Two-Dimensional Numerical Study of
Cross-Flow Filtration Combustion

Transition metal nitrides can be synthesized in the combustion regime
using a self-propagating, high-temperature synthesis by the process of
filtration combustion. A detailed two-dimensional numerical study for the
filtration combustion process in the cross-flow configuration is pre-
sented. The process is modeled by a two-dimensional pseudohomoge-
nous model. The model equations, which are very stiff and exhibit
varying time and length scales, are solved using finite differences on a
two-dimensional orthogonal adaptive mesh. The effects of pressure,
bed height and bed porosity on combustion front propagation and final
conversion are studied. A series of full simulations for the titanium-
nitrogen system shows good agreement between theoretical predic-
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tions and experimental observations.

Introduction

Transition metal nitrides are usually synthesized on a commer-
cial scale by direct reaction of metal with nitrogen under almost
isothermal conditions. This process often takes several hours,
and the product quality is often affected adversely by incomplete
conversion of solid reactant. Furthermore, additional production
cycles are required to completely convert the partially converted
reactant in a high-temperature furnace. Since the direct reac-
tions of transition metals with hydrogen and nitrogen are
characterized by high activation energy and heat of reaction, it
is possible to ignite fine metallic powders and to maintain a
self-sustaining process. The reactions, however, occur in the
combustion regime; therefore, the dynamics of these systems are
complex and it is very difficult to predict a priori without
detailed numerical modeling. Numerical modeling also helps
better understand the heat and mass transfer characteristics of
the system.

The goal of this study is to analyze the combustion process
between metal powder and gaseous oxidizer in two dimensions.
The process is referred to as filtration combustion, which has
been studied in the past by other authors (Merzhanov et al,,
1973, 1975). Early pioneering studies in filtration combustion
can be found in Russian literature of the 70’s, mostly by
Aldushin and coworkers (1974, 1976, 1980). Most of these
studies were analytical in nature and helped define the basic
regimes for combustion synthesis and establish the importance
of parameters like pressure, thermal conductivity and permeabii-
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ity, and their effect on front propagation and final conversion of
the product.

In the early 80’s, stability analyses for filtration combustion
systems were presented by Sukhov and Yarin (1980) and
Aldushin and Kasparayan (1981). While the latter study was
detailed, and considered different kinds of flow configurations
and factors leading to two-dimensional instabilities like nonpla-
nar combustion front propagation, there were no numerical
calculations for two-dimensional models to confirm the predic-
tions made from simplified analytical models.

Munir and Holt (1987) have performed a theoretical analysis
for formation of refractory metal nitrides under conditions when
sufficient gas is present in the system for the combustion to take
place in the kinetic regime. On the basis of thermodynamic and
kinetic considerations they have derived certain minimum
values of pressures required for nitridation. A recent experimen-
tal study (Agrafiotis et al., 1990) has shown that the actual
pressure required for nitridation for certain systems is much
lower than that predicted by Munir and Holt.

Munir (1988), in a recent publication, has given a thorough
review of the various products that can be obtained by combus-
tion synthesis. Again the importance of operating pressure has
been stressed.

Degreve et al. (1987) have presented calculations for 1-D and
2-D filtration combustion cases to illustrate the use of adaptive
meshes in simulation of combustion front phenomena. Calcula-
tions for countercurrent filtration in two space dimensions have
been presented for the first time. Presence of oscillating fronts
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and corrugated nonplanar fronts with moving hot spots were
predicted for systems with very high activation energies and
extreme exothermicity.

Dandekar et al. (1990) have presented a detailed study of
countercurrent filtration combustion, for adiabatic and nonadia-
batic systems. This configuration is shown in Figure 1. It has
been shown that at high pressures stability criteria for solid-solid
systems can be extended to gas-solid systems. At very low
pressures all systems always propagate with constant front
velocity.

There are, however, certain limitations of the counterflow
configuration, which make it unsuitable for industrial-scale
production. The length of the reactor is limited as it controls the
length of the filtration path. Hence, high pressures are required
to maintain a reasonable pressure gradient to drive the flow of
gaseous reactant. At low pressures, pore closures due to volumet-
ric expansion/sintering will prevent conversion of the inner
layers of the solid. Furthermore, in the case where the product is
a fused solid, its removal from a closed cylindrical reactor is
another problem. Taking these drawbacks into account, a new
configuration, called the cross-flow configuration, is proposed,
Figure 2. Gas accessibility to the combustion front is signifi-
cantly improved in the cross-flow configuration. Gaseous reac-
tant is transported from surroundings not only by longitudinal
flow from above, but also by transverse (countercurrent) flow
from regions ahead of the front. As a result, the nitridation
reaction can be completed at lower pressures compared to the
countercurrent configuration. Furthermore, the configuration
uses a reactor open at the top, which facilitates product removal.
This configuration was first proposed by Kumar et al. (1988).

