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Abstract The progression of chemical reactions is
determined by both thermodynamics and kinetics factors.
Micropyretic/combustion reaction is a cascade of many
chain chemical reactions and thermodynamics and kinetics
of the ignition reaction are expected to greatly affect the
overall reaction outcome. Furthermore, the stability of the
sequential reaction and its progression are correspondingly
changed once micropyretic parameters are changed.
Improper ignition of micropyretic reaction provides either
excessive or insufficient external energy, thus causes over-
heating or extinguishing of the combustion front during
propagation and therefore the heterogeneous structures. To
achieve the homogeneous micropyretic reaction, it is
thought possible to control ignition energy. A numerical
study on the correlation of thermodynamics and kinetics
factors of ignition on the stable Ni 4+ Al reaction and the
required ignition energy is reported in this study. The
influences of activation energy (E), enthalpy of the
micropyretic reaction (Q), pre-exponential factor (K,),
thermal conductivity (K), heat capacity (C,), and thermal
activity of the reactants and product, on the temperature/
heat loss at the ignition spot and the length of pre-heating
zone are respectively studied. It is found that the activation
energy and heat capacity have the most significant effects
on the ignition energy. The required ignition energy is
increased by 44.0% and 23.9%, respectively, when the
activation energy and the heat capacity are both increased
by 40.0%
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Introduction

Micropyretic/combustion synthesis is a novel processing
technique in which the compacted powders are first ignited
by an external heating source to induce the chemical
reaction inside the heated materials [1-11]. After ignition,
the energy to propagate the combustion front is obtained
from the heat released by the formation of the synthesized
product. The unreacted portion in front of the combustion
front is heated by this exothermic heat, undergoes syn-
thesis, and propagates, thus causing further reaction and
synthesis. Improper ignition of the micropyretic reaction
may offer excessive or insufficient external energy, causing
over-heating or extinguishing of the front during propa-
gation [11, 12]. Thus, appropriate ignition energy is
required to propagate the stable combustion front. How-
ever, it has been also shown that the energy required to
ignite the micropyretic reaction is strongly dependent on
the ignition power and micropyretic reaction parameters
[11]. To choose the appropriate ignition manner and further
acquire the steady micropyretic reaction, an understanding
of the correlation of each micropyretic synthesis parameter
with the required ignition energy is important. This study
aims at such an understanding.

The influences of the ignition manner on micropyretic
synthesis have been investigated in several studies [13—18].
The experimental studies on the micropyretic reactions
with 2Ni + Al [13] and Ti + Ni [14] systems have indi-
cated that an increase in the ignition power increases the
heating rate at the ignition spot. The temperature is quickly
raised to the melting point of lower refractory reactant and
then the melting of reactants accelerates to ignite the mi-
cropyretic reaction. Increasing the ignition power
accelerates the rate of temperature increase up to the
melting point of the reactants, thus reducing the ignition
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time [13, 14]. Similar experimental results have been found
in the Ti—C micropyretic reaction ignited by a mechanical
milling [15]. It has also been shown that an increase in the
milling energy decreases the ignition time. Another
experimental investigation on Nb + C micropyretic reac-
tion also shows that an increase in the ignition power
reduces the ignition time; however, the energy for ignition
is raised [16]. Shen et al. [13] reported that an increase in
the reactant density increases the time for igniting the
micropyretic reaction with 2Ni 4+ Al. However, another
study in the Ni + Al reaction showed different results [17].
It is shown that an increase in the compact pressure or the
reactant density decreases the ignition temperature, further
reducing the time required for ignition [17]. In addition to
the compact density, the ratio of reactants [14] and the
particle size [17, 18] both have been reported to influence
the time required for ignition.

The previous numerical study has also shown that the
energy required to ignite the Ti 4+ 2B reaction is much
higher than that required to ignite the Ni + Al reaction
[11]. This is probably because the activation energy of
Ti + 2B micropyretic reaction is higher than that of
Ni + Al micropyretic reaction. However, it has been pro-
posed that the activation energy, exothermic heat, pre-
exponential factor, ignition power as well as thermophys-
ical/chemical parameters of reactants and product probably
influence the energy required to ignite the micropyretic
reaction [11]. In order to understand the influence of the
variations in these parameters on the ignition energy, the
numerical investigation is systematically carried out to
study the correlation of these parameters with the ignition
energy during micropyretic synthesis. The correlations of
these micropyretic parameters with thermal profiles are
first investigated. In addition, the required energy to ignite
the micropyretic reaction with these parameters is also
calculated. The numerical procedure used in this study
takes into consideration the various microprocesses, such
as the melting of reactants, the diffusion and mixing of
reactants, and the formation of products. The Ni + Al
stable micropyretic reaction is chosen to demonstrate the
effects on the ignition energy in this study.

