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Abstract

The problem of quenching a material in self-propagating high-temperature synthesis (SHS) in flat samples of a
titanium—carbon mixture is studied theoretically and experimentally. Possible cooling rates with different ways of
heat removal are estimated mathematically. A method of quenching by a high-velocity impinging jet is chosen. The
method provides the conditions of heat removal necessary for stopping the combustion wave front (a rate of
temperature decrease ~10* K s™! for a 2-mm-thick specimen). A mathematical model of material quenching in the
process of SHS is developed for one- (A — B) and two-stage (A — B — C) reactions. Thermal processes and
composition of material in stopping the front in a flat plate sample of a titanium—carbon mixture is studied
numerically on the basis of the model proposed. The dependence of the cooling rate on temperature in different
zones of an SHS-wave are calculated; in this case a two-stage reaction is considered to occur in the so-called fusion,
control, and separation modes. A schematic diagram of an experimental setup and results of experimental study of
the proposed model of quenching are given. Feasibility of using the method of quenching by an impinging jet is
demonstrated for studying the processes of phase and structure formation during the SHS. © 1999 Elsevier Science
Ltd. All rights reserved.

1. Introduction

Self-propagating high-temperature synthesis (SHS)
occupies a special place among various physiochem-
ical processes of producing modern inorganic ma-
terials (heat-resistant and heat-proof, superhard and
wear-resistant, insulating, etc.). The advantages of
SHS are low energy consumption, simplicity of
equipment, high efficiency and purity of products. In
this case heat transfer and kinetics of chemical,
phase, and structural transformations are of con-
siderable scientific interest since the process is

* Corresponding author.

characterized by high temperatures in a condensed
phase, high heat capacities of products, low con-
stants of mass transfer in combination with high
rates of chemical reactions, and by a specific multi-
stage nature of phase and chemical transformations
[1-6]. At present the mechanisms of this process are
intensely studied by physicochemical, materiallo-
graphic, and thermodynamic methods. A specific fea-
ture inherent in SHS is the presence of condensed
products forming spatial structures at different stages
of the process. These products carry information
about the process itself and their analysis gives infor-
mation on the mechanism of SHS. Usually the com-
position and structure of the products are studied
after an SHS-wave has passed and the specimens are
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Nomenclature
A substance
a thermal diffusivity [m? s~!]
c heat capacity [J mol~" K]
d diameter [m]
E activation energy [J g~ ']
ei=(Lcip)'? thermal activity [J m?> K~!' s71/?]
Fo = aty/ P Fourier number
AH,, heat of evaporation [J kg™!]
h=(1-K.)/(1+K.), K. = e /e dimensionless complex
k reaction rate constant [s~']
Ki = ql/[(Tcomb — Tem)] Kirpichev number
L specimen length [m]
Nu=ol/A Nusselt number
p pressure [Pa]
Pe Peclet number
0=-AH* heat release of a chemical reaction [J kg™']
q heat flux [W m 2]

dimensionless complex

temperature [K]

jet velocity [m s™']

volume [m?]

specimen thickness [m]

coordinates in three space directions.

coefficient of heat transfer [W m~2 K]
dimensionless complex

porosity (pch(l _gch) = ppr(l_epr))
degree of conversion

relative temperature

thermal conductivity [W m~! K]
characteristic numbers
dimensionless complexes
dimensionless complex

density [kg m ]

time [s]

adiabatic

boiling

charge

cooling medium
combustion

critical

evaporation

final

front of combustion
sample and substance-coolant, respectively
ignition

liquid

maximum

melting
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pr product

r chemical reaction
sat saturation

sc scaling

0 initial state.

cooled. In this case the processes of thermal, chemi-
cal, and concentration relaxation are accomplished
and the content of nonreacted substances in the
SHS-products is usually low, because the synthesis is
characterized by a high degree of conversion. At the
same time, in various zones of the synthesis wave
(which have different temperatures) the starting reac-
tants, intermediate phases, and final products of
combustion are present simultaneously. The infor-
mation of the product formation processes can be
obtained if we arrest a state of the combustion wave
by sharp cooling of the system. In this case, how-
ever, it is well to bear in mind the fact that the heat
balance, value and direction of temperature gradi-
ents, spatial distribution of the heat release rate will
change during highly intense cooling of the specimen.
This poses the question on the conformity of the
high-temperature and quenched states.

The required cooling rate is ~10*-10° K s~'. The
existing means of cooling of specimens with the SHS
process occurring in them give insufficiently high cool-
ing rates [1-3]. For liquid metals and alloys, the melt
quenching (MQ) methods are used which allow one to
obtain microcrystalline and amorphous materials [7].
Rolling between rotating rolls, melt spinning, flattening
of a droplet between cooled copper plates, high-speed
spraying by liquids and gases provide quenching rates
~10*-10" K s7!, but they are not acceptable for SHS
specimens because they cause destruction of the shape
and structure of materials.