A wealth of information is available for the counterflow
configuration; however, there is no information for two-
dimensional reaction front patterns for the cross-flow configura-
tion. This study aims at simulating a two-dimensional model for
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Figure 2. Cross-flow filtration combustion configuration.

the cross-flow configuration, which we hope offers an understand-
ing of the basic engineering aspects, specifically:

e What conditions are necessary for complete conversion and
what front propagation phenomena can exist?

e Since there are no real limitations on the length scales in the
direction of reaction front propagation, it is very important to
explore the maximum bed height to achieve complete conver-
sion, especially at low pressures.

o Study the effect of bed porosity on front propagation and
consequently final conversion. Porosity changes can occur due to
volumetric expansion of the bed during synthesis which might
curtail the access of gas to the inner layer.

¢ Finally compare qualitatively numerical results with experi-
mental observations to verify the model.

Model Formulation

The model equations formulated here describe the filtration
combustion process under cross-flow configuration. The reactor,
which is in the form of a flat-bottomed rectangular container
filled with metallic powder, is kept under an atmosphere of
nitrogen under suitable pressure. The reaction is initiated by a
short-term energy source such as a resistively heated graphite or
tungsten strip. Once ignited, the reaction continues on its own in
the form of a steep reaction front which separates unreacted
solid from the products. The front propagates down the length of
the boat while the gas is drawn in perpendicular to the direction
of front propagation. The flow is driven by the pressure gradient
imposed by the consumption of nitrogen at the front and the
pressure outside. Inside the system, the reaction occurring
between the pure gaseous oxidizer G and the particles of solid
reactant S results in a solid product P according to:

R(s) + uG(g) — (1 + w)P(s) (1)

where 1 kg solid + u kg gaseous oxidizer — (1 + u) kg solid
product.

The reaction between solid and gas inside the system occurs at
the particle level. Hence, one must use a suitable model to find a
relation beween reaction kinetics at the particle level and the
reaction rate per unit volume of the bed. At the particle level, the
intrinsic reaction rate or the diffusion throughout the product
layer may be the controlling factors governing the particle level
kinetics. Depending on the controlling factors, dependence of
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the reaction rate on the particle size varies. For systems like
Ta — N, the rate is independent of particle size, where the
porous particles react at the same rate as the nonporous
particles. This can be explained using the ‘grain model’ (Szekly
et al,, 1972). For the case of Ti — N, the reaction rate is
inversely proportional to the the square of the particle size
(Agrafiotis, 1990), suggesting a diffusional mechanism control-
ling the reaction rate. Thus, the model can be reduced to a
phenomenological expression of the form:

r, = ptk, f(n) exp (—E/RT)p’ 2)

where k, is the preexponential factor which is a function of the
average particle size of the solid reactant among others. The
dependence of the overall rate on fractional conversion % can
appear in several possible forms. The function f(y) can be
represented as f(n) = (1 — )", where n can vary from /3 to %,
depending on the controlling mechanism in the shrinking core
model. Usually the reaction is a much stronger function of the
temperature than the particle conversion, given the high activa-
tion energies of the reactions. While a more refined expression
can be obtained using the shrinking core model for spherical
particles, a simplified form f(n) = (1 — 9) is used, which is the
upper limit of the reaction rate dependence on fractional
conversion.

Before writing down governing equations, several additional
assumptions have been made to make the model equations
describing the filtration combustion process suitable for numeri-
cal simulations.

e The system comprised solid powder and gaseous oxidizer is
considered to be pseudochomogeneous. This implies that the
temperature of the solid particles and their surrounding area is
taken to be identical, and the heat balance can be taken over by
the whole system, instead of over solid and gas separately,
especially if it is assumed that reaction-diffusion processes inside
the solid particle respond very fast to the changing surrounding
conditions. Thus any change in parameters like density of gas or
temperature in the bulk phase is felt instantly at the surface of
the particle and vice versa. The heat transfer resistance between
the particle and the bulk can be neglected given the high
pressures of operation which lead to high film heat transfer
coefficients. Then the overall phenomenological reaction rate
expression can be inserted into governing equations directly.

e The physical properties of the individual solid components
(specific heat, density, and thermal conductivity) and gas
(specific heat and thermal conductivity) are assumed constant.

e The thermal conductivity of the porous bed is taken as a
linear function of the bed porosity. While in reality the effective
thermal conductivity of the bed is a function of the gas flow rate
through the bed, the temperature and pressure of operation,
variation with respect to the bed porosity was the only factor
taken into account to keep the numerical calculations more
manageable.

