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Combustion in sodium chlorate based emergency oxygen generators is accompanied by
significant oscillations of the product oxygen flow rate, which decrease the efficiency of
these devices. Reactant melting and convective heat transfer from the generated gas are
key steps in the process. In this work, the effect of reactant melting on filtration
combustion front propagation stability in gas generating mixtures is investigated numer-
ically. The formation of melting regions is demonstrated in cases with significant con-
vective gas-to-core heat transfer. Numerical simulations exhibit the oscillatory behavior
of oxygen generation. By decreasing the effective heat of reaction, reactant melting is
detrimental to combustion front stability. The simulations show growth of pulsations with
increasing reaction activation energy and decreasing convective heat transfer. A strong
stabilization of front propagation is observed when combustion temperature reaches the
melting point of reaction product. These results identify the important factors responsible
for pulsating behavior of chemical oxygen generators. © 2005 American Institute of Chemical
Engineers AIChE J, 52: 1495–1501, 2006
Key words: emergency oxygen generators, combustion, gas generation, instability, oscil-
lations

Introduction

As a part of the broader area of solid reactants combustion,1

with applications ranging from rocket propellants and pyro-
technic mixtures to materials synthesis,2,3 combustion front
propagation for gas generation is an important topic which has
attracted significant research effort.4,5 In its simplest case, the
traveling combustion wave includes a relatively thin reaction
zone, also referred to as reaction sheet or combustion front,
moving through a mixture of solid reactants. High reaction
exothermicity enables the self-propagating nature of the pro-
cess when coupled with heat transport in the form of thermal
conduction, radiation, melted component flow or convective
transfer between flowing gas and solid sample. The latter,
referred to as filtration combustion (FC), has a number of

significant applications, such as underground burning and
smoldering, oil extraction and waste incineration.6

In FC, the gas may not only exchange heat, but also carry a
reactant, for example, oxygen in the case of smoldering com-
bustion. In this article, we consider a different case involving a
combustion system for oxygen generation, where O2 is not a
reactant but the desired reaction product. Emergency oxygen
generators typically contain NaClO3 as the source of oxygen:

NaClO3 3 NaCl � 3/2O2, (1)

metal fuel (Sn) to enhance the exothermic effect, catalyst
(Co3O4) to promote sodium chlorate decomposition, and other
minor ingredients. As shown in our recent experimental stud-
ies,4,7 these devices exhibit significant (and undesirable) oscil-
lations in the rate of oxygen generation, and the factors respon-
sible for them remain unclear. One reason for this, not
previously recognized, is that during the combustion process,
the sample temperature rises to � 750°C, well above the
NaClO3 melting point (255°C). In this study, we focus on the
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effect of reactant melting on the stability of combustion front
propagation for the case of filtration combustion, specifically as
applied to emergency oxygen generators.

The widely accepted approach in studies of combustion front
propagation stability involves two aspects. First, a steady-state
solution representing the combustion front moving with a con-
stant velocity is determined. For this, the approximation of an
infinitely thin reaction zone is used, that is, it is assumed that
the reaction occurs instantly, which greatly simplifies the anal-
ysis. Next, the evolution of small deviations from the steady-
state solution is considered.

Following this approach, combustion front stability in het-
erogeneous systems was analyzed for gasless combustion with
or without reactant melt spreading,8,9 as well as for FC.10 The
typical assumptions in theoretical studies include the thin re-
action zone approximation, small magnitude of perturbations,
constant thermal conductivity and heat capacity, uniform reac-
tion medium, and gas-to-solid heat transfer coefficient inde-
pendent of gas flow velocity.

An interesting diversification from the above path has been
developed in an effort to describe combustion in nonuniform
media.11-13 The authors use mapping to analyze the stability of
localized reaction zones propagation. Numerical simulations
have also been helpful in relaxing the earlier assumptions as,
for example, Krishenik and Shkadinskii14 have studied the
influence of nonlinear variation of thermal conductivity with
temperature on combustion front stability.

It is believed that further progress in the field of combustion
theory will occur through computational modeling.15 Various
publications present numerical simulations of combustion front
stability,16 including systems with melting or other phase tran-
sitions.8, 17-19 It is widely agreed that low-temperature reactant
melting (or endothermic phase transition in a more general
case) stimulates pulsations in combustion front propagation
while, on the other hand, the high-temperature melting of
reaction products stabilizes the combustion wave.

While reactant melting is a key step in sodium chlorate based
oxygen generation, it has previously not been considered in FC
models or computational studies. For this reason, in light of our
experimental observations, in this work we numerically inves-
tigate the thermal effect of reactant melting on FC front prop-
agation stability in gas generating mixtures.

