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Abstract

We present a one-dimensional model to simulate-pseffagating high-temperature synthesis
processes. The radial combustion ofB#Al thermite is used as case study. The model densi
non-steady propagation with conductive/radiativatheansfer mechanisms and zero order kinetics.
The thermophysical properties of the componenteni@gmn the temperature and composition of the
mixture and appropriate mixing rules are used &mheproperty. Fixing the thermophysical properties
for the initial conditions, we conclude that inseg K leads to higher maximum temperatures and
wave propagation velocities, always with completéwersion. The simulation results are in good
agreement with the experimental observations. Tttévadion of the thermophysical properties
variation causes numerical difficulties which aegnlg solved by further tuning of the parameters.

1 Introduction

The self-propagating high temperature reactions,th&s FgOs/Al thermite combustion, present
singular characteristics, which make them harabiow by experimentation, namely the generation of
a significant number of intermediary chemical spsand structures, the fast chemical and physical
transformations and the high temperatures achig®edsequently, the studies concerning theoretical
prediction of these processes can be a valuabtkeliue for experimental work and many publications
have arisen in this area (Makino, 2001, Moore agngi-1995, Norozhilov, 1992).

Models for the simulation of combustion processes a class of algebraic-differential problems
which solution is characterised by steep thern@ith propagating with highly non-linear dynamics.
The front propagation modes can be complex (framation, rotational propagation, etc) and
instability features often appear when the pararsetalues lie beyond critical limits. The modelling
strategies are based in a wide variety of appreatheroblems differing in several characteristics
(Ivleva and Merzhanov, 2000, Raymond et al., 1%¥&adinsky et al., 2000, Volpert et al., 1992):
geometry of the samples (cylindrical, rectanguldisk shaped), number of considered spatial
coordinates (one-, bi- or three-dimensional), pexfgal propagation direction (axial or/and radial)
assumed propagation regime (quasi-steady or trapsand the physico-chemical assumptions for the
reactive system (components relative movement, epli@nsitions, presence of gases or particles,
reaction mechanisms and kinetics). The studies omsider the analytical solutions of highly
simplified models or solve the models using nun@riategration methods. Due to the extreme
process conditions and the great uncertainty oanpeters estimation, these problems are interesting
case-studies to test a variety of adaptive numamneghods for differential systems integration.

In this work, we construct and solve a model tousate self-propagating high-temperature synthesis
processes, using the JBg/Al thermite as case study. It has already beerulated in cylindrical
geometry with a one-dimensional coordinate systtatlaed to the uniformly propagating combustion
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wave (Raymond et al., 1998, Shkadinsky et al., 2@&adinsky et al., 1997), and with a fixed one-
dimensional coordinate system (Brito et al., 208fwever, the availability of experimental resulfs
radial combustion on disk shaped samples (Duréed.,e2005) has stimulated the derivation of a
model to describe the combustion radial propagafitye built model congregates several features of
simpler models published (Bowen and Derby, 1995%rilGaHeian et al., 1999, Cuadrado-Laborde et
al., 2003, Graeve et al., 2001). We apply adaptivenerical methods in the resolution, involving
several mesh adaptation methods based on contiguidusfinement techniques (Brito, 1998).

2 Model

In this work, we construct a one-dimensional madalimulate the propagation of a radial combustion
wave. It is considered a general chemical reactitimthe following massic stoichiometry:

a,A+agB - a.C+ayD

The model considers non-steady propagation witldective/radiative heat transfer mechanisms and
zero order kinetics reaction. Based on these adsmmspwe derived the energetic balance,
considering: disk shaped sample with radius R aiukriess Z, sample confined in a steel cup with a
PMMA top lid, negligible relative movement betwespecies, limiting reactant A. It was obtained:

orT _10 oT
E = ?a(kM r Ej +Qr - [(U steevair TU pumayair )(T _To) +20¢, (T4 —T04)]/Z 1)

where subscripM stands for the mixture. The last term quantiftes heat losses to the surrounding
(atTo) by the sample top and bottom facess the Steffan-Boltzman constant antthe emissivity.