A= (1 —-er + e\, 3)

e The heat conduction process in the system can be described
by Fourier’s law.

e Pressure effects of the gas phase are neglected in the energy

balance.
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o Porosity changes due only to volumetric expansion of the
reactants to form products have been taken into account.
Melting or sintering has not been considered. Melting can be
neglected for systems in which the solid reactant and product
melt at temperatures much higher than the reaction tempera-
ture (e.g., Ta — N,) or when the initial reaction mixture is
diluted with the product. In this study, titanium has been diluted
by at least 50% titanium nitride so that melting effects on
porosity are not significant.

e The volumetric heat capacity of the pseudohomogeneous
phase is taken as a linear function of porosity.

pC = ep,C, + (1 — &)p,C; 4)

o Permeability of the bed is a strong function of the porosity,
and its dependence is given by the Kozeny Carman equation
(Carman, 1938).

o The equation of state of the gaseous reactant is given by the
ideal gas law.

® Gas flow through the porous permeable medium under the
action of pressure gradients is governed by Darcy’s law.

¢ No dissociation of the formed product occurs.

The filtration combustion system is described by the following
nonlinear parabolic-hyperbolic partial differential equations.

Mass balance on the gas phase:

dep,  ep,)  depgv))
a

Energy balance on the system:

Beoge, + (1~ JpedT 8 T 4 o7
EY ="ty
epgvec,T)  depgu,c,T)
- T SO L SRV, (6)

(The derivation of this equation can be found in the Supplemen-
tary Material.)

Equation of state:

p,RT
p= M
M,
Darcy’s law:
ap ap
v, = —kax v, = —kay 8)

Reaction rate expression:

—r = —W, = —pik,f(n) exp (-E/RT)p )

The term (1 — €)p,c, represents the contribution of the solid heat
capacity to the pseudohomogenous-phase heat capacity and can
be expanded to:

(1 — pe; = prer + prCp (10)
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To render the equations dimensionless, the following scaling
relations will be used for the independent and dependent
variables

T=1/ty X=\/\ (11)

X=x/xx V=p/[xs (12)

Ay . _E(—AH) exp (E/RT,)

*e = PRCR RT Jegko.p” (13)
E (T-T,)

pp=0pg(l +p)y 0= RT, T, (14)

Pe = pg/pg ™ =p/p° (15)

Ty = U:/Us T, = 0,[04 (16)

Ve = Xyftx €=¢/€ an

R, = xyoh /N, Bo= xyh /N (18)

The scaling used here for the reduction of the equations to
dimensionless form is standard in the combustion literature
(Merzhanov et al., 1973; Merzhanov and Borovinskaya, 1975).
The scaling variable x, represents an approximate measure of
the heating zone length, and x,./, is an approximate measure of
the reaction front propagation velocity.

The variation of porosity due to the volumetric changes
caused by the reaction is assessed using the density of solid
reactant obtained from Eq. 9. This, combined with the expres-
sions below, yields the porosity at any instant. Note that the pg
and p, are bulk densities of the solid reactant.

n=1— pr/p% (19)

e=€¢+ (1 -1 =2y (20)

Substitution into the dimensional equations result in the follow-
ing dimensionless equations governing the filtration combustion

process.

Mass balance on the gas phase:

daiep, doep,v,)  Iaep,D,) .
a o & TR 1)
Heat balance on the system:
Hadiepy + 1 —n+om 3 38 03
it =xtaxt " 8y
3 Hodiepo.0 9 adiep,0,0)
x 3y

+ 1 +8 -8BV ' +v IR (22)
Equation of state:

e(1 + B86)

D) (23)
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Darcy’s law:
_ or _ or 4
Uy = —wo vy——wa7 (24)
Reaction rate expresson:
617 -1 —1
ikl 'f(n) exp e ﬁe) R (25)

A number of dimensionless parameters appear after dimension-
alization. They are:

€p? k, C
o= og w= p;‘)R £ (26)
KPR s
RT, cxRT2
F="F Y= ECam @7
c (1 + we
R R e 28)
R Cr

The permeability dependence on porosity is given by the
Kozeny-Carman equation, which in dimensionless form looks
like:

€l - ¢,)?

B (1 — ¢)? (29)

Ele

To complete the formulation of the problem, initial and bound-
ary conditions have to be specified on the system. In dimension-
less form, they can be written as follows.

Initial conditions:

fort=0and0=<%=<L,0=<7=<L,
6=6° n=0 30)
=1 =1 31
7, =0 7,=0 (32)

Boundary conditions:
forty>1>0andX¥=L,0=<y=<L,

=01 7,=0 (33)
fort>7 andxX=1L,0=<y=<L,

-xg—g—ﬁ(a—oo) v, =0 (34)

y=L,0=X=<L,

g4
8
A= ad,0,[(€0)° — (ep,0)]
+ B0 -6 +h(8-6) m=1 (35)
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06 _

—)\~y=hc(0——0°) v =0 (36)
0=<y=<L,x=0

XD _F0-0) T =0 37

- af_ c\V vo= ( )

The boundary conditions imply a nonadiabatic system with
convective heat losses from all sides. Radiative heat losses are
accounted for only at the top. The calculation procedure and
numerical values used for the heat loss coefficients are available
in Dandekar et al. (1990). Ignition by a thermal energy source
takes place at X = L, where the wall is also impermeable to gas
penetration. The wall is heated to a temperature 87 for a period
of time ¢”, which is of the order of a few seconds. The value of 6
is typically the adiabatic temperature of the reaction. The side
of the system at ¥ = L is open to the outer atmosphere and the
system can thus freely take up additional gaseous oxidizer under
the right conditions.

