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A transient electric voltage of the order of 1 V may form during the combustion of a
metal particle. The electrical field may form due to the different diffusion rate of the
positive and negative charge carriers through a growing mixed-ionic-electronic conduct-
ing oxide shell. Unlike previous models, the effect of ambient gaseous oxygen transport to
the particle surface is accounted for and steady-state and charge neutrality in the oxide
layer is not a priori assumed. Four key parameters affect the voltage-temperature
formation. The ratio between charge carries diffusion coefficients determines the surface
electric potential amplitude, polarization and the time delay between the maximums of
particle potential and temperature. The larger the difference between the diffusion
coefficients, the greater is the voltage and the longer is the combustion time and the
shorter is the time delay. The convection and radiation heat-transfer coefficients exert a
major impact on the time delay between the maximum of the surface electric potential and
that of the temperature. The maximum electric potential and temperature are achieved
almost at the same time when the transport coefficients are sufficiently large. This time
difference decreases as either the heat-transfer coefficients or the difference between the
diffusion coefficients increase. Increasing the activation energy of the adsorption strongly
decreased the oxidation, temperature and surface electric potential rate of rise during the
early stage of the oxidation. Increasing the activation energy of the desorption increased
the duration of the temperature and the potential drop in the later stage of the reaction.
© 2005 American Institute of Chemical Engineers AIChE J, 51: 1521–1531, 2005

Introduction

Recent experiments revealed that high-temperature oxida-
tion of metal particles may generate a temporary voltage of the
order of 1V 1-6. The mechanism leading to the formation of this
transient electrical field is not yet established. Metal particle
oxidation may proceed in two ways, which depend on the metal
properties and oxygen pressure. Metal cations (and/or their

vacancies) may move and get oxidized at the particle surface
(for example, Fe oxidation7), or oxygen ions (and/or their
vacancies) may move to and react at the metal-oxide interface
(for example, Zr oxidation8). The oxidation of some metals,
like Ti, may occur either on the particle surface or on the
metal-oxide interface depending on operating conditions7,9,10.
The different diffusion velocities of the charge carriers through
the oxide may form an electric potential across the growing
oxide shell11-13.

Previous models11-13 of charge formation in a membrane or
oxide layer assume that local electrochemical equilibrium, as
well as electroneutrality exists in the layer between the moving
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pairs of positive and negative charge carriers. These models
assume that the oxygen partial pressure at the oxide surface
equals to the ambient oxygen partial pressure, that is, ignore the
surface adsorption-desorption reactions and the external trans-
port resistances. Thermoionic emission and electron tunnel-
ing14 have been considered as the cause of electron transport
through thin oxide films at elevated-temperature oxidation.
“Single-current” models14 assume that the oxide growth rate is
limited by the flux of a limiting charge carrier and disregard the
contribution from the second. Hence, they consider that oxide
growth occurs only by ionic diffusion in very thin films (�10
Å) and only by electron transport in thicker films.

The “coupled-currents” approach15-18 accounts for the simul-
taneous transport of several charge carriers and assumes that no
net electric charge is transported through the oxide layer. This
approach is adequate for low-temperature oxidation for which
the oxidation proceeds at a quasi steady-state and its charac-
teristic time is of the order of hours and days15-18. These models
do not explain the electric field generation during a fast, high-
temperature combustion, the characteristic time of which is of
the order of a second or less19-24,1-4.

We present here a model explaining the electrical field
generation during the high-temperature oxidation of a spherical
metal particle. It predicts for the dependence of the electric
field on the oxygen chemical adsorption and desorption on the
particle surface, as well as on the temporal difference in the
rate of movement of formed charge carriers through the grow-
ing oxide shell. The impact of the temperature rise during the
exothermic reaction is revealed by comparing the predictions
for the nonisothermal case with our previous ones for the
isothermal case25. The qualitative model predictions are com-
pared with experimental results.

Mathematical model

We consider the high-temperature oxidation of a spherical
metal particle of radius R0. The reaction occurs at the metal-
oxide interface, that is, the oxide is a mixed-ionic-electronic-
conductor (MIEC). The model can be readily modified to the
case, in which the oxidation proceeds at the particle surface and
the oxide layer is a semiconductor. We assume that the rate of
the metal oxidation is very fast relative to the ion diffusion rate
so that the oxide shell growth can be described by the shell
progressive model26,27. The ambient gaseous oxygen is ad-
sorbed on the pellet surface via the reversible reaction

O2� g� -|0
k1

k��1

2Oads. (1)

The adsorbed oxygen forms lattice atoms, as well as interstitial
ions and vacancies in the oxide lattice by the reactions

VO
�� � 2e� � Oads -|0

k�2

k��2

O� -|0
k�3

k��3

VO
�� � O2� (2)

Simultaneously, electron-hole pairs are generated via thermal
ionization

nil -|0
k�4

k��4

e� � h� (3)

The different diffusion rates of the charge carriers (VO
��, e�

and O2�, h�) generate an electric charge in the growing oxide
shell. The oxygen ions and electron holes are consumed by a
very fast, irreversible reaction at the shrinking metal core
(radius Rox)