Along with the mentioned quenching methods, fast
cooling of a liquid or gas by an impinging jet is
widely used in metallurgy and power engineering.
The advantages of the method are high intensity of
heat transfer and simplicity of control of its charac-
teristics. A great number of works [17,42—45], the
results of which indicate the possibility of fast cool-
ing by this method, are devoted to the processes of
interaction between an impinging jet and a hot sur-
face under the conditions of one-phase convective
heat transfer and vaporization.

In the paper, mathematical modelling of heat
transfer, chemical and phase transformations, the
evolution of temperature fields, heat release rate and
cooling rate during quenching of a burning SHS-spe-
cimen by an impinging jet is carried out. The pro-
cess of quenching is implemented experimentally.

2. Estimation of heat removal rates from the surface of
an SHS-specimen by different methods

Fast cooling of a body heated to high temperatures
without substantial changes of its shape and structure
can be attained by

e conductive heat removal into a material with high
thermal conductivity;

e evaporating a liquid coolant on a surface;

e intense convective heat transfer.

2.1. Conductive heat removal

We estimate a maximum quenching rate using heat
removal from an SHS specimen into a massive copper
bar. An ideal thermal contact can be attained by
depositing a thin film of a low-melting high-boiling
metal, e.g., indium (Te;=156°C, Tpoi=2060°C [8]).
A time of heating an indium film with a thickness
[~1 pm to the fusion point T~ /*a~ 1072 s at ther-
mal diffusivity @ &~ 0.3 cm? s~ [9] is rather small. This
process is described within a framework of a conjugate
problem of heat transfer for two contacting bodies.
The solution of the problem is given in [10]. For two-
sided cooling of a flat specimen with a half-thickness /
a relative decrease in temperature at the center
00=(Tt—Ter)/(Teompb—Tem) Will be found by the for-
mula [10]

R . @n=1)
=1—-—— —h)"" erfe——- 1
fo=1 - gq LW ety e (1)

where h=(1—KJ)/(1+K.), K.=eifes, e;=(licip)"* is
the thermal activity (for copper e;=36.4 kJ m™2 K™!
512 [8]).

For quantitative estimates we consider formation of
TiC in SHS in the Ti—C system. Thermophysical par-
ameters of this system (7comp=2500-3000°C) are typi-
cal of the majority of SHS-processes in the metal—
carbon and metal-boron systems. The rate of cooling
to Ty=500°C when reactions and phase transform-
ations in the Ti—C system are terminated should be
not less than ~10°K s~'. Then the time of cooling
0= (Teomb—Tt)/Vo~0.1 s and a relative decrease in
temperature is 0y=0.16-0.20. For titanium carbide
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with thermophysical parameters =30 W m~' K~!,
¢, =58.6 T mol™' K™', p=4.93 g cm 7 [11], at the cen-
ter of the plate with / = 2 mm during the time 0.1 s
formula (1) gives 6y =~ 0.8. The rate of temperature
decrease in this case is ~10° K s™'.

Consequently, conductive heat removal with an ideal
two-sided contact of a cooled copper block with the
spgcimenlprovides a rate of quenching not higher than
10° K s .

2.2. Liquid-droplet evaporation

Evaporation cooling of liquid on the specimen sur-
face corresponds to the second-order boundary con-
ditions, i.e., the constancy of a heat flux. For two-
sided cooling of the plate with a half-thickness /, a
relative decrease in temperature at the center is deter-
mined by the relation [10]

. 1 - nrl 2
0y =1 —K1<F0— 6) + Z(_1)1 2

n=1 n

exp(— 2 Fo), )

where p, are the characteristic numbers. The value
00=0.16-0.20 at the center of the plate is attained at a
very large value of the heat flux ¢ ~ 10 kW cm™2. This
heat flux can be attained in the mode of liquid-droplet
evaporation of a low-melting metal (for sodium
Trmeli =98°C, Thoil = 882°C, evaporation heat
AH.,=99 kJ mol™! at T=Ty,; for potassium
Tmett =63°C,  Toon=779°C, AHo,=79 kJ mol™" at
T=Tpon [12,13], Wood alloys of the systems Bi—Pb—
Sn, Bi-Pb—-Sn—Cd (T =68-140°C), or a cryogenic
coolant.

We make estimates for sodium which possesses,
compared to potassium, a lower chemical activity,
higher thermal conductivity A=52 W m~' K~ at
T = 827 K [12,14], and higher values of evaporation
heats at Ty, and of a critical temperature
T =2230°C, p,=25 MPa [13,14]. Among cryogenic
fluids we consider argon: 7.,=—122°C, p.,=4.8 MPa,
Thoi=—185.9°C, AH,,=2.6 kJ mol™" at T=-128°C.
In a limiting case of evaporation to vacuum with con-
tinuous supply of coolant, a mass rate of evaporation
can be estimated by the Hertz—Knudsen formula w=p/
(nRT/p)"?. Tt amounts to 6.3 g cm™2 s~! for sodium
at the boiling temperature and W~ 1000 g cm™2 s~!
for argon T=—128°C. Then the heat flux due to evap-
oration of the coolant attains a value of 27 kW cm™>
for argon that exceeds a required value of the heat flux
g~10kW cm 2.