Numerical Method

The two-dimensional model of the filtration combustion
process represents a system of coupled, highly nonlinear, para-
bolic-hyperbolic, partial differential equations, exhibiting solu-
tions with steep gradients which move rapidly over the space.
Ideally, a good numerical method should have desirable features
such as simplicity, accuracy, wide range of stability and efficient
utilization of hardware. Realistically, trade-offs need to be made
between these features to come up with a scheme best suitable
for a particular application.

The main challenge lies in resolution of very high gradients in
the space, which are confined to thin isolated regions. The use of
equispaced grids for resolution of such gradients will require a
phenomenally large number of points. Typically 10°-10* grid
points may be necessary. There are two ways to overcome these
problems: adaptive grids and use of efficient time integration
schemes.

While two-dimensional adaptive grids have been used in the
past and codes are readily available, for the sake of simplicity (to
avoid a control volume formulation), separate one-dimensional
adaptation is performed in the X and Y direction. This keeps the
mesh orthogonal, and simple finite differences on a nonequidis-
tant mesh points can be applied. Details of the adaptive mesh
are available elsewhere (Degreve, 1990). A moving mesh is used
essentially, based on the distribution of a fixed number of points
in regions of high gradients. This distribution is performed on
the basis of weight functions, calculated taking into account the
gradients and curvature of the temperature and concentration
profiles. The weight functions are diffused so that the adaptive
mesh need not be calculated at every time step. After every call
to the adaptive mesh routine, the profiles are interpolated to the
new mesh. The mesh is recalculated depending on the speed of
propagation of the front, typically every five to ten time steps.

The first and second derivatives for a scalar entity ¢ are
approximated by:

(_9_9_ _ i — bij

38
9 ¥ — Yo (38)
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¢ 2 l:¢i,j+l — ¢ _ by — Bij

- 39
Yis1 — Y Vi — Vi1 ] (39)

y? - Yis1 = Yi-i

All dependent variable values are defined on cell corners at grid
points, while the velocities are defined between two grid points.

Thus:
— . . Tij — ®io1,j
0,0, ) = ~w|z7/—— 40
(8)) w[xu_ xH,,] (40)
— . Tij — Tij-1
DAL )= —w |0 — 41
(4, 1) w[yu_ y.-,,-_x] 41)

The donor cell method is used for convective terms (see Figure
3). This method is described by Roache (1972). The method
possesses both the conservative and transportive properties, and
retains something of the second-order accuracy of centered-
space derivative. Therefore,

e T “»
where
o= [V, + [ViDoi_y + (V; = VDo) /2
and

d’R = [(Vi+l + |Vi+1|)¢i + (Vi+l - lVHl')d’iH]/z

For relatively dense powder compacts, the permeability coef-
ficient is low; as a result, the characteristic time for the system
depends on the source term rather than the convection term.
While an implicit scheme for time integration will provide stable
solutions with a larger time step than an explicit time integra-
tion scheme, these time steps are not realized due to the
limitations imposed by very small characteristic times attrib-
uted to the very fast reaction rates. Hence, an explicit scheme is
used, which vectorizes completely.

The time step is controlled by stability considerations due to
diffusion and convection. Thus, for a two-dimensional grid
(Roache, 1972),

1 I o, 5 [ 1 "
@~ Ax T8y T aa AY? (@3)
\Y; \2%
& &
L R
@ @ &
i-1 H it
= Ax e Ax
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Figure 3. Donor-cell upwind differencing.
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The diffusion term can be due to the thermal diffusivity or the
pseudodiffusivity of the pressure due to calculation of velocity
using Darcy’s Law. Looking back at the density equation (minus
the source term):

dp dv,p v,
ae o = ae + ae F (44)
3 or 45
Uy = —w % ( )
_ ar
Ty = —w r_ﬁ (46)

writing pas p = w(1 + 86,)/(1 + 86) in Eq. 45 and assuming
that the temperature essentially remains constant while gas flow
takes place (for w » 1) we have

ar Ie] or a or 47
a —x\"™ax tH\™e (47)

Using a maximum value of 7 = 7, = 1 in the righthand side, the
following equation results:

or FZ] onr 0 on a8
o —x\Yax) T\ (48)

Hence w is the pseudopressure diffusivity.