�Me � 2O2� � 4h� 3 Me�O2 (4)

We assume that the temperature within the particle is uniform,
but different from the ambient gas, and that neither melting nor
phase transformations occur. The reaction network 1–3 is a
generalization of that for solid oxide electrolytes with mixed
electronic-ionic conductivity28-30,8. The reaction rates satisfy
the relations

W1 � �
1

2

d�O2,g	�

dt
� k1�O2,g	

1/ 2 � k��1�Oads	 (5)

W2 �
d�O�	�

dt
� �

d�VO
��	�

dt
� k�2�VO

��	 � �e�	2�Oads	

� k��2�O
�	 � k�3�O

�	 � k��3�VO
��	�O2�	 (6)

W3 �
d�O2�	�

dt
� k�3�O�	 � k��3�VO

��	�O2�	 (7)

W4 � �
d�h�	�

dt
� k�4 � k��4�e

�	 � �h�	 (8)

The lattice oxygen concentration [O�]�, may be assumed to be
a constant in the MIEC shell30,8. In addition, we assume that the
concentrations of the interstitial oxygen ions (O2�) and elec-
tron holes (h�) attain a quasi-steady state, that is

Wi � 0, i � 2, 3, 4 (9)

The oxygen concentration near the pellet surface [O2,g], sat-
isfies the relation

W1 � kc��O2,g	

 � �O2,g	� (10)

where kc is the mass-transfer coefficient and [O2,g]
 is the
ambient oxygen concentration.

At a high oxygen pressure interstitial oxygen ions (O2�) and
electron holes (h�) are the main contributors to oxygen and
electrical charge transport in MIEC materials30,31,8. Equations
6–9 indicate that in this case

�O2�	 � �h�	2 �
k��1

k�1
� �Oads	, k�1 � k��1�k��2

k�2
��k��3

k�3
��k��4

k�4
� 2

.

(11)
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The electrochemical equilibrium concentrations of reactions
1–3 at the reference temperature T*, chosen as the adiabatic
temperature rise due to oxidation (T* � (��H)/(�condC)),
are

�O2�	* � � k1(T*)

4k�1(T*)�
1/3

��O2,g	

�1/6,

�h�	* � �2k1(T*)

k�1(T*)�
1/3

��O2,g	

�1/6 (12)

Oxygen ion vacancies (VO
��) and electrons (e� ) are the main

source of oxygen permeation through the membranes at low
oxygen pressures and

�VO
��	�1�e�	�2 �

k��1

k̃�1
�Oads	, k̃�1 � k��1�k��2

k�2
� �O�	 (13)

The electrochemical equilibrium concentrations of reactions
1–3 at T* are

�VO
��	* � � k̃�1(T*)

4k1(T*)�
1/3

��O2,g	

��1/6,

�e�	* � �2k̃�1(T*)

k1(T*) � 1/3

��O2,g	

��1/6 (14)

We consider operation conditions for which [O2,g]
 


k�1k̃�1/k1

2, so that

�O2�	* 

 �VO
��	*, �h�	* 

 �e�	*. (15)

The inverse of inequality (Eq. 15) is valid at low oxygen
concentrations. At intermediate oxygen concentrations, one has
to account for all four charge carriers (oxygen ions, vacancies,
holes and electrons). Solving Eqs. 5, 10, and 11 we get

y �
A�� �2

4 ��1 �
4

A(�)2 �
4 � � � np2

A(�) � 1/ 2

� 1� 2

(16)

where

y � �O2,g	/�O2,g	

, n � �O2�	/�O2�	*,

p � �h�	/�h�	*, � � T/T* (17)

�1 �
E1

RT*
, ��1 �

E�1

RT*
, ki�� � � ki

0 � exp���i/��,

i � �1, �1

� �
k1�1�

k1�� �

k�1�� �

k�1�1�
� exp�(��1 � �1) � �1 �

1

���
A0 �

k1�1�

kc��O2,g	

�1/ 2 , A � A0exp��1�1 �

1

���

It predicts that no oxygen adsorption occurs ( y 3 1) either at
low-temperatures ( A3 0), or when the reaction is completed
and the surface carrier concentrations tend to the equilibrium
values (n 3 ��1/3, p 3 ��1/3). According to Eq. 17 the
difference in the activation energies of the adsorption and
desorption rate constants determines the behavior of the surface
carrier concentrations at the later stages of the combustion,
when these concentrations tend to equilibrium and the temper-
ature drops. For ��1 ��1 the concentrations decrease as the
temperature decreases ( � � 1) and vice versa for ��1 
 �1.

