheme
and the maximum temperature rise is much
less. This scheme could not therefore be used
as an accurate representation of experimental
results but is of interest because it provides the
minimal oscillator that we are able to generate
for the present conditions.

In closed systems or even in systems with
large residence times it is possible to make
further simplifications to the scheme above. In

1000 —

TK

B I N B

0 5 10

Vs
Fig. 11. Temperature profiles for Full scheme and mini-
mum four-variable scheme for T, = 790 K. The maximum

temperature rise for the minimum scheme is caly about 30
K

such cases it can be assumed that &,[H,] =
1/t and the steady-state concentrations for
O and OH reduce to

k,[0,)[H
[Oless = —,;[;[HZ% (15)
2x,0,][H
[OH]qe = ﬁl[]—] (16)
and the set of ODEs becomes
d[Hzl _ {Hzln - [Hzl
de . Lies
- kz[Hz][Oz] - 3k4[02][H],
(17)
d[O;z] _ [Ozln - [Oz]
dt fres
- kz{Hz][OzI - k4[02][H}
~ ks [H][O, ][M], (18)
d[H,0]  [H,0]
i " t2kl0HL ()
dfH] {H]
- T th[H]0)

+ 2k,[0,][H] — k,[H]{O;][M]
— k,[H]. (20

From this set of equations the following set of
four global reactions can be derived:

H, + O, = H + products
rate = k,[H, ][0, ],
3JH, + 0, - 2H,0 + 2
rate = k,[O, J[H],
H+ 0O, +M — M + products
rate = k [H][O, }IM],

H - WALL  rate = k.,

which describe the overall stoichiometry for
slow flow or for a closed system. Mass balance
could provide a further reduction of Eq. 17-20
to only three variables. This scheme provides a
good estimate for times to ignition in both
closed and flow systems since for high H,
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concentrations the flow is insignificant and the
rate of reaction 3H, + O, - 2H,0 + 2H is a
good approximation. At low H, concentrations
the rate k,[O,][H] is an overapproximation for
a flow system and the faster production of
H,0 helps to switch off the ignition more
quickly. The scheme cannot reproduce sus-
tained oscillatory behavior and Fig. 12 shows
how the oscillations found in the scheme are
damped and decay to a reacted steady-state. In
order to reproduce oscillations successfully we
cannot neglect the outflow of QSSA species.

CONCLUSIONS AND COMPARISONS WITH
PREVIOUS WORK

The major aim of the present work was to
develop a general algorithm for mechanism
reduction and we have demonstrated its appli-
cation to a 47-step scheme describing the oxi-
dation of hydrogen in a flow reactor. Previous
work on reducing the hydrogen—oxygen system
has been extended by the present study, which
concentrates mainly on oscillatory ignition. The
importance of identifying redundant species
prior to attempting any reaction elimination
has been emphasized. In the present context
the removal of fast reversible reactions such as
those of O, from the scheme has therefore
become possible via the selection of a reduced
set of observed species in the principal compo-
nent analysis of the rate sensitivity matrix. Al-
though the H, + O, system itself is of only
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secondary importance in this study, it is of
interest to review the conclusions reached.

A core set of six reactions is necessary at alf
conditions studied which consists of initiation,
chain branching and third body termination
steps, and the reaction of H with the wall. This
set exhibits oscillatory behavior but best de-
scribes the reaction at low temperatures such
as 500 K. The oscillations shown by this scheme
are very different in period to those shown by
the full scheme and a further eight reactions
are required, in addition to this core set, to
reproduce more accurately the oscillations
found in an isothermal simulation of the full
model. In particular the reactions of HO, with
H become significant, providing secondary
branching routes. Only small errors in the con-
centrations and period are found for the re-
sulting 14-step scheme (I + IV).

The main branching reactions in the oscilla-
tory region were identified as reactions 4, 5,
and 13 and a switching is found to occur be-
tween these reactions during the ignition pe-
riod. Over a small time period where the radi-
cal concentrations are high, reaction 13 be-
comes faster than 4 and 5. The third body
reaction H + O, + M is always the main ter-
mination step but during the ignition phase,
radical--radical termination steps such as O +
OH also become important. The removal of
such reactions, and consequent build-up in the
simulated OH radical concentration, leads to
changes in the period of oscillation since the
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extent of conversion of H, during a peak is
affected.

