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Mathematical modeling of the combustion synthesis was studied theoretically and 
experimentally by taking Mg2 Ni synthesis as an example. An unsteady two-dimensional 
mathematical model was constructed by reflecting drastic changes in thermo-physical 
properties from starting material of magnesium nickel mixture to a product of inter- 
metallic compound and measured solid-phase reaction rate with/without melting. For 
validating the model experimentally, an end of the cylindrical sample of compressive 
powders was heated, and local temperatures of the sample were monitored. The com- 
parison between calculated and measured temperatures showed plausible agreement 
when the model took partial melting effect of a eutectoid phase into the fundamental 
equations. 

Introduction 

An experimentally-validated mathematical model of the 
combustion synthesis has never been reported until now in 
spite of its importance. This was probably caused by a lack of 
thermophysical property and reaction rate equation. Thus, 
even if a model of the combustion synthesis was developed, it 
was difficult to validate it experimentally. For this reason, 
most of the mathematical models reported (Advani et al., 
1992; Kuwabara et al., 199.5; Puszynski et al., 1987; Varma et 
al., 1990) were directed to an elucidation of process character 
rather than process simulation. They greatly contributed to 
the fundamental understanding of the combustion synthesis. 
However, now that some processes of the combustion synthe- 
sis have been industrialized, sophistication of the model is 
needed for practical use. In addition, recently some re- 
searchers reported thermophysical property and reaction rate 
during the combustion synthesis. 

The objective of this study is, therefore, to develop a math- 
ematical model of the combustion synthesis through experi- 
ments of Mg,Ni synthesis. It is because Mg,Ni is one of the 
most typical hydrogen storage alloys and there are plans for 
the practical use of the combustion synthesis of this alloy in 
the near future (Akiyama et  al., 199Sa,b, 1996a,b, 1997a). 

Experimental Studies 

Samples wcrc prepared from commercially available 
reagents of magnesium ( -  177 micron) and nickel (2 to 3 mi- 
cron). The) were well mixed with a 2:l molar ratio in a liquid 
acetone by using an ultrasonic homogenizer, dried and then 
compressed to cylindrical shape (10 mm 41, by a single acting 
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press at 1.0 GPa. Figure 1 shows the experimental apparatus 
used. A bottom end of the sample is uniformly heated by 
electrical resistance Nichrome heater through thin mica plate 
with 0.1 mm thickness. The mica plate was inserted in order 
to avoid electrical conduction between the heater and the 
sample. The resulting heat propagation within the sample 
from bottom to top was monitored by two thermocouples in- 
serted at different heights on a central axis, as shown in Fig- 
ure 2. The heater surface except the sample-contacting round 

Figure 1. Experimental apparatus for combustion syn- 
thesis of Mg-Ni compressed materials. 
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Table 1. Basic Equations for Mathematical Modeling 

Figure 2. Grid arrangement for numerical computation 
with location of thermocouple inserted (60 x 
15). 

area (10 mm 4 )  was covered by an alumina plate ( 2  mm 
thickness) in order to prevent thermal radiation from the 
heater to the sample side surface. During the experiment, a 
bottom end of the sample was kept at a desired constant tem- 
perature for 600 s at argon atmosphere. According to a pre- 
liminary test, keeping the heater constant temperature was 
needed for the combustion synthesis of this system, due to 
weak exothermic heat. 

Numerical Analysis 
Fundamental equations of heat transfer are derived in a 

2-D cylindrical coordinate, as listed in Table 1; the third term 
on the righthand side consists of exothermic combustion heat 
and endothermic heat due to melting of a eutectoid phase of 
the Mg-Ni system. Thus, this equation is generally available 
for the combustion synthesis with phase change. Equations 7 
to 10 are boundary conditions, meaning that the heat loss 
from the surface of the sample is due to thermal radiation 
and natural convection, there is no heat flux (adiabatic) on 
the central axis, and the mica plate temperature is the same 
as the heater. The fundamental Eq. 1 was discretized by us- 
ing the control volume method (Patankar, 1985) and a re- 
peated numerical analysis computed based on an implicit 
scheme until convergence. 