The steady-state nondimensional boundary conditions are

	 � ��
n � 2
n

�
�
��


�1

� 1 � y at 
 � 1 (18)

D� � 	 � ��
 p �
p

�
�
��


�1

� 1 � y at 
 � 1 (19)

where

D� � D�/D�, 
 � r/R0, � � e�/kT* (20)

	 � �D�[O2�]*

2 R0
���kc�O2,g	


�

The electric potential distribution satisfies the Poisson equation

�2 � �

� � n � p � 0, � � � kT0

4
 � e2

1

R0
2

1

[h�]*NA
	 1/ 2

(21)

The charge carrier distributions within the oxide shell satisfy
the transient diffusion equations

�n

��
� �


2n � 2�
�n

�
�
�� (22)

�p

��
� D� � ��


2p � �
�p

�
�
��� (23)

where

� � t � D�/R0
2

The Poisson-Nernst-Plank equations32-34 are the steady state
version of Eq. 21-23. The electric potential within the shrinking
core is uniform due to the high metal conductivity. Thus

���

�
 � � 0, 
 � 
ox (24)

Charge conservation at the particle surface is a boundary
condition, that is

���

�
 � � p � n, 
 � 1 (25)
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The charge carriers are consumed by a very fast, irreversible
reaction at the shrinking metal core (metal-oxide interface),
that is

n � p � 0, 
 � 
ox � 0 (26)

When all the metal has been oxidized, this boundary condition
is replaced by

�n

�

�

�p

�

� 0, 
 
 0. (27)

The molar consumption rate of the metal is �/2 of that of the
oxygen ions. Thus

d
ox

d�
� �I � 	��
n �

2n

�
�
��


�
ox

, I �
�

2

MW

�
�O2,g	


�2kcR0

D�
�

(28)

The dimensionless thermal balance is

d�

d�
� �3
ox

2
d
ox

d�
� H0 �

0

1

�
�
��2d
 � H1�� � �00�

� H2��
4 � �00

4 � (29)

where

H0 � 3� k

C�cond � e�
2 �el���H�

D�
, H1 �

�

C�cond

3R0

D�
,

H2 �
��

�C�cond�
4 � ���H�3

3R0

D�
(30)

The terms on the rhs of Eq. 29 account for the chemical
reaction, Joule dissipation, thermal convection and radiation,
respectively. The temperature rise by Joule dissipation is neg-
ligibly small during gas-solid combustion reactions24 and is
ignored, that is, we assume H0 � 0. The model consists of Eqs.
21–23 subject to boundary conditions Eqs. 18, 19, 26, and 27
for the carrier concentrations, and Eqs. 24, 25 for the electric
potential. Ordinary differential Eqs 28 and 29 describe the
changes in 
ox and �. The initial conditions are

n � p � � 
 0, � � �0 at � � 0, � 
 (31)

The elliptic Eq. 21 was treated as a parabolic one using the
relaxation method35 with a very small time constant (�� �
10�4). It was integrated simultaneously with the others by the
method of finite differences. The equations were transformed
into a tridiagonal set of linear algebraic equations and inte-
grated using the Crank and Nicholson method36 with a uniform
finite differences grid (up to 500 nodes). These were solved by
the Thomas algorithm37,38.

Numerical results

We used numerical simulations to study the evolution of the
electric charge carriers, temperature and temporal potential
distribution during the high-temperature oxidation of a single
metal particle. We assume that initially the particle is heated to
a temperature at which the intrinsic chemical reaction rate
greatly exceeds that of the carrier diffusion. Thus, the shrinking
core model adequately describes the metal oxidation rate. We
assume that neither melting nor phase transformation occurs
during the reaction. Our goal is to gain an understanding about
the evolution of an electric voltage during the metal oxidation,
and the relation between the particle temperature rise and the
temporal electric potential formation. This information will
enable a critical test of the validity of the model assumptions.

The simulations indicate that the dimensionless parameters
that most strongly affect the temperature and evolution of the
electric potential are: the ratio between the diffusion coeffi-
cients of the two charge carriers (D� ), which is considered as the
exponential function of temperature D� � D� 0exp(ED� /� ), the
ratio between a characteristic surface molar flux of oxygen ions
to the maximum possible oxygen flux to the pellet surface (	),
the heat removal coefficients (H1 and H2) as well as the
activation energy of adsorption (�1) and the difference between
the activation energies of desorption and adsorption (��1 �
�1). Usually, a thin oxide shell forms before the shell progres-
sive reaction starts and the thickness of that shell affects the
voltage formation. We do not investigate here the influence of
an initial oxide shell thickness (
ox

0 ) , as well as that of the
initial (�0) and surrounding temperatures (�00). These will be
considered in a future publication. We assume in all the sim-
ulations that 
ox

0 � 0.994, �0 � 0.5, �00 � 0.15, � � 0.01,
A0 � 105 and I � 21.3.

The main available experimental data about metal particles
combustion are the temporal evolution of the voltage, current
and temperature, as well as the time of complete combustion.
A critical test of the validity of the underlying model assump-
tions can be done by comparing its predictions with data about
the time difference at which the maximum voltage and tem-
peratures are attained. We study this difference to enable this
comparison.