Numerical calculation procedure

During the passage of a combustion front in the micropy-
retic reaction, the energy equation for transient heat
conduction, which includes the source term containing heat
release due to the exothermic reaction, is given as [1-3, 5]:

pC, (%) :a% (K(Z—D) —@‘FPQ@(TW) (1)

Each symbol in the equation is explained in the
nomenclature section. The reaction rate, ®(T,n), in Eq. 1 is
given as:

(T, n) = % = Ko(1 —n)exp (— %) (2)

In this study, a numerical calculation for Eq. 1 is carried
out with the assumption of the first-order kinetics. In Eq. 1,
the energy required for heating the synthesized product
from the initial temperature to the adiabatic combustion
temperature is shown on the left-hand side. The terms on
the right-hand side are the conduction heat transfer term,
the surface heat loss parameter, and the heat release due to
the exothermic micropyretic reaction, respectively.

A middle-difference approximation and an enthalpy-
temperature method coupled with Guass-Seidel iteration
procedure are used to solve the equations of the micropy-
retic synthesis problems. In the computational simulation, a
one-dimensional sample of 1 cm long is divided into 1,201
nodes (regions) to calculate the local temperature. This
one-dimensional numerical model assumes the following
sequence of events: (1) the specimen is gradually heated by
a surface heat source in very small time steps (0.025 ms);
(2) the reaction is ignited and the combustion front prop-
agates along the specimen. The choice of 1 cm sample
length is only for computational purpose and the simulation
results are applicable to practical experimental conditions.

The various microscale events, that is, local processes
such as heating of the sample, melting of lower refrac-
tory reactant, and formation of product, are included
in this calculation procedure. In addition, the various
thermophysical/chemical parameters, such as thermal
conductivity, density, and heat capacity of the reactants and
product, are assumed to be independent of temperature, but
they are different in each state. The effect of melting of
reactants and product is included in the calculation pro-
cedure. The porosities of the reactants and product which
influence the density and thermal conductivity profiles are
also considered in the calculation. The porosities of the
reactants and product are both taken as 30% in this study.
The average values of these parameters vary when the
reaction proceeds, depending upon the degree of reaction.
Depending on the values of the temperature and extent of
enthalpy released in the reaction, the proper thermophysi-
cal/chemical parameters are considered in the numerical
calculation. At any given time, the reacted fraction and the
enthalpy of the current iteration are calculated from the
previous reacted fraction, enthalpy, and other parameters of
the earlier iteration. The range of the enthalpy as well as
the molar ratio among each material for each node is thus
determined, and the values of temperature, density, and
thermal conductivity at each node can be further calculated
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Table 1 The thermophysical/
chemical parameters for the

reactants and product at sold
state (300 K) and liquid state
[19-21]

Thermophysical/chemical parameters Al Ni NiAl

Heat capacity (300 K) (J/(kgK)) 902 [19] 445 [19] 537 [19]
Heat capacity (liquid) (J/(kgK)) 1,178 [19] 735 [19] 831 [19]
Thermal conductivity (300 K) (J/(msK)) 238 [21] 88.5 [21] 75 [20]
Thermal conductivity (liquid) (J/(msK)) 100 [21] 53 [20] 55 [20]
Density (300 K) (kg/m?) 2,700 [21] 8,900 [21] 6,050 [20]
Density (liquid) (kg/m®) 2,385 [21] 7,905 [21] 5,950 [21]