Model Description

In developing the model, we incorporate experimental data on
sample heat capacity, phase transition and reaction kinetics in
the classic FC equations.10 Note that in systems with melt
spreading, unstable front propagation frequently leads to non-
uniformly distributed reaction products in the sample.8 Since
this nonuniformity was not observed experimentally for oxy-
gen generators, we account for only the thermal effect of
melting. To describe the experimentally observed propagation
of the combustion front along the sample, the following set of
equations is used
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The earlier expressions represent mass (2 and 4) and energy (3
and 5) balances for gaseous (2 and 3), and condensed (4 and 5)
phases, respectively, and reaction kinetics (6). Since pressure is
close to ambient, gas heat capacity in the generator is negligi-
ble and heat accumulation term is omitted from gas heat
balance (3). The stoichiometric coefficient 3/2 for O2 release
from NaClO3 is present in Eq. 2.

Since reactant melting is of key importance for the process
under investigation, detailed experimental thermal analysis
data were used to calculate species heat capacities and enthal-
pies as functions of temperature. Note that only in the ideal
case of large crystals, melting occurs at a well defined temper-
ature Tm, and the enthalpy of components can be calculated as
given by Kelley20

�Hi�T� � AiT � DiT
2 � Ei � h� �T � Tmi� � �BiT � Fi

� DiT
2�; i � Sn, NaClO3, NaCl (7)

�Hi�T� � AiT � BiT
2 � Di/T � Ei; i � SnO2 (8)

�H�T� � �
i�products

�Hi�T� � �
i�reactants

�Hi�T� (9)

h� �T � Tm� � �0, T � Tm

1, T 	 Tm
(10)

where h� (T � Tm) is the step-function equal to zero for T	Tm

and � 1 for T
Tm. Heat capacity is the derivative of enthalpy
with respect to temperature, and includes terms with both h� and
delta-function.

The industrially used samples (Figure 1) are manufactured
from reactant powders and in the process of oxygen generation

Figure 1. Emergency oxygen generator.
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the particles are heated rapidly.4 There always exists a distri-
bution in particle sizes and nonidealities (that is, defects and
impurities) are present as well. Therefore, sample components
melt in a temperature range close to Tm, rather than at a fixed
temperature. This effect can be accounted for by replacing h� (T
� Tm) with a smoothed step-function, g(T�Tm), with finite
transition width Tw

g�T � Tm� �
1

2 �1 � tanh�(T � Tm)

Tw
�� (11)

Table 1 shows the values of melting intervals Tw, estimated
from experimental TGA data for industrial samples. The heat
capacity Cp exhibits sharp variations at temperatures close to
melting points (Figure 2a). The enthalpy of reaction (Figure
2b) is also a function of temperature, since reactant heat ca-
pacities do not balance those of the products, and this feature
was accounted for in the computations. It should be noted that
melting may also affect heat-transfer rate in a porous sample by
increasing contact area of powder particles. Because of lack of
reliable experimental data on this effect, however, it was not
included in the numerical simulations. The thermal diffusivity
of the sample at low temperatures (300 to 500 K) was measured
to be 0.003 cm2/s.

Approaches Eq. 10 and 11 are consistent with each other.
Test calculations were performed with half the melting inter-
vals as compared to Table 1, and no significant effect of Tw on
the resulting temperature and gas flow rate profiles was de-

tected. Employing Eq. 11 is advantageous as it does not require
extra boundary conditions for the melting region.

Since in gas generators the reaction rate depends strongly on
sample preheating by the flow, the variation of gas-to-solid
heat-transfer coefficient �̃ with flow rate was incorporated in
the model. Because of direct proportionality of �̃ and flow
rate,5 positive feedback may occur, where an increase in flow
rate preheats the pellet more efficiently, enhancing combustion,
which further stimulates gas release.

Estimates of the kinetic parameters in Eq. 6 were obtained
using thermal analysis of typical oxygen generating mixtures
and fitting a first-order rate expression to the experimental
TGA curve. The X-ray analysis of quenched combustion wave7

indicates that the two main chemical reactions in the mixture,
NaClO3 decomposition and Sn oxidation, are closely coupled:
tin oxidation occurs within NaClO3 conversion variation from
�20% to �80%. This allows us to approximate the chemical
evolution of the system using a single reaction rate expression.
The activation energy value depends on the mixture composi-
tion and ranges from 80 to 130 kJ/mol for the mixtures studied.