Figure 1 describes the influence of D� (�) on the charge
carrier distributions during the oxidation of a single particle
with a thin initial oxide shell (1 � 
ox

0 ) �� �. In general, there
are four qualitative types of D� (�) behavior during the initial
temperature rise to the maximum temperature. They depend on
the pre-exponential coefficient D� 0, and the difference in the
activation energies of the diffusion coefficients ED� . We con-
sider here only the two simplest ones: when D� (� ) 
 1 at �0 �
� � �m and when D� (� ) � 1 at �0 � � � �m. The other two
are the intermediate cases, for which D� (� ) � 1 changes sign
in �0 � � � �m. Simulations show that D� (�) has a negligible
influence on the charge carrier distributions and potential after
� � �m is attained, and the surface carrier concentrations are
very close to each other and to the equilibrium concentrations.
The profiles of the positive and negative charge carriers are
almost identical throughout the particle so that the electrical
charge in the shrinking metal core and in most of the oxide
shell is negligibly small. A noticeable difference between the p
and n concentrations and an electric charge exists close to the
particle surface for a short initial period � � ���m

. The differ-
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ence is a monotonic increasing function of �D� (� ) � 1� during
this period. The difference initially decreases with temperature
rise at large ED� (D� (� ) 
 1, Figure 1a) or increases at small ED�

(D� (� ) � 1, Figure 1b). When the ratio between the positive
and negative diffusion coefficient D� (�) exceeds unity, n 
 p
close to the surface ( 
3 1, Figure1a), while the inverse occurs
when D� (�) � 1 (Figure 1b). This difference between the
surface p and n concentrations vanishes rapidly with time ( �3
1 ) (Figure 1b). In most cases n and p become almost indis-
tinguishable when � � 1. The n, p profiles are weakly depen-
dent on D� after the initial period.

Figures 2 and 3 illustrate the effect of the D� (�) ratio on the
temporal combustion characteristics and amplitudes. Figures
2a and 3a show that both D� 0 and ED� have a negligible impact
on the maximum combustion temperature. However, �m and
the maximum potential difference across the shell ��m,
strongly depend on both D� 0 and ED� (Figures 2a and 3a). When
the diffusion coefficients of the two charge carriers are equal D�
(�0) � 1 and ED� � 0, no potential forms, that is, � � 0 (Figure
3a). The surface electric potential changes from positive to
negative when D� (�0) � 1. The amplitudes of �m and � �m

increase with �D� (�0) � 1�.
The time of complete metal oxidation (�c) and that at which

the maximum temperature is attained (���m
) decrease monoton-

ically, while the positive difference of �c � ���m
decreases

when either D� 0 or ED� increases (Figures 2b and 3b). Similarly,
the time at which the maximum surface electric potential is
achieved, ���m

, increases, while the positive difference ���m
�

���m
decreases when either D� 0 or ED� increases. The maximums

of the temperature and surface electric potential converge and
tend to be attained closer to the time of complete metal oxida-
tion (���c

� 1) with increasing D� 0 or ED� . The conversion at the
maximum temperature ���m

, weakly increases and always ���m

� ���c
� 1 as either D� 0 or ED� increase. The conversion at the

maximum surface electric potential ���m
, drastically increases

and becomes 5–10 times larger with increasing D� 0 or ED�

(Figures 2b and 3b).
Figure 4 describes the influence of the convective heat

transfer coefficient H1 while Figure 5 that of the radiation
heat-transfer coefficient H2. In the cases shown in these two
figures, the maximum surface electric potential, and the corre-
sponding time and conversion (���m

), are independent of H1 or
H2. However, the maximum temperature decreases with an
increase in either H1 or H2. The time at which the maximum
temperature �m is achieved ���m

, and the corresponding con-
version ���m

, smoothly decrease as H1 increases. However,
their values sharply drop when 0 � H2 �
 5, and very
moderately when H2 � 5 (Figures 4 and 5). The time of
complete metal oxidation decreases gradually with an increase
in either H1 or H2 and in all cases ���m

� ���m
� �c. The

difference between the times at which the electric signal and
temperature attains their maximum ���m

� ���m
, sharply de-

clines as H1 or H2 increases (Figures 4 and 5).
Figure 6 shows that an increase in the activation energy of

the adsorption decreases the temporal temperature and conver-
sion and increases the time at which the maximum surface

Figure 2. Dependence of the maximum temperature and
maximum electric potential and their charac-
teristics on : D� 0: ED� � 5, � � 0.5.
The values of �1, ��1, �1 and �2 same as in Figure 1.

Figure 1. Dependence of the spatial distribution of the
charge carriers on D� during the first stage of
oxidation of a pellet with a thin initial oxide
shell: D� 0 � 0.01, � � 0.2, �1 � 8, ��1 � 5, H1 �
1.72, H2 � 0.967, ED� � 5(a), ED� � 2(b)
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electric potential is attained (Figure 6b). All these events occur
before the maximum particle temperature is achieved. The
changes are more pronounced at higher values of H1 or H2

(Figure 6b). In contrast, increasing the activation energy of the
desorption increases the temporal temperature, metal conver-
sion (�) and the surface electric potential after the maximum

particle temperature and surface potential have been attained
(Figure 7). The effect is more dominant at large H1 or H2

values.
The difference between the activation energies of the ad-

sorption and desorption (��1 � �1), has a very small impact on
the temporal temperature (Figure 8 and 9), surface potential
and carrier distribution during the oxidation of a single particle
with a thin initial oxide shell. The difference has some effect
after the maximum temperature is attained. Thus, it does not
affect the measurable difference between the times at which the
maximum voltage and temperature are attained. The difference
of (��1 � �1) determines at each temperature the equilibrium
carrier concentrations, that is, the concentrations, that would be
established in the particle if the combustion is suddenly inter-
rupted and the temperature remains constant. As the temporal

Figure 3. Dependence of the maximum temperature and
maximum electric potential and their charac-
teristics on : ED� : D� 0 � 1.
The values of �1, ��1, 	, �1 and �2 same as in Figure 2.