in the appropriate zone. The criterion used to ascertain
whether the reacted fraction () and the enthalpies (¢)
at each time level converge or not, is determined
from the relative error criterion, i.e., for all nodes
|+ — ") /0’| <107° and | (""" — ¢")/¢'| <0.001. The
superscripts ¢ + [ and ¢ denote the current and previous
iterations, respectively. Once the convergence criterion for
every node is met, the enthalpy and the reacted fraction of
the last iteration in a time step are considered to be the
corresponding final values. The calculations are normally
performed 500-2,000 times, depending upon the calculated
thermal parameters to make all 1,201 nodes meet the cri-
terion for each time step. At least 600 time steps are
calculated to allow the propagation of the combustion front
across the 1-cm-long specimen completely. The parameter
values used in the computational calculation are shown in
Tables 1 [19-21] and 2 [19, 22]. In this study, the com-
bustion temperature is defined as the highest reaction
temperature during combustion synthesis and the propa-
gation velocity is the velocity of the combustion front
propagation. The pre-heating zone is calculated from the
end of reaction nodes (zones) until the position where the
temperature is decreased to the original substrate
temperature.

Results and discussion

Figure 1 shows the temperature profiles of combustion
fronts at various times along the Ni + Al specimen. The
micropyretic reactions are ignited by a constant heating
rate of 397 Joule/(ms g) at the position 0 cm and the
heating sources are removed immediately after the com-
bustion front starts propagating from left to right. The

Table 2 The values of various parameters used in the numerical
calculation [19, 22]

Parameters NiAl
Combustion temperature (K) 1,912
Activation energy (kJ/mole) 139 [22]
Exothermic heat (kJ/mole) 118.5 [19]
Pre-exponential factor (1/s) 4 x 108

@ Springer

interval time between two consecutive time steps (profiles)
in Fig. 1 is 0.25 ms. Figure 1b shows that the combustion
front takes 3.35 ms to start propagation for the reaction
with the reported experimental activation energy
(139.0 KJ/mole) [22]. This ignition time interval corre-
sponds to the ignition energy of 1,330 Joule/g. When 80%
of the reported experimental activation energy value
(111.2 KJ/mole) is taken in the numerical calculation, the
ignition time is reduced from 3.35 ms to 2.85 ms (Fig. la)
and also the ignition energy is decreased to 983 Joule/g. In
addition, the calculated propagation velocity is increased
from 533 mm/s to 1,279 mm/s. On the other hand, the
ignition time and energy are respectively increased to
3.80 ms and 1,578 Joule/g when 120% of the reported
experimental activation energy is taken in the calculation
(Fig. 1c). The combustion front is also noted to extinguish
after ignition. Figure 1 indicates that the variations in
activation energy change the ignition time and corre-
spondingly affect the energy required to ignite the
micropyretic reaction. Similarly, the changes in the other
micropyretic parameters, including exothermic heat,
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Fig. 1 Time variations of the combustion front temperature along the
NiAl specimen with the pre-exponential factor of 4 x 10® s™'. The
interval time between two consecutive time steps (profiles) is
0.25 ms. The ignition power is taken as 397 Joule/(ms g) in the
numerical calculation. The activation energy in (a), (b), and (c) are
111.2 KJ/mole (80% E), 139.0 KJ/mole (reported experimental value
E) [22], and 166.8 KJ/mole (120% E), respectively
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pre-exponential factor, heat capacity, thermal conductivity,
and thermal activity, are expected to affect the ignition
time and energy. To understand the impacts of the varia-
tions in these micropyretic parameters on the ignition
condition, the influences of these parameters on the heat
loss/temperature at the ignition point and the length of
pre-heating zone are respectively studied in this article.

Activation energy

Figure 2a shows the temperature changes at the ignition
point for the reactions with different values of activation
energy. The initial heating rates at the ignition spot are
calculated to be 260 K/ms. As temperature is increased to
the melting point of Al (Teiing = 933 K), Al starts to melt
and a temperature plateau is formed. The melting of Al
increases the contact area between the reactants, further
aiding the start of the micropyretic reaction and raising the
temperature sharply. The micropyretic reaction with small
activation energy (80% E, i.e., 80% of the reported
experimental value) is found to ignite firstly and the tem-
perature is then increased at 4,420 K/ms, as shown in
Fig. 2a. An increase in the activation energy to 120% E
decreases the kinetics of the reaction and further obstructs
the start of the micropyretic reaction. The rate of
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Fig. 2 The plots of (a) temperature at the ignition point, (b) length of
pre-heating zone for a combustion front, and (¢) dimensionless heat
loss at the ignition point for the reactions with the different values of
activation energy. The central line in each figure denotes the Ni + Al
micropyretic reaction with the experimental value of activation
energy 139 KJ/mole [22]. The other lines denote the reactions with
120% (bold line) and 80% of the reported value of activation energy,
respectively