It is convenient to operate with the product V � Tg rather than
gas temperature. After rendering the equations dimensionless
with parameters �, 
 and � and characteristic values as defined
in Notation, Eqs. 2 – 6 take the form

�v
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� r��, � � (12)

�
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(15)

r��, � � � �1 � ��exp�� � �1 �
1

��� (16)

The boundary condition at the right end of the sample (x � L)
was chosen as zero heat flux (Eq. 17), while two different cases
were considered at the left (ignited) end, z � 0: zero heat flux
through the sample (Eq. 18) or constant temperature (Eq. 19)

��

� x
	

x�L

� 0; � 	 0 (17)

Table 1. Parameters for �H (cal/mol) Calculation20

Species A B D E F Tm (K) Tw (K)

Sn 4.42 2.88 0.00315 �1598 1072 505 3
SnO2 17.66 0.0012 516000 �7103 — — —
NaClO3 13.07 18.73 0.0185 �5542 672 528 7
NaCl 10.98 5.02 0.00195 �3447 3707 1073 8

Figure 2. Temperature dependences of (a) heat capac-
ity, and (b) reaction heat for a mixture of 10 mol
% Sn, 45% NaClO3, 45% NaCl.
The Cp and �H values are normalized by Cp0 and Cp0T*,
respectively. The peaks in (a) correspond to tin (505 K),
sodium chlorate (528 K) and sodium chloride (1073 K) melt-
ing.
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or

�
x�0 � �ig; � 	 0 (19)

Since the left end of the generator is impervious to gas, we
have

v
x�0 � 

x�0 � 0; � � 0 (20)

Initially, reaction conversion � is zero throughout the sample

�
��0; 0 � x � L (21)

The sample is ignited by an external heat source, which leads
to the initial temperature distribution

�
��0 � �0 � ��ig � �0� � exp��
x2

4�0
�; 0 � x � L (22)

that arises from a specific heat input, determined by parameters
�ig and �0.

A time-explicit solver based on fourth-order derivatives was
developed. The solver was tested following the guidelines
given by Roache21 and exhibited close to second-order conver-
gence. The estimated numerical deviations did not exceed
0.1%, 0.4% and 0.5% for the combustion front position, gas
flow rate and pellet-temperature distribution, respectively. For
simplicity, a uniform spatial grid was used, which was refined

until the computations revealed numerical convergence of the
order 2 � 0.2.

Results and Discussion

The model described earlier was used to simulate combustion
wave propagation in media with phase transitions and convec-
tive heat transfer (that is, heat exchange between condensed
core and the generated gas). The model was developed primar-
ily to simulate combustion processes in oxygen generators, for
which typical model parameters are known.5 Some interesting
features for cases involving high reaction heat values (
�2)
were observed and are also discussed below.

Reactant melting during combustion wave propagation is
usually induced by heat conduction via the core and occurs in
a melting front moving ahead of the combustion region. When
the convective energy exchange is involved, as in this case,
heat may be delivered by the flowing gas to the reactant core.Figure 3. Consecutive temperature profiles (�� �

0.00125) during combustion wave propagation
with significant convective heat transfer (� �
0.15, � � 2.35, � � 14.33, �ig � 1.75, �0 �
0.2727, �0 � 0.0075, boundary condition (Eq.
18).
The melting region occurs ahead of the combustion front, both
moving from left to right.

Figure 4. Combustion wave propagation computed for
� � 0.0317, � � 2, � � 14.33, �ig � 1.75, �0 �
0.2727, �0 � 0.0075, boundary condition (Eq.
19).
(a) Consecutive core temperature profiles, (b) combustion
front position (defined by � � 1/2); (c) exit gas flow rate
evolution with time, and (d) effect of narrowing NaClO3
melting temperature interval: the dashed curve represents
simulations with Tw reduced by a factor of two.
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Thus, zero temperature gradient melting regions are allowed
and melting is not necessarily confined to a narrow front.

An example of temperature profile evolution resulting from
numerical integration of Eqs. 12 – 16 with boundary conditions
(Eqs. 17, 18, and 20) is presented in Figure 3. It shows the
growth of the melting region ahead of the reaction zone. With
time, combustion front propagates along the sample, the gen-
erated gas preheats the core and the region of reactant melting
becomes wider.