Figure 4. Dependence of the maximum temperature,
maximum electric potential and their charac-
teristics on : H1: D� 0 � 0.01, ED� � 5.
The values of �1, ��1, 	, and �2 same as in Figure 2.

Figure 5. Dependence of the maximum temperature,
maximum electric potential and their charac-
teristics on H2: D� 0 � 0.01, H1 � 0, ED� � 5.
The values of �1, ��1 and 	, same as in Figure 2.

Figure 6. Effect of the activation energy of adsorption on
the pellet temporal temperature, oxide volume
and the surface electric potential : D� 0 � 0.01,
ED� � 5, � � 0.2, ��1 � 5, H1 � 1.72 (a) or H1 �
20. (b) H2 � 0.967

1526 AIChE JournalMay 2005 Vol. 51, No. 5



particle temperature changes with time so do the temporal
equilibrium concentrations of the carriers. They have a local
minimum if ��1 � �1 
 0 (Figure 8), and a local maximum if
��1 � �1 � 0 (Figure 9), when the maximum temperature is
achieved. The temporal equilibrium carrier concentrations are
constant when the adsorption and desorption activation ener-
gies are equal (��1 � �1 � 0, in Figures 8 and 9). The
concentrations of the charge carriers in a reacting particle
approach the equilibrium values with time. The surface carrier
concentrations become very close to the equilibrium values by
the time of the maximum temperature has been achieved (Fig-
ures 8 and 9). According to the calculations the carrier con-
centrations on the metal-oxide interface need a much longer
time to reach equilibrium and deviate from equilibrium until
almost the end of the particle cooling.

An increase in the ratio between the characteristic surface
molar flux of oxygen ions to the maximum possible oxygen
flux to the particle surface,	, increases the values of �m and
��m, and has a minor impact on the combustion time �c (Figure
10). However, it has no impact on the temperature, time and

conversion at which either the maximum temperature or the
maximum electric potential are achieved.

Discussion

The goal of this study was to enhance our understanding of
the rate processes and parameters leading to the electric charge
formation during the high-temperature oxidation of single
metal particles. To gain that insight, we made the simplifying
assumption that the reaction rate can be described by the
shrinking core model. This implies that the characteristic reac-
tion time at the metal-oxide interface is much shorter than that
of ion diffusion. To check this we note that the characteristic
time of the intrinsic metal oxidation tr is of the order of 1 ms
at 500°C39. The diffusion time of oxygen atoms at the same

Figure 7. Effect of the activation energy of desorption on
the pellet temporal temperature, oxide volume
and the surface electric potential: D� 0 � 0.01,
ED� � 5, � � 0.2, �1 � 13, H1 � 20, H2 � 0.967.

Figure 8. Dependence of the temporal actual and equi-
librium concentrations of the charge carriers
on the difference between the activation ener-
gies of adsorption and desorption at ��1 � �1

≥ 0: D� 0 � 0.01, ED� � 5.
The values of �1, 	, �1 and �2, same as in Figure 1.

Figure 9. Dependence of the temporal actual and equi-
librium concentrations of the charge carriers
on the difference between the activation ener-
gies of adsorption and desorption at ��1 � �1

≤ 0: D� 0 � 0.01, ED� � 5.
The values of �1, 	, �1 and �2, same as in Figure 1.

Figure 10. The dependence of the combustion time and
surface electric potential on �: D� 0 � 0.01, ED�

� 5, ��1 � 5.
The values of �1, �1 and �2, same as in Figure 1.
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temperature in a zirconium oxide shell of R0 � Rox
0 � 0.1 �m

is

tD 
 �R0 � Rox
0 �2/Di 
 4.1 s

where Di � Di
0exp(�E/RT), Di

0 
 0.018 cm2/s and E � 131
kJ/mole.40 Thus

tD/tr 

 1 (32)

and this ratio increases with the temperature. The ”initial
temperature“ at which condition (Eq. 32) is satisfied, is usually
much higher than room temperature. Our model assumes that
the particle attains instantaneously this initial temperature. This
simplifying assumption significantly reduces the number of the
parameters in the model and drastically decreases the effort
involved in the analysis and presentation. The impact of this
simplification will be the subject of a future publication. On the
other hand, the assumption that the temperature is uniform
inside the entire pellet is valid as

tr 

 ttherm (33)

For example, the characteristic thermal diffusion time ttherm 

R0

2/�, for a Zr particle41 with R0 � 5 �m is 
2.5 � 10�9 s.,
which is significantly smaller than that of the reaction.