In the computation, much attention is paid to optimize 
mesh structure. For this purpose, mesh dependence on tem- 
perature field is examined for different mesh structures. The 
computations are done with the help of underrelaxation 
scheme around the eutectic temperature in the iterative pro- 
cedure for avoiding divergence during the iteration. 

Property 
Table 2 and Figure 3 summarize all properties and process 

parameters used for the numerical computation. 

I.C. 
T = T ,  (at t = 0 )  

f, = f,,, = 0 (at / = 0) 

B.C. 
dT 

d r  
- _  - 0 

surement, a piece of the sample (1 mg) was heated at the rate 
of 1 K per min at argon atmosphere. It is confirmed that the 
obtained data have good agreement at lower temperature with 
recently reviewed data of Mg,Ni by Feufel and Sommer 
(1995). 

Thermal difisivity, (Y 

A laser flash method (Akiyama et al., 199%) was employed 
for the measurement of thermal diffusivity. The procedure of 
the method is that a pulsed Ruby laser beam flashes the top 

Table 2. Properties Used for Numerical Computation 

Property Value Methodfieference 

Sample 
C,, 483 8 + 0 6466T DSC 
a 2 85 x W 5 ( l  - f, Laser Fldsh method 

+ 1 39 X lO-'J, 
2970( 1 - f, ) + 2860fr Archimedes method P 

- 372 4 X 10' Feufel and Sommer (1995) 
x, a.p.C,, 
AHc 
A H m  1587x10' DSC 
A,  5 46 x 10': DSC 
A2 2 79x  10' DSC 
AE 159 x 103 DSC 

h 2 8 (Side), 3 6 (Top) McAdams method 
E 0 l(1- J,)+0 9f, Aieksander (1996) 

Specific heat, C, 
Data of specific heat of the sample is measured from dif- 

ferential scanning calorimeter (DSC) base line. In the mea- 

Mica plate 
Cp,rn,ca 837 Nishikawa and Fujita (1985) 
P m m  2600 Nishikawa and Fujita (1985) 
k,,,, 4.8x 10-'T +0.371 Astronomical Observatory (1991) 
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Figure 3. Temperature dependences of reaction de- 
gree, thermal diffusivity, density, specific heat, 
and thermal conductivity of the sample. 

surface of a disk shaped sample, 10 mm in diameter and 1 
mm in thicknes at vacuum and then a radiation pyrometer 
monitors temperature response at the back surface of the 
sample. From the obtained temperature curve, we can assess 
thermal diffusivity. The data measured under a heating con- 
dition before the reaction gradually decreased with the reac- 
tion, and decreased to approximately half under a cooling 
condition. Significantly, the obtained data was well corre- 
lated by weighing equation with reaction degree, as given in 
Table 2 and Figure 3. 

Apparent density 

Heat-transfer coeficient, h 
McAdams' equation (McAdams, 1954) gives a heat-transfer 

coefficient (W-m- ' .  k-') for natural convection in the form 
of a Nusselt number correlation at a given sample tempera- 
ture. 

Reaction rate equation 
Equations 2 and 3 in Table 1 are determined in a previous 

study as reaction rate equation for the Mg,Ni combustion 
synthesis (Akiyama et al., 1997~). 