Thus », in the stability criterion is taken as the maximum
value of w and A. Hence, the maximum allowable time step is
calculated for each cell, and a minimum of these is taken for the
entire domain. Using this procedure, one can automatically
regulate the time step during the course of the calculation.

Most physical systems involving loose powders have a rela-
tively large value of dimensionless permeability coefficient (w ~
100) compared to the dimensionless thermal conductivity (A ~
1) at high pressures. Thus, the limiting factor is no longer the
reaction rate term, but the convective term. To get around these
severe limitations in time step, imposed by the high-pseudopres-
sure diffusivity an alternative algorithm is used for high-
permeability cases. In this algorithm, a fully implicit time
integration scheme is used with quasilinearized reaction rate
terms. The resulting system of linear equations is solved using
successive overrelaxation. Typically two to three iterations are
required at each step.

Significance of Parameters

The procedure of making the model equations dimensionless
makes the numerical solution more tractable; however, this
often leads to a loss of immediate realization of the physical
significance of the large number of dimensionless parameters.
Hence, it will be prudent to explain the physical significance of
certain key dimensionless parameters before we discuss the
results.

The parameters 8 and vy represent the dimensionless activa-
tion energy and heat of reaction. Low 3 or v values represent a
system with high activation energy or heat of reaction and vice
versa. Parameter « represents the ratio of the amount of gas
initially present inside the system to the amount of gas required
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to bring the reaction to full conversion. Thus, for a ~ 1 there is
sufficient gas present in the pores to completely convert the solid
reactant to a product. The value of a is directly related to the
external pressure, and typical operating values are shown in
Table 1 for nitrogen in the nitridation of transition metals. Thus
a can be as low as 0.005 even at a relatively high pressure of 10
atm.

The system temperature is made dimensionless using the
adiabatic temperature of the reaction as the reference value.
Thus, the dimensionless temperature values are typically nega-
tive with the adiabatic temperature of the reaction being 8 = 0.

The parameter w is the dimensionless permeability coefficient
and signifies the ratio of width of the filtration zone to the
heating zone. Thus, for high values of w (w > 1) the gas flows ata
much faster rate than the rate of front propagation and vice
versa.

The parameters §, and 4, give the ratio of specific heats of the
gas and product to that of the solid reactant.

Table 1 gives the values of some of the physical properties
corresponding to the dimensionless parameters used in this
simulation.

The parameter Z is the ratio of volume of solid product at
complete conversion (n = 1) to the volume of initial solid
reactant. The solid expands if Z > 1 and contracts if Z < 1; thus
causing a decrease or an increase in porosity, respectively. Some
values for transition metal nitrides are shown in Table 2.

Results from Numerical Simulation

The simulation runs were performed on a CRAY X-MP/48
at the National Center for Supercomputing Applications at the
University of Illinois at Urbana-Champaign. Typically 50-70
minutes of CPU time was required for each simulation, in spite
of almost 90% vectorization of the DO loops in the program. An
important question to be addressed was the visualization of the
data produced from these simulations; typically each run would
generate anywhere from 64,000 to 640,000 floating numbers
depending on the number of profiles written.

The results are discussed in terms of the effects of pressure,
bed height and porosity, and then compared with experimental
values. Most of the data have been presented in the form of
contour plots; however, some three-dimensional perspective
plots are shown for high and low pressures including velocity
vector plots to give the reader a feel for the flow patterns and the
steep gradients which are encountered in these systems. Simula-
tion results for the cases of high and low pressures were saved in
the form of several hundred time profiles. Each of these profiles
generated a single frame depicting the temperature or the
concentration of the system. These frames were animated on a
SUN Sparcstation 1 to study the nature of front propagation.
Details of this method are available elsewhere (Dandekar,
1989).

Table 1. Physical Values Corresponding to Dimensionless
Parameters
Parameter Range Physical Value Range

0.08 <8 =<0.245
0.03 =1vy =<0.065
0005=<a=<1.0

240 = E = 80 kJ/mol
370 = (-AH) = 170 kJ/mol
10 < p < 1,000 atm
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Table 2. Typical Expansion Coefficient Values for Nitrides

Metal Nitride VA
Ti TiN 1.0566
Zr ZrN 1.0318
Hf HfN 1.0145
Nb NbN 1.1150
Ta TaN 1.2620
Effect of pressure

As has been shown in previous studies, pressure of the gaseous
reactant is very critical in filtration combustion. Here, cases
pertaining to front propagation at low and high pressures are
discussed.