PuCeu

The mass partial balance for reactant A takesdira:f

dw,
—==Q,r (2)
dt A
whereW, is the mass concentration of A.

The simultaneous resolution of the differential &gpn system (1) and (2) gives the temperature and
composition spatial and temporal profiles. Using thactant A conversion,

— WAO _WA

Na (3)
WAO
the concentrations of all the species are computed:
—_ aB . — aC . — aD
Wy =Wy =—=771.Wy (4); Wc —Wco - ’7AWA0 (B Wo =Wpo =—=1.\Wyg (6)
aA aA aA

The differential problem is completed by the defom of suitable initial and boundary conditions.
The initial conditions for the temperature and n@wscentration of A over the spatial domain are:

t=0, R_<sr<R = T=T,; W,=W,, (7)

A temperature pulse perturbation with heidhf; and lengthty, was considered to simulate the
ignition on the inner boundary:
o<t<t, r=R, = T=Tg (8); t=>t

igni ?

r=R, = T=T, 9)

igni ;
Finally, we consider conductive/radiative heat $fanon the external boundary:

t>0, r=R = kMg—Tz—[U' (T—T0)+J£M(T4—TO4)] (10)

steel/ air

The reaction enthalpy is computed considering titbatpy variations at constant pressure of reastant
and products between the reference temperdtmad the temperatuiie



Q = _AH R|T = _(AH R|-|—0 + AH Productsj-r0 T - AH Reactantl—r0 T ) (11)

The enthalpy variations consider tli&(T) integral and the phase transitions for each system
component over each temperature path.

The general reaction kinetics is defined by thatieh:

r= H (T _Treact)K[WAO(l_”A)]n (12)

whereH is the Heaviside function. As the reactions urstedy typically present very high velocities,
we assume, as a first approach, zero order kin@tre<) with a non-temperature dependiént

The dependent and independent variables are naaddly suitable parameters:

-T/ . _W . -r/ - -t
Tr =T Wr= %VAO’ =l =Y (13)

The thermophysical properties are assumed to vihytemperature and composition of the mixture.
Noting the component E as air in the mixture, tivemg rules for each property are defined as:

Cow =Y wCy i=ABCDE (14 p, =%Z;‘j i=ABCDE (15

K,, :WZE’LZ“KJ/Z i=AB,C,D,E (16); &, :ZUigi i=ABCDE (17)

wherea andy, are the mass and volumetric fractions of componanthe mixture. The conductivity

of the reaction mixture (Eq. 16) is considered ¢otlire average value between the conductivity of a
serial and a parallel rearrangement of the compsr@na very narrow film (thicknegk) centered on
each spatial node position. We introduce an egemtatonductivity component for the radiation on
the void spaces in air conductivity estimatiig) of the serial arrangement:

ke =k +40g, T3uOr (18)

Phase transitions for the several components areansidered. The transitions are introduced by
adding the latent heat to th& estimative of a component each time the temperatuosses its
transition temperatures. They occur over a temperatinge4T) of 1 K.

Ch =Cp +L/AT (19)

The particular system simulated in this work is BegO4/Al thermite. The thermophysical data for the
components involved are resumed in Tables 1 a@di&r general data is presented in Table 3.

Table 1 — General thermophysical data for the titeraystem components.

Comp. Mol. Weight (kg/mol)| Fusion Temp. (K) Fusibatent Heat (J/kg)| Mass Stoich. Coeff.
A - Fe0s 0.159692 1735* (a) - -1
B-Al 0.026982 933 (b) 387672.46 (b) -0.33792
C-Fe 0.055847 1809 (c) 271955,88 (c) 0.69943
D - Al,O4 0.101961 2327 (c) 1161295,74 (c) 0.63848
E - Air 0,028810 -

* Decomposes to R®,; (a)-JANAF (1971); (b)— Kubaschewski and Evan$g)9(c)-Chase (1998).