It is seen from Figure 4a – c that after an initial surge in the
nearest vicinity of the left end, there exists a long induction
period (��0.13) where a wider region is heated with essentially
no reaction. Then, this region reacts quickly, resulting in rapid
increase in temperature, front position and exit gas flow rate.
Subsequently, the combustion wave propagates with oscilla-
tions in maximum temperature and exit gas flow rate (��0.15–
0.3), which are dampened when the core ahead of the reaction
zone is heated above NaClO3 melting temperature (��0.5).
Narrowing the melting temperature interval Tw by a factor of 2
has little effect on combustion characteristics (Figure 4d).

The effects of reactant melting and convective heat transport
on pulsations in gas generation are also shown in Figure 5.
Figure 5a describes well-developed oscillations, whose ampli-
tude decreases with time, similar to those seen in Figure 4c. In
the case of Figure 5b, the oscillations are effectively dampened
and front propagation is stable. Figure 5c shows initially small
but increasing oscillations and, thus, unstable front propagation
as it should be expected for large activation energy values.1

Finally, Figure 5d demonstrates well-developed pulsations
characterized by large spikes in gas generation with virtually
no reaction occurring between them. Sodium chlorate melting

in the reaction zone stimulates pulsations in front propagation
(Figures 5a vs. 5b), while gas-to-core heat transfer (5a vs. 5d,
5b vs. 5c) enhances process stability. This relates well with
stability of convective filtration combustion.10 The sharp in-
crease in reaction temperature occurs when combustion wave
reaches the sample end because of the zero heat flux condition
(Eq. 17), and this effect is discussed in detail elsewhere.22

To quantify the effect of different factors on combustion
stability, oscillations growth rate �, defined as the growth rate
of the logarithm of oscillations amplitude, is used. The ampli-
tudes of the first two peaks (shown with thick arrows on
Figures 5a–d) were considered for this purpose. For example,
� is large positive in Figure 5a, large negative for Figure 5b,
positive for Figure 5c and essentially equal to zero for Figure
5d. In the case of small deviations, unlike Figure 5d, � � 0
represents the stability limit for front propagation.

Increasing reaction heat effect (
) and convective heat trans-
port (�) stabilize the combustion front, while reaction activa-

Figure 6. Effects on combustion stability of (a) activation
energy and convective heat transfer, (b) reac-
tion heat and initial heating, and (c) reactant
melting temperature.
The parameter values, unless otherwise specified, are: � �
0.0317, 
 � 2, � � 14.33, �ig � 1.75, �0 � 0.2727, �0 �
0.0075, boundary condition (Eq. 18).

Figure 5. Gas generation for (a) both melting and con-
vective heat transfer (� > 0), (b) no melting of
NaClO3, (c) � � 0 and no NaClO3 melting, and
(d) � � 0 and NaClO3 melts.
Unless otherwise specified, the calculations are made for the
same parameter values as in Figure 4 and boundary condition
(Eq. 18).
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tion energy (�) stimulates occurrence of pulsations (Figure 6).
Simulations with various values for reactant melting point (Tm)
were carried out. The results demonstrate that Tm has little
effect on front propagation stability (Figure 6c), which implies
that reactant melting destabilizes traveling combustion wave
mainly by decreasing reaction heat effect (melting changes 

by �0.2: see Figure 2b and Eq. 15).

Low exothermic mixtures (
	0.7) are used industrially for
oxygen generation. As shown in Figures 7a and 7b, at low
values of 
, combustion exhibits pulsations similar to those
discussed earlier (for example, Figure 4a). Taking z* as the
length of substantial (50%) variation in core temperature pro-
file, typical dimensionless sample length (L) for which the
experimental data are available,4 is �80. A comparison of the
numerical results for maximum core temperature (Figure 7c)
with experimental values (Figure 7d) shows similar behavior.
The oscillations in combustion temperature, defined as the
maximum sample temperature at a given time, clearly indicate
that the pulsations in front propagation are a significant factor
in the experimentally observed instabilities.

It has been noted in the literature9,17 that high melting
temperatures stabilize combustion front propagation. This ef-
fect could be relevant to chemical oxygen generators as the
experimentally measured maximum temperature is just below
NaCl melting point. Figure 8 presents the results of numerical
simulations, which demonstrate complete alleviation of pulsat-
ing instability by reaction product melting. The high tempera-
ture heat sink efficiently binds combustion temperature at NaCl
melting point Tm, and this inhibits the occurrence of small
deviations.

Conclusions

The stability of combustion wave propagation in chemical
oxygen generators is analyzed numerically. The model in-
cludes detailed thermodynamic data, such as component melt-
ing characteristics and their heat capacity variation with tem-
perature, along with kinetic parameters estimated from
experimental data.