Front propagation at high pressures is shown in Figures 4 and
5. Figure 4 shows time progression contour plots of temperature
and conversion. In Figure 5 typical perspective plots for temper-
ature, conversion, density and pressure are shown. The velocity
vector plot for gas flow is shown in Figure 6. The pressure is high
enough that « ~ 1. Ignition is achieved by heating the upper part
of the solid material to the adiabatic temperature of the
reaction, and maintained at that value for a certain period of
time ( = t"). Given the high pressure of operation, there is
uniform quantity of oxidizer available inside the system across
the depth, thus the front becoming almost planar (Figure 4).
However, there is a hot spot formed. This hot spot is a corruga-
tion in the front produced due to the inequality between the rate
at which heat is produced and the heat is diffused away. The cor-
rugation protrudes into the cold region ahead of the front and
uses up the solid reactant in that region and also draws in the
gaseous reactant ahead of the front (see the vector plot). This
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parameters under high pressures.

L,=50,L, =200,a=10,8 =008,y =0051=160: a.
temperature, b. conversion, c. density, and d. pressure.
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Velocity Plot
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Figure 6. Gas velocity vector plot at high pressure.

L,=50,L, =200,a =10,8 = 0.08,y = 0.05,7 = 16.0.

causes the temperature to rise sharply in that region. While the
hot spot dies eventually due to the depletion of solid reactant in
that region, a new hot spot is formed elsewhere. Thus, this cycle
is repeated, which makes hot spots oscillate between the top and
the bottom as the front travels forward along the length. Since
sufficient oxidizer is presented in the reactor at any time, the
conversion is essentially complete. The rate of front propagation
is controlled by the kinetics of the reaction; and the transport of
gas due to filtration is not a limiting factor.

At significantly lower pressures (« = 0.01) the propagation
phenomena are markedly different. The amount of gas available
at the bottom layer is only a fraction of the required stoichiomet-
ric quantity. In order for the reaction to be complete, the gaseous
reactant needs to be transported by the process of filtration
through the porous solid. In this case, the filtration resistance is
the controlling factor in the reaction front propagation. There is
an unequal supply of oxidizer between the upper and lower layer
due to the longer filtration path length to the bottom of the
reactor. As a result, the front propagation is skewed traveling
ahead in the longitudinal direction at the top layer compared to
that at the bottom. The conversion is complete at the top, while
the inner layers are only partially reacted. As time progresses,
however, the flow of oxidizer continues to the inner layers and
the conversion progressively increases in that region. This

sequence of events is shown in Figure 7. The perspective plots for
the system parameters are shown in Figure 8. The gas velocity
vector plot is shown in Figure 9. The gaseous oxidizer to the
inner layers is fed not only by a transverse flow from layers
immediately above them, but also from a longitudinal flow from
regions far ahead of the front.

Effect of bed height

Given the unique nature of the cross flow configuration, the
length of the powder bed does not affect the propagation once it
is achieved. However, at very low pressures one of the critical
factors affecting propagation of the reaction front is the bed
height. The flow of gaseous oxidizer is driven by the pressure
gradient between the external environment and the inner layers
of the powder. At relatively low pressures (10-20 atm), corre-
sponding to 0.005 < o < 0.01, the distance over which this
change takes place has to be small enough to maintain sufficient
gradient for driving the gas flow. The following cases at low
pressures illustrate the importance of the bed height.

A set of simulations was carried out for & = 0.005 to increase
bed heights, keeping other parameters such as the length of the
bed and the amount of initial energy input constant. Normal
propagation as seen at low pressures is observed initially;
however, after a certain height the front no longer propagates.
At this stage, the rate at which the gas is transported to the front
is not large enough to produce sufficient heat by reaction to
balance out the heat losses due to conduction and convection
from the front, and the heat lost to the surroundings, thus
causing the front to extinguish. The low rates of gas flow are due
to a decrease in driving force due to a much smaller pressure
gradient. The pressure gradient is small due to the longer
filtration path length and the lower external pressure. This has
been illustrated in Figures 10 and 11. For a system with the bed
height of L, = 2, the combustion front propagates. However,
when the bed height is increased to L, = 3.0, the front
extinguishes. In the latter case, only a small region near the
point of initial ignition reacts (see Figure 11b). By increasing
the pressure (@ = 0.01), the combustion front propagates (see
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Figure 7. Reaction front propagation at low pressures.
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Figure 12). This observation indicates that there exists a certain
depth of bed, above which the combustion front initially formed
does not propagate.

Effect of porosity

An important factor in filtration combustion ignored in the
past is the effect of variable porosity. An increase in porosity
increases the permeability of the medium, which helps improve
the accessibility of the gaseous oxidizer to the inner layers of
solid. This is critical at very low pressures. However, thermal
conductivity of the bed decreases as the porosity increases; as a
result, the heat initially liberated at the point of ignition might
not be easily dissipated. This might lead to extinction of the
reaction front. To study these opposing effects, two numerical
experiments with similar operating conditions, except for poros-
ity and permeability of the medium, were performed. It was
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conversion contours varying from n = 0.8 to » = 0.2 in steps of
0.2

assumed that the change of porosity is due only to the expansion
of the solid medium with reaction.