The model assumes that oxygen adsorption and decomposi-
tion generate electrical charge carriers and oxygen ions on the
particle surface, while initially no charge carrier and electric
potential exist. The equilibrium surface concentrations of these
charge carriers depend on the particle temporal temperature
and ambient oxygen concentration. The initial heating of the
particle causes the surface to undergo a transition from equi-
librium at a low temperature and charge concentrations to a
nonequilibrium state, at which the oxygen surface adsorption
rate largely exceeds that of the desorption (Eq. 5). This, in turn,
increases the surface concentrations of the charge carriers. The
charge carriers diffuse through the product oxide shell to the
shrinking core metal at which they are consumed by a very fast
oxidation. Because of the different diffusive fluxes and the high
surface concentrations of the two charge carriers, a high volt-
age forms. Thus, the particle surface and the metal shrinking
core serve as a source and sink between which the charge
carriers diffuse. The higher the surface concentrations are the
larger can be the difference between them and, consequently,
the generated voltage. A similar growth in the carrier concen-
trations and voltage may be achieved by increasing the gaseous
oxygen concentration (Eq. 12).

In contrast to previous studies11-13,15-18,9,10 we do not assume
a steady-state balance of charge carriers in the oxide layer, that
is, points in the oxide shell need not be locally neutral. The
fluxes of charge carriers on the particle surface depend on the
fluxes of gaseous oxygen to the particle surface and on the
oxygen concentration in the surrounding gas. The initial con-
centrations of the charged carriers in the oxide shell are as-
sumed to attain nonequilibrium values for the chemical reac-
tions occurring at the initial temperature.

Figures 1a and 1b show that the profiles of the negative and
positive charge carriers are essentially identical, except for

initially close to the surface. Due to the difference in the
diffusion coefficients one charge carrier diffuses faster than the
other to the metal core. Consequently, initially the surface
concentration of the slow diffusing charge carrier exceeds that
of the fast diffusing one. Thus, when the ratio between the
positive and negative diffusion coefficient (D� ) exceeds unity
n 
 p, close to the surface (at 
3 1, Figure 1a), and the surface
potential becomes negative (Figures 2a and 3a at ED� 
 0),
while the inverse occurs when D� �1 (see Figures 1b and 3a
at ED� � 0). The magnitude of the concentration difference and,
consequently, the surface electric charge and potential, in-
creases with �D� � 1�. Therefore, for large positive ED� and D�

1, the concentration difference decreases as the initial tem-
perature increases (Figure 1a), while for smaller ED� , so that D�
�1, the inverse occurs (Figure 1b). No electric signal forms
when the diffusion coefficients are equal (Figure 3a, ED� � 0).
The voltage polarity on a pellet with a thin initial oxide may
change due to a variation in the value of D� . The larger the value
of �D� � 1� the stronger is the acceleration of the slower charge
carriers (oxygen ions at D� 
1) by the faster moving ones
(electron holes at D� 
1), and the shorter is the time of com-
plete metal consumption and that at which the maximum tem-
perature is reached (���m

). In contrast, the time at which the
maximum surface electric potential is attained (���m

) as well as
the conversion at the maximum electric potential (���m

) in-
crease with �D� � 1� (Figures 2b and 3b).

The formation of a potential maximum may be explained by
a transition from a noncorrelated fast diffusion of one carrier to
a much slower co-operative carrier diffusion. Initially, the fast
diffusing carriers (electron holes when D� 
1) diffuse into the
oxide shell from the pellet surface. This increases the excess of
the slower carriers (oxygen ions when D� 
1) and the corre-
sponding electric charge and potential (negative at D� 
1) on
the surface. The developing electric field retards the fast dif-
fusing charge carriers and accelerates the slow moving ones.
Eventually the high electric field correlates the diffusive fluxes
of the two charge carriers. This causes a gradual decrease in
both the excess of the slower carriers and the electric potential
on the particle surface (see n (1) � p (1) in Figures 8 and 9).
The larger �D� � 1� is higher electric fields (�m), and longer
times are required to establish this co-operative fluxes (Figures
2a and 2b and Figures 3a and 3b). Ignoring the Joule heating by
the electrical field (H0 � 0) explains the very small changes in
�m, ���m

and ���m
with D� or ED� at the same D� (Figures 2a and

3a). On the other hand, the sharp dependence of ���m
on D�

(Figures 2b and 3b) is due to the much faster growth of the
initial oxide layer at large D� .