- At high temperatures further radical-radical
termination steps are significant, especially the
reactions of OH, along with another branching
step, H+ H,O — OH + H;. It is these reac-
tions that have to be added to the 14-step
scheme (I + IV) in order to reproduce qualita-
tively oscillations found in nonisothermal simu-
lations. In all, after the final reduction, 16
reactions were necessary to model thermoki-
netic oscillations ciose to those produced by
the full scheme. :

Interesting comparisons can be made be-
tween the results from the present work and
other reduced models that have been produced
via different sensitivity methods. The results
from the present method compare well to pre-
vious results and not surprisingly the same set
of core reactions are important for many pa-
rameter conditions.

Yetter et al. [17] calculated the sensitivity of
the largest eigenvalue of the initial concentra-
tion sensitivity matrix. This technique is partic-
ularly useful for the study of ignition of explo-
sive mixtures. As Yetter et al. investigated
H; + O, mixtures highly diluted by N, in a
batch reactor at different temperatures and
pressures and their mechanism did not contain
wall reactions, their results are not directly
comparable to ours. However, the reactions of
scheme I (except for the wall termination of H)
are the most important reactions for their
strong ignition conditions.

At weak ignition conditions, 5 of the 11
reactions listed as important are not present in
any of our reduced models. These five reac-
tions include the reactions of H,0,, which has
been eliminated from our model as a redun-
dant species. A similar point has also been
noted by Johnson et al. [3], who found that
different reduced schemes were applicable de-
pending on the rate constants for the original
scheme in the region of the second explosion
limit. Their scheme using the most recent data
did not include any reactions of H,0, while
the scheme using the data from the Chinnick
paper had to include this species in order to
retain the essential features of the full mecha-
nism. The differences in rate data for the origi-
nal schemes may be one reason for the extra
reactions inciuded in the low conversion

scheme of Yetter et al. A second reason may
be the omission of redundant species selection
in their calculations.

The core set of reactions 2-6 in both Yetter’s
work and the above schemes is in strong agree-
ment with work by Chinnick et al. [19], al-
though the present work highlights the reac-
tions O + OH - H + O, and OH -» WALL
as being important in determining the period
of oscillation and not just the competition be-
tween the main chain branching and third body
termination steps. It is clear that, although the
competition between branching and termina-
tion is responsible for the destabilizing of the
steady-state and therefore the existence of pe-
riodic behavior, the period of oscillation can-
not be calculated accurately from just the core
reaction scheme.

The results presented above also provide
quantitative evidence for the minimum com-
plex oscillator produced by Johnson et al. [3],
Their reduced schemes were achieved using
experience of the full reaction scheme and by
simply removing the reactions which seemed to
be least important using chemical intuition and
recomputing the results. Such an approach may
be possible for small schemes such as hydrogen
oxidation, but for large combustion schemes of
200-300 reactions an automatic approach em-
ployed by programs like KINAL becomes of
great advantage. These methods also pinpoint
the important reactions at different reaction
times, something that is not possible with the
sensitivity approach used by Johnson et al. The
final 17-step scheme produced by Johnson et
al. contains all the reactions in the 14-step
scheme outlined above except for reaction 23,
H+ H,0 >0+ H + H,, which was not
present in their original mechanism and some
wall reactions which are retained here in order
that the boundaries of the oscillatory region
remain the same and hence quantitative com-
parisons with the full scheme can be made.
The scheme of Johnson et al. is mainly con-
cerned with reproducing qualitative trends [3].

Although different reduced schemes are re-
quired to reproduce the oscillatory behavior
found in the full isothermal and nonisothermal
schemes it has been shown that a suitable
nonisothermal scheme can be found using an
isothermal analysis as long as a representative
range of ambient temperatures is chosen.
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Temperature rate sensitivity analysis of the
nonisothermal scheme could be useful, how-
ever, particularly in situations where only the
temperature profile and not species concentra-
tion is of interest.

The QSSA has proved to be a valuable tool
even for a scheme with so few radical species.
Using the QSSA a minimal scheme involving
only four species has been achieved which
shows thermokinetic oscillations. This scheme
has limitations in that it cannot accurately
reproduce oscillatory periods or maximum
temperatures, but it has significance as a sim-
ple oscillatory combustion scheme. Apart from
initial reactants and the product, water, it has
been necessary to retain one intermediate (H)
in the scheme. This is not surprising since a
phase difference between one intermediate and
the reactants is usually required to produce
oscillatory behavior. For large residence times
a further reduction has been achieved leading
to the lumping of the branching reactions into
the global reaction 3H, + O, - 2H,0 + 2H
with rate = k,[O,H]. This reaction has also
been identified by Vajda et al. [18] as one of
two global reactions that describe a premixed
steady hydrogen flame. They have also found
reaction 4 to be the rate determining step. This
scheme however, produces only transient oscil-
lations and it is clear that to produce sustained
oscillatory behavior it is necessary to retain
information about the outflow of the QSSA
species.
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