For the first case, the porosity was taken to be ¢ = 0.4 and the
permeability was taken to be w = 35. The heat was applied for
the system for five dimensionless time units. The conversion and
temperature profile at 7 = 40 are shown in Figure 13, as well as
the contours of the permeability. Due to the rapid conversion at
the point of ignition, the porosity drops rapidly and so does the
permeability of the medium. As a result, the access of gas is
severely restricted and the front propagation stops due to
insufficient gas at the front. The thermal conductivity is high,
and all the heat is quickly dissipated to the rest of the system.
The value of Z is taken to be 1.2, which is a reasonable value for
certain transition metal-nitrogen systems (see Table 2).

The conditions for the second case are the same except that
the porosity is now taken to be much higher (¢ = 0.7) leading to
a permeability value of w = 330 (see Eq. 29). The profiles at
time 7 = 11 are shown in Figure 14. Unlike the previous case,
despite the permeability drop, it does not drop significantly to
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Figure 11. Effect of bed height: front extinction.
L,=30,L =20, a = 0.005,f = 30: a. temperature contours
varying from § = —7.2 to # = —3.2 in steps of 0.8; and b.
conversion contours varying from n = 0.8 to n = 0.2 in steps of
0.2.
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restrict the flow of gas to the inner layers. This is due to two
reasons: its permeability has a higher value than the previous
case; and because the solid is a smaller fraction of the whole
medium, its conversion to products does not alter the porosity
significantly. The system, in this case, propagates and eventually
would completely convert the solid to products.

Comparison with experimental observation

To test the model, a set of simulations was performed using
kinetic parameters obtained experimentally (Agrafiotis et al.,
1990) for the system titanium and nitrogen. Activation energy
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Figure 13. Effect of initial porosity: incomplete conver-

sion for low Initial porosity.
¢=04,Z=12,0=350,L,=10,L,=30,a= 0.01,7 = 40:
a. conversion contours varying from 5 = 0.2 to# = 0.8 in steps of
0.2; b. dimensionless permeability (w) contours varying from @ =
30.0 to w = 10 in steps of 5; and c. porosity of the bed varying
from ¢ = 0.28 to ¢ = 0.40 in steps of 0.024.
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Figure 14. Effect of initial porosity: higher conversion for

higher Initial porosity.

€=07,Z =12,0=3300,L, = 100,L, = 3.0,a = 0.01,7 =
11: a. conversion contours varying from n == 0.2 to = 0.8 in steps
of 0.2; b. dimensionless permeability (w) contours varying from
w = 170.0 to w == 330.0 in steps of 40; and c. porosity of the bed
varying from ¢ = 0.644 to ¢ = 0.70 in steps of 0.014.

for the system was evaluated from nonisothermal measurements
of reaction front velocity and combustion temperature for
different degrees of solid-phase dilution. The heat of reaction
and the adiabatic temperature rise were calculated using physi-
cal constants obtained from the Chemkin Thermodynamic
Database (Kee et al., 1987). The measured activation energy,
calculated adiabatic temperature rise, and thermo-physical
properties describing the titanium-nitrogen system are listed in
Table 3. Values of dimensionless parameters are given in Table
4.

Using these parameters, full two-dimensional simulations of
combustion front propagation were performed. The calculated
velocity of the combustion front was constant, and no oscilla-
tions were observed for all examined degrees of dilution. The

Table 3. Physical Parameters for the Simulation of
Combustion Synthesis of Titanium Nitride

Parameter

Value

Heat of reaction

Activation energy

Sp. heat of nitrogen

Sp. heat of titanium

Sp. heat of titanium nitride
Order with respect to gas
Order with respect to solid
Permeability

Initial porosity

Thermal conductivity of bed
Pressure

Adiabatic temperature
Convective heat transfer coeff.
Radiative heat transfer coeff.

112.80 kJ - mol~!
269.547 kJ « mol™!
1,200.00J - mol~! . K!
648.90J - mol~! - K~!
916.44J - mol~' . K}

1

1

35x10°"m} .57t L kgt
60.00 %

10W.m™' . K}

5 MPa

3,061-3,751 K
1872.5W.m 2. K
362.5W.m 2. K
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Table 4. Dimensionless Coefficients Used in the Simulation of
Combustion Synthesis of Titanium Nitride

Parameter Value
a 0.065
B 0.094-0.1157
v 0.0796-0.1196
6, —8.156 to —5.42
8" 0.0
8 0.5455
8, 1.8249
w 300

thermal conductivity of the loose titanium-titanium nitride
powder mixture, as used in the simulations, was measured from
steady-state measurements of temperature profiles in a proce-
dure similar to Yagi et al. (1960). The permeability measure-
ments were made in the laboratory using the technique dis-
cussed by Kaye (1967).