Heat offusion, AH,,, 
It is known that the Mg-Ni combustion synthesis causes 

partial melting over a eutectic temperature (Akiyama et  al., 
1995a). The DSC analysis, done at argon atmosphere using a 
1 mg sample, showed that the amount of melting changes 
significantly with heating rate. Simply speaking, the larger 
heating rate brings the more melting and vice versa; thus, the 
melting amount should be correlated by an unreacted degree 
at 779 K, 1 - f,, 779 K .  For evaluating the intrinsic value of fu- 
sion heat AHm by the extrapolation technique, the data, 
measured by the DSC analysis, are plotted against the recip- 
rocal of heating rate in Figure 4. The obtained value as AH,, 
was 158.7 kJ/kg. As a result, effective heat of fusion is ex- 
pressed by multiplying this value and unreacted degree at 779 
K. In addition, the DSC analysis showed that the melting 
temperature region is from T, (779 K) to T,,, + AT, (ca. 30 
K). From this fact, we can express a rate of melting by Eq. 4 
given in Table 1. 

Results and Discussion 
Mesh dependence 

Using the model developed, we examined mesh depen- 
dence upon the computed solution. For this purpose, six dif- 
ferent mesh structures with uniform width were prepared, as 
given in Table 3. The computation conditions were set to be 
identical as experimental ones. To evaluate quantitatively the 
mesh dependence on the computed results, we selected three 

Apparent density of the sample before and after the reac- 
tion at room temperature was evaluated based on Archimedes 
method. With quite a small thermal expansion of metallic 
magnesium and nickel below 1,000 K, apparent density is re- 
garded as comtdnt before and after the reaction. During the 
reaction, it varies with reaction degree linearly. 

Thermal conductivity, k ,  
Thermai conductivity of the sample can be evaluated by 

multiplying the three properties of specific heat, effective 
thermal diffusivity and apparent density (Akiyama et al., 
1997b). 

I '  1 1 1  

- ' I  l -  Calc 1 j 
I Exp 1 1 
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Heating rate, l / d  / m i i i  * K 
Emissiuity, E 

According to a previous study (Akiyama et  al., 1995a), the 
sample transforms from the smooth surface with metallic lus- 
ter to dark, rough skin. Data of nickel with polished-surface 
and nickel chrome alloy with oxidized surface are employed. 

Figure 4. Apparent latent heat of the sample against 
heating rate for estimation of true latent heat 
by an extrapolation technique. 
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Table 3. Mesh Dependence Against Calculated Temperature 
at Reference Points after 300 s 

Grid Temperature, T/K 
~ 

No. r x z  

1 10x40 839.19 819.95 818.60 i 
2 15x40 848.46 829.99 828.61 , 

3 5 x 6 0  850.67 832.53 831.16 I 4 10x60 854.21 836.75 835.41 I 
5 15x60 854.06 836.29 834.92 ' 
6 15x70 854.10 836.42 834.96 .'L i 

different locations as a reference point. Table 3 givcs ob- 
tained temperatures at the reference points after just 300 s. 
Some structures of coarse mesh gave remarkably small values 
as temperature. For example, between the meshes of  No. 1 
and No. 6 temperature difference reached as much as 16 K. 
This implies that the coarse mesh cannot follow actual tran- 
sient phenomena of heat transfer under this condition. In fact, 
the maximum difference between Nos. 4 and 5 meshes was 
0.059%' on the No. 5 mesh basis and between the Nos. 5 and 
6 ones (0.016%). From these results, it is judged that the No. 
5 mesh structure (15x60) is fine enough for obtaining rea- 
sonable solution within error of 0.02%. 

Comparison to experimental data 
Using the No. 5 mesh structure, the computation was done 

under experimental conditions. In the experiment of heater 
temperature of 1,133 K, the temperature was kept to be con- 
stant during the experiment. Figure 5 shows calculated re- 
sults at positions Nos. 1 and 2 in comparison to observed 

Figure 5. Observed calculated temperatures during 
combustion synthesis, together with calcu- 
lated profiles of conversion ratio (heater tem- 
perature: 1,133 K). 

ones. It is found that the observed temperatures of the sam- 
ple increased gradually, then jumped and finally approached 
a constant value. The jump is due to an exothermic heat 
caused by the combustion synthesis. Calculated conversion 
also simulates this phenomena well. 