The characteristic time of heat removal exceeds largely that
of the reaction. The temperature maximum is achieved after the
maximum of the reaction rate has occurred, when the heat lost
from the particle is equal to the heat released by the reaction,
which is retarded by the slow charge carrier diffusion through
the growing product shell. Therefore, increasing the intensity
of the heat removal H1 or H2 decreases the maximum temper-
ature and causes it to occur earlier (at smaller ���m

) and at a
lower conversion (���m

). The heat removal rate is smaller than
that of the maximum heat generated by the reaction. Thus, it
has a negligible impact on the time when the maximum reac-
tion rate is achieved. Our model predicts that the maximum
reaction rate corresponds to the maximum flux of gaseous
oxygen (oxygen ions and electron holes) through the oxide
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shell and, consequently, to the maximum of the electric poten-
tial on the particle surface. Thus, increasing H1 or H2 has a
minor impact on ���m

, �m and ��m (Figures 4 and 5) and it
decreases the time delay between ���m

and ���m
(conversion

increment ���m
� ���m

).
The heat transfer by radiation is about three times larger than

the convective one and has a strong nonlinear temperature
dependence. Hence, an increase in H1 decreases �m gradually,
but increasing H2 leads to a sharp decrease in �m at relatively
small values and to a moderate decrease at large H2 values
(Figures. 4 and 5). For example, at H2 3 0 �m 
 1.5 (Figure
5), and the heat removal rate by radiation is about three times
that by convection. At H2 � 5, the maximum dimensionless
temperature is very close to unity, and the heat removal by
radiation is very close to that by convection. A similar depen-
dence of ���m

on H2 is noted in Figure 5.
Increasing the heat-transfer coefficients H1 and/or H2, de-

creases the temperature. When D� (�) is independent of the
temperature or is a monotonic increasing function of the tem-
perature, increasing H1 or H2 increases the combustion time.
However, if D� increases as the temperature decreases then an
increase in the rate of heat removal may decrease the total
combustion time �c. This may occur when �c is more sensitive
to changes of D� than of H1 and H2.

The surface concentrations of the charge carriers are much
smaller than the equilibrium ones before the maximum tem-
perature is attained (Figure 8 and 9). Using Eq. 16, we get as
a first approximation of n and p

y �
A2

4 ��1 �
4

A2 � o(1)� 1/ 2

� 1� 2

at np2 �� � (34)

Substitution of Eq. 34 into Eqs. 18 and 19 indicates that the
charge carriers fluxes depend on the activation energy of the
adsorption (see also Eq. 17), but not of the desorption. An
increase of the activation energy (smaller A) decreases the
carrier fluxes to the metal core, the conversion, the temperature
rise rate and the surface electric potential before the maximum
electric potential is achieved (Figure 6b). The effect is more
pronounced for higher rates of heat removal that decrease the
particle temperature. Note that when the maximum reaction
rate is obtained a large fraction of the metal is still unconverted
and the carrier concentrations at the metal-oxide interface are
still much smaller than those at equilibrium.

The carrier surface concentrations closely approach the equi-
librium ones (n(1) 3 ��1/3, p(1) 3 ��1/3, Figures 8 and 9)
after the maximum temperature has been achieved, and we get
from Eq. 16

y � 1 � 2
1 � np2�

1 � 2/A
� o�1 � np2�

1 � 2/A � at 1 � np2� �� 1

(35)

In accordance with Eq. 18 and 19 this leads to very small fluxes
of the carriers depending on the activation energy of both
adsorption and desorption. The difference between the activa-
tion energies of the adsorption and desorption determines the
equilibrium values, and it affects the carrier concentrations
mainly during � 
 ���m

. When ��1 � �1 
 0 (��1 � �1 � 0)

the carrier concentrations are ascending (descending) functions
of time while the particle temperature drops (Figures 8 and 9).
When ��1 � �1, the carrier concentrations tend to be constant
and independent of the temperature drop.

The characteristic scale of the electric potential distribution
�
 increases proportionally with the ratio of a characteristic
surface molar flux of oxygen ions to the maximum possible
oxygen flux to the pellet surface, 	. This decreases correspond-
ingly the spatial gradients of �, and the impact on the diffusion
fluxes on the particle surface (Eq. 18 and 19). The temporal
temperature and ���m

behavior barely changes as 	 does. The
flux of ions near the metallic core and the oxidation rate Eq. 28
or �c, are also insensitive to changes in 	 (Figure 10). On the
other hand, the carrier concentrations and electric potentials on
the surface (Eq. 25) decrease with an increase in 	 (Figure 10).

Our calculations (Figure 6 and 7) predict that the electric
voltage is generated mainly after the reaction rate attained its
maximum and before the temperature reached its maximum
The time of voltage duration is about 10�2 of the combustion
time. In our calculations, the characteristic scale of the electric
potential, (see Eq. 20), is 0.13V at 1,500 K. The calculations
shown in Figures 2 and 3 predict a potential of about 0.5 V for
a typical pellet. These predictions are in a good agreement with
experimental results6,42.

Conclusions

Our model explains and predicts the generation of a temporal
electrical potential during the nonisothermal oxidation of a
single metal pellet. It assumes that the rate of the chemical
reaction can be described by the shrinking-core model. Oxygen
ions and electron holes are generated on the particle surface
and diffuse through the growing oxide shell to the metal core,
at which they are consumed by a very fast reaction. The pellet
surface and the shrinking metal core surface act as a source and
sink of the charge carriers, while the oxide shell separates the
charges. The different rates of diffusion of the positive and
negative charge carriers through the oxide shell generate an
electric potential. The ratio between the diffusion coefficients
of the charge carriers determines the surface electric potential
amplitude, polarization, and the difference between the time
the particle potential and temperature attain their maximums.
The larger is the ratio between the diffusion coefficients, the
greater is the voltage, and the smaller is combustion time, as
well as the difference between the time, the particle potential
and temperature attain their maximums. As this difference can
be readily measured, it offers a critical test of the validity of the
model.