The experiments were performed in a stainless steel auto-
clave, capable of withstanding 400 atm. The vessel was equipped
with ports for thermocouples, a camera, a pressure transducer,
and leadthroughs for electrodes. The sample was placed in a
flat-bottomed rectangular container in the form of loose powder
and ignited with a chemical igniter, similar to the configuration
shown in Figure 2. The front propagation for the Ti-N, system
at elevated pressures was monitored using a video camera
attached to the high-pressure reactor and the images recorded.
The recordings clearly indicate the presence of constant velocity
propagating front. The front velocity was evaluated from these
observations. These measured velocities were compared with
those calculated under identical conditions, and reasonable
quantitative agreement was achieved (see Table 5).

Conclusions

While the filtration combustion process has received consider-
able attention in the past few years, there has been a lack of
detailed numerical study in this area. For the first time, an effort
has been made to solve an unsteady-state, two-dimensional
model for the process numerically. Use of fast vector computers
and novel adaptive grid schemes have made this feasible. It is
hoped that this study will aid in the detailed numerical modeling
of the filtration combustion and SHS technology in general.
Numerical modeling can help understand and exploit the SHS
process toward production of many important high-temperature
materials.

Based on the numerical simulations, the following conclusions
can be drawn:

e The system pressure strongly governs the front propagation
phenomena. At low pressures, the front is often skewed traveling

Table 5. Comparison of Experimental and Theoretical

Velocities

Dilution

Ti-TiN Te V (Experiment) ¥V (Simulation)
wt. % K 10* x m/s 10° x m/s
50-50 3,751 5.6 3.70
40-60 3,310 2.5 2.7
35-65 3,061 1.3 1.27
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ahead in the upper layers compared to the inner layers, thus
causing potential incomplete conversion in some cases. At high
pressures, sufficient gas is available in the system so that the
conversion of the solid reactant is complete. However, exces-
sively high temperatures may be produced in such cases and lead
to melting or sintering of solid, which is not desirable.

o At low pressures, the height of solid layer is critical. If the
height is too large then the pressure gradient to drive the gas
toward the inner layers is too small, as a result the front
extinguishes. It has been found that there exists a certain depth
of bed for a particular pressure of operation, which if exceeded
causes a combustion front, initially formed, to extinguish.

¢ Another critical factor is the porosity of the solid. When the
reaction is accompanied by an increase in volume of the solid,
conversion of the solid reactant leads to decrease in porosity.
Since the permeability of the system is a strong function of the
porosity of the system, the gas flow to the inner layers is severely
restricted. This might cause only the upper layers of the system
to react leaving unconverted solid reactant at the bottom. To
avoid this situation, the initial bed porosity should be high to
make sure that there is sufficient access for the gas to the inner
layers of solid reactant.

o Preliminary comparisons with experimental observations
have shown that the model gives good order of magnitude
predictions.

The model, even though reasonably detailed, is still quite
simplified in certain aspects and should be used only as a
qualitative tool for predicting front phenomena. For low reactor
widths, the third dimension and the wall effects cannot be
neglected either. When the dilution of the solid phase is low,
significant melting of the solid phase may occur, given the
higher reaction temperatures. These effects need to be taken into
account both in the heat balance and in the relations for change
of porosity. The observations in this study, which show a better
agreement of the simulation results with the experimental
observations a higher solid-phase dilutions, add weight to this
argument.
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Notation

¢ = specific heat, J. K~*. kg™’
E = activation energy, J-mol ™'
(-AH) = heat of reaction, J- kg~

h, = convective heat transfer coefficient, W.m~2

-s‘l

h, = radiative heat transfer coefficient, W. m-2.s°!
H = enthalpy per unit volume, J.m™3
k = filtration coefficient of the system, m’-s-kg~!
k, = frequency factor
L, = bed length, m
L, = bed height, m
M = molecular weight
n = order of reaction with respect to solid,
p = pressure, N.m™2
R = universal gas constant, 8.314 J.mol . K™’
t = time, s
T = temperature, K
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U/ = internal energy per unit volume, J.m >
v = velocity of gas, m-s™!

W = consumption rate of solid, kg-m~>.s""
x = length coordinate, m

y = height coordinate, m

Z = expansion coefficient for solid reactant

Greek letters

«a = measure of stoichiometric gas amount in Void

B8 = dimensionless activation energy

v = dimensionless heat of reaction

& = ratio of specific heats

¢ = void fraction

= effective thermal conductivity, W.m~'.K~'

u = stoichiometric coefficient

v = order of reaction with respect to gas

n = partial conversion of solid

w = dimensionless permeability coefficient

« = dimensionless pressure

p = density, kg-m™3
pp = bulk density of solid product, kg-m~
pr = bulk density of solid reactant, kg-m~

# = dimensionless temperature

3
3

Subscripts and superscripts

1 = gas to solid reactant ratio

2 = product to solid reactant ratio
g = gas

H = hot boundary

o = initial condition

P = solid product

R = solid reactant

solid

dimensionless

s
* = reference value

b
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