temperature rise is thus decreased from 4,420 K/ms to
2,800 K/ms. Therefore, the time required for completing
the reaction is increased, further correspondingly enhanc-
ing the required ignition energy for a given ignition power.
During heating of the sample, the thermal energy is
continuously transferred from the reaction zone at ignition
spot to the pre-heating zone. Thus, the temperature in the
pre-heating zone is expected to enhance and zone length is
correspondingly increased with the ignition time. Figure 2b
shows that the length of pre-heating zone is continuously
increased during the heating stage. After the micropyretic
reaction is ignited, the heating source is immediately
removed. The released exothermic heat replacing the
heating source becomes the primary source to ignite the
new reaction and provide the transferred energy to the pre-
heating zone. Thus, the zone length is expected to remain
constant with the propagation of a combustion front. Fig-
ure 2b shows that the zone length of a combustion front is
gradually deceased to a constant value after the reaction is
ignited. It is also noted that the reaction with smaller
activation energy (80% E) is decreased first due to less
ignition time. When a higher activation energy (120% E) is
taken in the calculation, the ignition time and temperature
are found to increase. Such an increase in the (initial)
temperature at the ignition spot significantly raises the
temperature higher than the theoretical combustion tem-
perature (1,912 K) after the reaction is ignited, as shown in
Fig. 2a. An abrupt increase in the temperature at the igni-
tion spot is expected to lead to heterogeneous
microstructure. The zone length is also found to continu-
ously increase as the combustion front extinguishes.
Since the energy is continuously transferred (loss) from
the ignition point to the pre-heating zone during heating of
the specimen, the heat loss at the ignition point is therefore
increased with the reaction time, as shown in Fig. 2c. It is
noted that the heat loss distributions before the melting of
Al for all the reactions are identical. When the temperature
is increased to the melting point of Al, the temperature
stops to increase and the heat loss is correspondingly
decreased. As the reaction with lower activation energy
(80% E) is ignited early at the melting point of Al, the
reaction at the ignition spot is complete and heat loss is
thus noted to decrease to zero during the Al melting. After
the melting of reactant Al is complete, the heat loss is
increased again for the reactions with higher activation
energy. The increase in the heat loss is expected to enhance
the energy required to ignite the micropyretic reaction.

Exothermic heat

Since the exothermic heat of the micropyretic reaction is
released after the reaction has been ignited, it is not
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Fig. 3 The plots of (a) temperature at the ignition point, (b) length of
pre-heating zone for a combustion front, and (c¢) dimensionless heat
loss at the ignition point for the reactions with the different values of
exothermic heat. The central line in each figure denotes the Ni + Al
micropyretic reaction with the experimental value of exothermic heat
118.5 KJ/mole [19]. The other lines denote the reactions with 120%
(bold line) and 80% of the reported value of exothermic heat,
respectively

expected to influence the profiles of these studied param-
eters before the start of the micropyretic reaction. Hence,
Fig. 3 shows that the temperature, zone length, and heat
loss distributions are identical before the reactions are
ignited. When the reaction is ignited and the exothermic
heat is released, the temperature at the ignition spot is
quickly enhanced. Figure 3a shows that the heating rate
and combustion temperature (i.e., the highest temperature
during the reaction) at the ignition spot are both increased
with increasing exothermic heat. The higher exothermic
heat of the micropyretic reaction leads to a higher com-
bustion temperature and a faster propagation velocity. The
faster propagation velocity corresponds to a narrower
length of pre-heating zone. Hence, the stabilized constant
value for zone length of combustion front is noted to
decrease with the increase in the exothermic heat (Fig. 3b).