3 Adaptive Numerical Method

The model described above is numerically solvedh wib adaptive strategy based on successive
refinement of a initial one-dimensional spatialdgiGrid Refinement Method GRM). The adaptive
algorithm is applied on subproblems generated bgi$d selection procedure. In each time steps thi
selection is done by the comparison of the proldeiation obtained over two spatial grids: a coarse
one (refinementlevel 1) and a fine one (e&Mment level 2), constructed by the biseatibrthe



Table 2 — Temperature dependence of thermophysiogkrties.

Property| Comp. Ti':‘ghssanggg Correlation Ref.
Al Solid (4.94+2.96x10T)x4.184/My (b)
Liquid 7x4.184/My (b)
[290-950]  |(93.43834+108.3577xTr-50.86447%¥25.58683xTH-1.61133xTF)/Mee20s | (C)
F6203 [950'1050] 150.624/Me203 (C)
[1050-1750] [(110.9362+32.04714xTr-9.192333%¥0.901506xT1+5.433677xTF)/Meez0s | (C)
c [290-700]  |(18.42868+24.64301xTr-8.91372XF0.664706xT1-0.012643xTF)/Mee (c)
3 /(kg.K) [700-1042] |(-57767.65+137919.7xTr-122773.2%X¥88682.42x Tt+3993.08xTr)/Me. (c)
Fe [1042-1100] |(-325.8859+28.92876xTr+411.9629%JiMee (c)
[1100-1809] |(-776.7387+919.4005xTr-383.7184%¥57.08148x TH242.1369x TH/Me. | (C)
Liquid 46.024/Mee (c)
ALLO Solid (102.429+38.7498xTr-15.9109%F.628181xT+3.007551xTF)/Maros (c)
a8 Liquid 192.464/Mzos (©)
Air - 1.6006x10°T* - 7.5229x10T° +1.1912x10T? -5.2612x10T + 1.0796x18 | (d)**
Al Solid -6.518x10°T* - 1.478x10T + 2.751x16 (e)**
Liquid -0.275*T+2638.3 (e)**
Fe0, Solid 5062.3 Exper
K p/ . Fe Solid -1.3828x10T° + 3.3890x10T> - 5.3873x10T + 7.9929x18 (e)*
9 Liquid __ |7030 B
Air - PxMaif (RxT) -
Al Solid 2.0282x10T° - 4.4314x10T” + 2.5395x10T + 1.9586x10 (9)**
Liquid 0.03*T+63 (9)**
Fe,0, Solid 0.59 (h)
K Fe [250-1200] |4.5411x107T’ - 1.2604x10T + 1.1394x16 (9)**
W/(m.K) [1200- 15.231Ln(T) - 79.556 (g)**
ALO [250-1500] |Linear interpolation of literature data (i)
23 [1500-  |6x10" T°-0.0023 T + 7.5 ()
Air - 2.452x10"T* - 9.939x10"'T° + 1.281x10T” + 4.456x10T + 1.369x1G (4)**
Al Solid 2.018x10'T +1.632x1G (9)**
Liquid 1.667x10'T - 4.217x1G (9)**
Fe,05 Solid Linear interpolation of literature data (k)
£ Fe Solid 0.35 (9)
Liquid 0.37 (9)
Al,O; - 9.742x10°T? - 5.284x10T + 9.736x10 (i)**
Air - ~0 -

Tr=T/1000; ** Obtained by regression using datahaf reference. (b),(c)—vd. Table 1; (dand. Heat Transfer
(1973); (e)-Perry's (1997); (f)-Thorpe’s (1937))GRC (1973); (h)-Lange’s (1973); ()—-HEDH (1988):-
Incropera and DeWitt (1990); (k)-Bejan (1993).

Table 3 — General data for the simulations.