The formation of melting regions is demonstrated in cases
with significant convective gas-to-core heat transfer. When the

latter is involved, no condensed phase temperature gradient is
required to heat the core, and this permits expansion of the thin
melting front to a wide melting region.

It is shown that, by decreasing the effective heat of reaction,
reactant melting is detrimental to combustion front stability. In
accordance with prior theoretical results for simpler cases, the
simulations demonstrate growth of pulsations with increasing
reaction activation energy.

Numerical calculations also show a strong stabilization of
front propagation when combustion temperature reaches the
melting point of reaction product.
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Notation

c(�, � ) � Cp/Cp0 � dimensionless heat capacity
Cp � condensed phase heat capacity, J/(mol � K)

Cp0 � core heat capacity at 298 K, J/(mol � K)
Cpg � gas (that is, oxygen) heat capacity � 32

J/(mol � K)
d � annular space width in oxygen generators,

typically 0.5 cm
Ea � activation energy, J/mol

�H(T) � temperature correction to reaction heat effect,
defined in Eqs. 7 –11

(� �H0) � standard reaction heat effect, J/mol
(��Hr) � (��H0) �

�H(T) � reaction heat effect, J/mol
k � condensed phase thermal conductivity,

W/(m � K)
k0 � preexponential in reaction rate expression

(Eq. 6), 1/s
l � sample length, typically 15 cm

L � l/z* � dimensionless sample length
r(�, � ) � R(�,

T) � t*/�0 � dimensionless reaction rate
R(�, T) � reaction rate, mol/(s � m3), defined by Eq. 6

Rd � cylindrical core radius, typically 2.5 cm
Rg � universal gas constant, 8.31 J/(mol � K)

Figure 7. Low exothermic case pulsations: � � 0.005,
� � 0.52, � � 8, �ig � 1.75, �0 � 0.2727, �0 �
1.5, boundary condition (Eq. 18).
(a) Consecutive temperature profiles (�� � 4), (b) exit gas
flow rate, and (c) maximum temperature variation with time
(t* � 0.5 s). The curve shown in (d) represents experimentally
measured values (Figure 6a in Shafirovich et al).4

Figure 8. Stabilizing effect of product melting.
� � 0.0035, 
 � 0.71, � � 11.16, �ig � 1.75, �0 � 0.2727,
�0 � 1.5, �� � 4, boundary condition (Eq. 18). Temperature
profiles (a, c) and exit flow rate (b, d) evolution for cases with
(c, d) and without (a, b) NaCl melting, respectively. In the
no-melting case calculations, Tm for NaCl was artificially set
to 2000 K.
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S � specific interphase surface area per unit core
volume, 1/m; for gas flowing on the shell side
of a cylindrical core S � 2/Rd

t � time, s
t* � k0

�1e� � characteristic reaction time, s
T � core temperature, K

Tg � gas temperature, K
Tm � melting temperature, K
Tw � the width of melting interval, given in Table

1 and used in Eq. (11), K
T* � characteristic temperature, 1100 K, the typi-

cal experimental combustion temperature4

V* � (3/ 2) z*(�0/t*) � characteristic gas flow rate, mol/(s � m2)
V � gas flow rate per unit core area, mol/(s � m2)

� � V/V* � dimensionless flow rate
x � z/z* � dimensionless coordinate

z � coordinate along the sample, m
z* � 
k � t*/�0Cp0 � characteristic length, m

Greek letters

�̂ � �̃/V � molar interphase heat-transfer coeffi-
cient, J/(mol � K).

�̃ � interphase heat-transfer coefficient,
W/(m2.K)

�0 � �̂ � S � z*/Cpg � coefficient in Eq. 13
� � (3/ 2)(�̂ � S � z*/Cp0) � coefficient in Eq. 15


 � (��H0)/Cp0T* � dimensionless reaction heat parameter in
Eq. 15

� � Ea/RgT* � dimensionless activation energy parame-
ter in Eq. 16

�0 � parameter in Eq. 22
� � reaction conversion

� � T/T* � dimensionless temperature
�0 � dimensionless initial temperature of the

sample
�ig � dimensionless initial temperature upon

ignition Eq. 22
� � [ln(a2/a1)/�0] � oscillations growth rate; a1, a2 and �0 are

defined as shown in Figure 5c
�0 � initial reactant concentration, mol/m3

� � t/t* � dimensionless time
� � (2/3) � [Rd

2/(Rd � d)2

� Rd
2] � v � 1.51 � v � dimensionless exit flow rate

�(� ) � �H(T)/Cp0T* � temperature correction for 


 � (V � Tg/V* � T*) � dimensionless gas enthalpy flow
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