Pre-exponential factor

A change in the pre-exponential factor or frequency factor,
K, is known to influence the reactivity of the micropyretic
reaction [1, 2, 5]. The K, value is reported to be proportional
to Do/rz, where D, is the reference diffusion coefficient and
r is the diameter of the non-melting reactants [2]. An
increase in the K, value is equivalent to decreasing the
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Fig. 4 The plots of (a) temperature at the ignition point, (b) length of
pre-heating zone for a combustion front, and (¢) dimensionless heat
loss at the ignition point for the reactions with the different values of
pre-exponential factor. The central line in each figure denotes the
Ni + Al micropyretic reaction with the pre-exponential factor,
4 x 10® 1/s. The other lines denote the reactions with 120% (bold
line) and 80% of the value of pre-exponential factor, respectively

particle size of the reactant or increasing the reference
diffusion coefficient, which further increases the kinetics of
the reaction. Hence, Fig. 4a shows that an increase in the
pre-exponential factor reduces the time required to ignite
the reaction and increases the propagating velocity. A nar-
rower pre-heating zone is correspondingly formed, as
shown in Fig. 4b. Since a smaller K|, value corresponds to a
larger particle size of the reactant [5], the reaction with a
smaller K, value is expected to have a higher thermal
conductivity for a given constituents and porosity. Thus, it
is noted from Fig. 4c that the heat loss is increased with the
decrease in the pre-exponential factor.

Thermal conductivity

The influences of the changes in the thermal conductivities
of reactants and product are simultaneously considered in
the calculation. Normally a lower thermal conductivity
reduces the heat loss at the ignition spot and thus the
reaction with a lower thermal conductivity is quickly
ignited. Figure 5a illustrates that the ignition time is
decreased as the thermal conductivity of reactants/product
is decreased from the reported experimental value
(100% K) to 80% of the reported value (80% K). The
length of pre-heating zone (Fig. 5b) and the heat loss
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Fig. 5 The plots of (a) temperature at the ignition point, (b) length of
pre-heating zone for a combustion front, and (c) dimensionless heat
loss at the ignition point for the reactions with the different values of
thermal conductivity. The central line in each figure denotes the
Ni + Al micropyretic reaction with the experimental value of thermal
conductivity. The other lines denote the reactions with 120% (bold
line) and 80% of the experimental value of thermal conductivity,
respectively

(Fig. 5c) are correspondingly reduced with the decrease in
the thermal conductivity. The individual effect of thermal
conductivity of reactants or product on the thermal profiles
is also studied. The numerical results indicate that the
changes in the temperature and heat loss at the ignition spot
as well as the length of pre-heating zone are primarily
influenced by the thermal conductivity of reactants. The
variations in the thermal conductivity of product only
slightly change the length of pre-heating zone after the
reaction is ignited, whereas the amount of heat loss at the
ignition spot is noted to be independent on the thermal
conductivity of product.

Heat capacity

Figure 6 shows the distributions of temperature, zone
length, and heat loss for the reaction with different heat
capacities of reactants and product. The reaction with
smaller heat capacity (80% C,) is quickly heated for a
given input energy. Thus, the rate of temperature increase
is higher and the ignition time is correspondingly reduced
with the decrease in heat capacity of reactants and product,
as shown in Fig. 6a. Since the changes in the heat capacity
do not affect the transfer of heat, the maximum values of
the zone length (Fig. 6b) and heat loss (Fig. 6¢) are almost
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Fig. 6 The plots of (a) temperature at the ignition point, (b) length
of pre-heating zone for a combustion front, and (¢) dimensionless heat
loss at the ignition point for the reactions with the different values of
heat capacity. The central line in each figure denotes the Ni + Al
micropyretic reaction with the experimental value of heat capacity.
The other lines denote the reactions with 120% (bold line) and 80% of
the experimental value of heat capacity, respectively

the same for the reactions with different values of heat
capacity. In other words, the heat capacity only affects the
ignition time and the maximum values of heat loss and
zone length are not influenced. Thus, the profiles for the
reactions with different heat capacities of reactants and
product are similar in the vertical direction and are only
changed in the horizontal direction due to the different
ignition time. The individual effect of heat capacities of
reactants or product on these micropyretic parameters is
also studied. As expected, the numerical results indicate
that the heat capacity of reactants influences the studied
micropyretic parameters before the start of micropyretic
reaction whereas the heat capacity of product affects the
micropyretic parameters after the start of reaction.