The larger the convective and/or radiation heat transfer co-
efficients are the shorter is the difference between the time the
surface electric potential and the temperature attain their max-
imum values. At sufficiently high rates of heat removal from
the particle both the potential and temperature attain their
maximum values at essentially the same time. Owing to the
temperature dependence of the diffusion coefficients the time
of total metal consumption may decrease with increasing rate
of heat removal, that is, larger heat transfer coefficients. On the
other hand, the amplitudes of the surface electric potential and
potential difference across the oxide shell decrease with an
increase in the rate of heat removal at a large ratio of the two
diffusion coefficients.
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The activation energies of adsorption and desorption have
different impact on the pellet temporal temperature and surface
potential behavior. During the initial oxidation stage, before the
temperature has reached its maximum an increase in the acti-
vation energy of the adsorption strongly decreases the rates of
the temperature rise, the oxidation and of the surface electric
potential formation at sufficiently large values of the heat
transfer coefficients. The activation energy of the oxygen de-
sorption and the difference between the activation energies of
desorption and adsorption affect mainly the behavior after the
maximum temperature has been attained. The larger is the
desorption activation energy, the longer is the duration of the
temperature and potential decrease during the later combustion
stage.

The equilibrium carrier concentrations for each temperature
are determined by the difference between the activation ener-
gies of adsorption and desorption. The surface carrier concen-
trations attain the equilibrium values by the time of the maxi-
mum temperature has been achieved. The carrier
concentrations within the particle and at the metal-oxide inter-
face attain the equilibrium much later.

When the rate of heat removal is low a sharp drop in the
electric potential amplitude is caused by an increase in the ratio
between the characteristic molar flux of oxygen ions from the
surface and the maximum possible flux of oxygen to the pellet
surface. However, this increase almost does not influence the
maximum combustion temperature and combustion time, as
well as the time at which the surface electric potential reaches
its maximum.
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Notation

A � dimensionless oxygen adsorption rate, defined by Eq. 17
A0 � dimensionless adsorption pre-exponent, defined by Eq. 17
C � specific heat capacity, J/(kg � K)
D� � ratio of carriers diffusion coefficients, defined by Eq. 20
Di � diffusion coefficients, m2/s
Ei � activation energy J / mole

ED� � dimensionless activation energy of D�
e � electron/electron charge, C
h � electron hole

H0 � dimensionless Joule heating coefficient, defined by Eq. 30
H1 � dimensionless convective heat transfer coefficient, defined by

Eq. 30
H2 � dimensionless radiative heat transfer coefficient, defined by Eq.

30
�H � heat of reaction, J/m3

I � dimensionless maximum surface oxygen flux, defined by
Eq.(28).

k � Boltzmann constant, J/K
ki, k�i � reaction rate constants in Eqs. 2 and 3

k̃i � dimensionless rate constant, defined by Eq. 13
k � thermal diffusivity, m2/s

kc � mass-transfer coefficient, m/s
MW � molecular weight, kg/mole

n � dimensionless oxygen ions concentration, defined by Eq.17
NA � Avogadro number

p � dimensionless concentration of electron holes, defined by Eq. 17
r � radial coordinate, m
R � universal gas constant, J/(K � mole)

R0 � external radius of spherical pellet, m
Rox � shrinking metal core radius, m

T � temperature, K
t � time, s

tr � characteristic time of intrinsic metal oxidation, s
ttherm � characteristic time of thermal diffusion, s

tD � characteristic time of oxygen ion diffusion, s
Wi � surface reaction rate, mole/(m2s)

VO
�� � oxygen vacancy

y � dimensionless oxygen concentration, defined by Eq.17

Greek letters

� � heat transfer coefficient, J/(m2 � s � K)
	 � dimensionless oxygen ions molar surface flux, defined by Eq. 20.

�1 � dimensionless adsorption activation energy, defined by Eq. 17.
��1 � dimensionless desorption activation energy, defined by Eq. 17.

� � emissivity
� � conversion
� � dimensionless electric potential, defined by Eq. 20.
� � electric potential, V
� � dimensionless Debye screening length, defined by Eq. 21.
� � stoichiometric index
� � dimensionless temperature, defined by Eq. 17.

�cond � condensed phase density, kg/m3

�el � electric conductivity, 1/(� � m)
� � Stefan-Boltzmann constant, J/(m2 � s � K4)
� � dimensionless time, defined by Eq. 23

 � dimensionless radial coordinate, defined by Eq. 20.
� � dimensionless ratio of reaction rate constants, defined by Eq. 17.

Subscripts and superscripts

ads � adsorbed
c � metal consumption time
g � gaseous
m � maximum values
ox � at the metal-oxide interface
0 � initial value

00 � ambient temperature
1 � surface
i � interface

� � lattice
* � equilibrium concentrations

�/� � electric charge of defects

 � ambient concentration
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