The observed temperature at the first position (No. 1) 
showed always slightly higher than at the second one (No. 2) 
during the cxperiment, as the calculated temperature showed. 
As for both the starting time of the temperature jump and its 
magnitude, there is good agreement between the observed 
and calculated results. In particular, calculated peak posi- 
tions simulated observed ones completely, although slight 
over-evaluation of temperature is found at an initial stage. 

Influence of melting 
While developing the model, we examined mclting effect 

numerically. To our knowledge, endothermic heat of the 
melting has been usually neglected in fundamental equations 
of the combustion synthesis; this is because exothermic heat 
of combustion is often much too large in comparison to that. 
According to Kuwabara et al. (19951, so far, only a few mod- 
els have been devoted to phase-change problems in the com- 
bustion synthesis process. However, we should recognize that 
exothermic heat of combustion synthesis of some intermetal- 
lic compounds, including Mg,Ni synthesis, is relatively small. 

The effect of melting was studied by solving two different 
fundamental equations with and without a term of melting 
heat. Figure 6 shows tcmperature curves calculated with and 

k; 
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Figure 6. Influence of latent heat of the sample melting 
on temperature profiles. 
(d Without latent heat,  (h) with latent heat 
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Figure 7. Comparison between liquid-trigger combus- 
tion and solid-phase combustion in conver- 
sion curve at position No. 7. 

without the melting effect. It is obvious that the temperature 
peaks without the melting effect are too sharp, showing ab- 
normal shape. in comparison to the observed one. In addi- 
tion, temperature profiles at different positions superimpose 
partially although experimental data are different. 

In contrast, the model with the melting effect simulates the 
observed data well, in which peak shape becomes smooth. 
This is the reason why we did not neglect the melting effect 
in the fundamental equations. Partial melting causes liquid- 
trigger combustion. Figure 7 shows a change in the rate of 
liquid-trigger combustion and solid phase combustion at posi- 
tion No. 1. In this case, the rate of solid-phase combustion 
was more. However, it is found that the rate of liquid-trigger 
combustion is not neglected. In particular, this rate will be- 
come predominant with increasing heating rate. 

Influence of radial distribution 
Figure 8 shows radial distributions of temperature and re- 

action degree within the sample during the reaction. The ra- 

,-. __ 
. ~- 

Figure 8. Distribution changes of temperature and con- 
version ratio in the sample with time (AT = 1 .O, 
Af = 0.01. 

dial distributions of temperature become larger with time, 
which is probably caused by increases in both surface temper- 
ature and the sample emissivity. Heat loss from the sample 
surface induces radial distributions of the reaction degree; 
this leads the lower degree near the sample surface. These 
results imply that 2-D analysis at least is needed if heat loss 
from the sample is not neglected. 

Conclusion 
In this study, a total mathematical model has been success- 

fully developed. It simulates transport phenomena in the 
combustion synthesis process of the Mg-Ni system. The char- 
acter of the model developed is to take measured properties 
and reaction rate equation into consideration. In particular, 
as reaction mechanism, two modes of solid-phase combustion 
and liquid-trigger combustion with partial melting are in- 
volved. 

Comparison between numerical simulation and experimen- 
tal data showed good agreement. This also offers the benefit 
of being widely applicable to other systems of the combustion 
synthesis. 
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Notation 
A =  frequency factor, s - ’  

C p =  heat capacity, J -kg- I -K-’  
A E =  activation energy, J*molF’ 

A H =  reaction heat, J -kg - ’  
f= conversion 

k =  thermal conductivity, W-m-’ .K- ’  
r = radial coordinate, m 

R = universal gas constant. J . mol- 
t=  time, s 
I = axial coordinate, m 

K- I 

Greek letters 
a= thermal diffusivity, m’. s -  ’ 
p= density, kg*m3 

Subscripts 
c = combustion synthesis 
g =  gas 

m = melting 
0 = initial 

wall = inner wall of stainless steel chamber 
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