Thermal activity

In this study, the thermal activity is defined as the product
of thermal conductivity, heat capacity, and porosity.
Figure 7 indicates that with small thermal activity, the rate
of temperature increase is slightly more at the ignition spot
before ignition. It is also found that the profiles for the heat
loss at the ignition spot and length of pre-heating zone are
identical before the reaction starts. In addition, an increase
in the thermal activity is also noted to increase the ignition
time. The previous discussion has shown that the changes
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loss at the ignition point for the reactions with the different values of
thermal activity. The central line in each figure denotes the Ni + Al
micropyretic reaction with the experimental value of thermal activity.
The other lines denote the reactions with 120% (bold line) and 80% of
the experimental value of thermal activity, respectively

in thermal conductivity primarily affect the thermal profiles
in the vertical direction (absolute value) whereas the
changes in heat capacity affect the profiles in the horizontal
direction (ignition time). Since the variations in the thermal
activity is equivalent to the simultaneous changes in the
thermal conductivity and the heat capacity, the changes in
the profiles of temperature, heat loss, and zone length are
found to vary both in the vertical and horizontal directions
(Figs. 5-7).

Required ignition energy

The above numerical results have indicated that the
micropyretic synthesis parameters have the pronounced
effects on changing the temperature and further heat loss at
the ignition spot. The time and energy required to ignite the
micropyretic reaction are correspondingly altered by these
micropyretic synthesis parameters. The influence of
changing the parameters on the energy required to ignite the
reactions are illustrated in Fig. 8. The calculated result
indicates that 1,330 Joule/g and 1,608 Joule/g, respectively,
are required to ignite the NiAl micropyretic reaction when
the ignition rates of 397 Joule/(ms g) and 1,191 Joule/
(ms g) are taken in the calculation. The required energy for
the reaction ignited by a lower ignition rate is found to be
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Fig. 8 The influence of the changes in the parameters (a) activation
energy, (b) exothermic heat, (¢) pre-exponential factor, (d) thermal
conductivity, (e) heat capacity, and (f) thermal activity on the ignition
energy. The NiAl micropyretic reactions are respectively ignited by a
higher ignition rates of 1,911 Joule/(ms g) (solid symbols) and a
lower ignition rates of 397 Joule/(ms g) (open symbols)

less than that with a higher ignition rate. The calculated
results agree with the experimental observation on the mi-
cropyretic reaction with Nb + C [16]. When the chosen
parameters are increased to 140% and a lower ignition
power (397 Joule/(ms g)) is taken in the calculation, Fig. 8
shows that the required ignition energy is increased by
44.0% for activation energy and 23.9% for heat capacity.
Figure 8 illustrates that the ignition energy is slightly
dependent on the exothermic heat/thermal conductivity and
an increase in the pre-exponential factor decreases the
required ignition energy. It is also noted that the percentage
of change in the ignition energy for the reaction with dif-
ferent thermal activity is approximately equal to the sum of
the change in ignition energy for the reactions with thermal
conductivity and heat capacity.

Summary
A numerical investigation on ignition for synthesized NiAl

compound has been studied in this article. The correlations
of the heat loss/temperature at the ignition spot and the
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length of pre-heating zone with the activation energy (E),
exothermic heat (Q), pre-exponential factor (K,), thermal
conductivity (K), heat capacity (C,), and thermal activity
have been investigated. The variations in activation energy,
E, has a pronounced effect on increasing the ignition time.
It is found that the reaction with lower activation energy is
ignited early at the melting of Al. A decrease in the ignition
time further reduces the heat loss and ignition energy. The
changes in the exothermic heat Q are noted to only affect
the heat loss and zone length after the micropyretic reac-
tion starts. Thus, the amount of the exothermic heat does
not significantly affect the ignition energy. The pre-expo-
nential factor K, is reported to decrease the thermal
conductivity. It is thus found that the rate of the heat loss is
increased with decrease in the pre-exponential factor. The
thermal conductivity and heat capacity are also noted to
affect the heat loss at the ignition spot and length of pre-
heating zone. An increase in the thermal conductivity
increases the maximum value (vertical direction) of the
heat loss and zone length whereas the heat capacity
enlarges the distribution (shape) in the horizontal direction.
When the changes in the thermal conductivity and the heat
capacity are concurrently considered in the calculation, it is
found that the variations in the thermal activity influence
the thermal profiles and zone length in both directions. The
required energy to ignite the micropyretic reactions with
different micropyretic parameters is also calculated. An
increase in the ignition power is noted to increase the
required ignition energy. It is also found that the activation
energy and heat capacity are the primary factors to influ-
ence the ignition energy. The calculated results also
indicate that the percentage of change in the ignition
energy for the reaction with different thermal activity is
approximately equal to the sum of the change in ignition
energy for the reaction with thermal conductivity and heat
capacity.
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