Usteerair (W/(F.K)) 4.96 Uair o 0.40 To (K) 298.15
Upmmavair (W/(nT.K)) 3.91 h o 0.747 P (Pa) 101325
U’ seerair (W/(IT.K)) 5.94 o 0.253 7(s) 0.1
-AH R|T0 Tigni (K) 2000 T (K) 1000
K (kg/(n?.s)) variable tigni (9) variable R (m) 0.025
R (J/(mol.K) 8.31441 Treact(K) 1200 R, (M) 0.0015
o (W/(nf.K*) 5,67051x16 Ar (m) 1x10° Z(m) 0.010

intervals of the first grid. The nodes where theiecriterion is not verified are grouped in suldgri
over which subproblems are generated and solvedadh grid, the spatial derivatives are estimated
by non-uniform finite difference approximations ath@ time integration is performed by numerical
integrator DDASSL. The error criterion is definegdthe difference between the values of the solution
obtained by integration over two consecutive leyrids, for a constant time step. The overall pedfil



for the variables on all subgrids are completedribgrpolation of the known values. Therefore the
subgrid selection procedure is repeated until ther eriterion is verified on every node of evenydg

or a predefined maximum refinement level is reachedhis case, the procedure is repeated with a
smaller time step. For each subproblem, thererdreduced artificial Dirichlet boundary conditions
on each internal boundary, defined by the solutratues obtained by integration of lower level
subproblems. With this procedure, we prevent theuwence of discontinuities between solution
profiles obtained on grids of different levels.

4 Results and Conclusions

The numerical parameters are: DDASSL tolerance 03 xadaptive algorithm tolerance — 110
We use a uniform first level grid with 21 nodesbicusplines with 5 points interpolations and 5 poin
centered finite differences discretizations. As pihecedure for dealing with boundary conditions on
subgrids of level greater than 2 can eventuallyodhice significant errors for some type of problems
we adapt the algorithm to execute temporal steptatlan, fixing the maximum refinement level as 2.
Decreasing the adaptive algorithm tolerance, weclcole that it does not affect significantly the
results, only leading to greater execution times.

In a first approach, we fix all the thermophysipedperties for the initial conditions of the prafleln
addition, conductivity is set considering only th&rallel configuration. From the performed runs, it
can be stated that once the ignition tigX is sufficient to induce self-propagation, therewase of
its value does not affect the obtained results sSétet near the minimum valuetig = 0,0225 s.

With the above conditions we verify that there isnaimum K value for self-propagation of the
combustion wave K, = 6x10" kg/(nt.s). The profiles obtained with selectdd values are
presented in Fig. 1 and 2. All the runs are donh i fixed final timet*;,= 1.5 to evidence the
differences between the propagation velocities.is@ases (b) and (c) the wave does not reach the
external boundary. We conclude that increa#{nigads to higher maximum temperatures and wave
propagation velocities, with complete conversioraihcases. Apart from the boundary regions, the
wave propagation velocities assume a constant vée0.2, (b)~0.1, (c)~0.06 m/s. This last value

is in good agreement with the experimental redalisd by Durées et al. (2005).
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Figure 1 — Profiles for normalized temperature(@m=5x17, (b) K=1x10 and (c)K=6x10" kg/(nT.s).
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Figure 2 — Profiles for normalized concentration () K=5x1C, (b) K=1x10 and (c)K=6x10" kg/(nT.s).

After the activation of the thermophysical propestivariation (one at a time), we find numerical
difficulties in all cases, except for the emisgivitvhich does not affect significantly the results)



These problems can be due to convergence difsultif the BDF implicit temporal integration
method (in DDASSL) that arise always at a deterteiramporal level and may be explained by the
accumulation of round-off errors. For times lowkart crash time, it is possible to identify a self-
propagation wave, characterized by lower maximumptratures, indicating that these would be
more realistic simulations. To overcome these noisl a further tuning of the numerical parameters
is under way, combined with a more intensive maimgpof property values evolution.
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