For one-sided cooling of a flat specimen with a
thickness / = 2 mm from 7.y, =3000°C to the boiling

point of sodium (779°C) an amount of heat equal to

Teomb
ep(T)dT 1 ppyc = 1.8 kI em™>

Thoil(Na)

st = |

should be removed from the unit surface. In this case
0.5 g of sodium at T=Ty,; or 30 g of argon at
T=—128°C will evaporate. The time of evaporation
will amount to 0.1 s for sodium or ~0.05 s for liquid
argon, i.e., it does not limit the process of cooling.

Taking a minimum diameter of droplets in spraying
liquid coolant as ~0.1 mm, we obtain a time of film
heating-up t=d*/a =2x10"* s for sodium at
a ~ 0.5 cm? s™!. For estimates the values p=0.754 g
cm 3, =291 mol™" K™ at T = 800°C were taken
[13—-15]. The calculated time of heating-up of the
whole mass of sodium is rather small ~0.01 s. For
argon we take thermophysical parameters on the satu-
ration line at 140 K 2=0.07 W m™' K", ¢,=1.6 kJ
kg™" K7!, p=1 g cm™? [15]. In this case the time of
heating-up of the evaporated mass of argon is much
higher than the required time of specimen cooling ~1 s,
ie., the rate of quenching vo>10* K s~!, but im-
plementation of the liquid-droplet evaporation process
is technically difficult because of the necessity of fast
dispersion of the coolant and the removal of a large
amount of vapours: at the boiling temperature a
volume of vapour will amount to ¥=mRT/(pu) ~ 10°
cm® cm™2 of the specimen surface.

2.3. Convective heat transfer

A convective mode of heat transfer corresponds to
the third-kind boundary conditions on the specimen
surface. According to the nomograms relating the Biot
and Fourier numbers at 19~ 0.1 s and the character-
istic thickness of the specimen / = 2 mm [10] a relative
decrease in temperature 0,=0.16—0.20 is attained at a
value of the coefficient of heat transfer o ~ 10*-10° W
m~> K~'. In a longitudinal turbulent flow of liquid
sodium past a plate of a length L the Nusselt number
is Nu=aL/) ~ 0.4Pe®%° [14]. To provide o~ 10° W
m~> K~ at T = 1200°C we need a value of the Peclet
number Pe ~ 1.3 x 10° and, respectively, the velocity
of a sodium jet u &~ 120 m s~'. This value exceeds the
velocity necessary for stalling a vapour layer. For a jet
of liquid argon Nu ~ 0.37Re®3Pr%* and a value of
the coefficient of heat transfer o ~10° W m™2 K~ is
attained at the flow velocity u ~ 150 m s~ at a critical
temperature that is also higher than the velocity of
vapour layer stalling. Similar estimates for a Wood
alloy (55% Bi+45% Pb, Tpe=123°C) at 700°C show
that o ~ 10° W m~—2 K~ ! is attained by u = 155 m s .
By virtue of this it is expedient to employ a convective
mode of cooling in the flow of a liquid coolant, a
dynamic head of which can provide stalling of a
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vapour layer: pu> pg,, where u is the jet velocity, ps.
is the pressure of saturated vapour. For a sodium flow
u=12ms " at Ty, u = 40 m s~ at T = 1200°C. In
the case of a liquid argon jet u = 100 m s~ ' at T=T,,.

However, use of the mentioned media under the
conditions of SHS is technically very difficult. This
makes one prefer a high-speed water jet. Without
regard for heat of the liquid—vapour phase transition
the coefficient of heat transfer at a point of water jet
impingement on an obstacle is found from the relation
Nu = 1.5Re*Pr®* A value of 0 >10* W m=2 K~
for a jet issuing from the nozzle with a diameter 2 mm
is attained at u > 150 m s~!' [16,17]. This is higher than
the velocity necessary for stalling a vapour layer. A
real value of the coefficient o should be even higher
because of evaporation of water on the cooled surface
and vapour entrainment by a high-speed jet.

3. Mathematical model and numerical calculation
3.1. Physical formulation of the problem

A specimen is in the form of a rectangular plate a
thickness w of which is much smaller than longitudinal
dimensions: a length / and a width z. The position of
coordinates is shown in Fig. la.

The specimen is ignited by a wall heated to a tem-
perature Ti;=T,q (x = 0) during the time of initiation
tig, Where the adiabatic temperature T,q=To+QJc is
determined by an initial temperature 7, and heat
release of a chemical reaction Q=—AH°. After estab-
lishment of a stationary combustion mode at f=t¢,
cooling by a high-speed water jet directed along the

Y
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0 005 0.1 015 tls)

Fig. 1. Schematic of a computational region (a) and attain-
ment of a stationary mode by the SHS-wave (b).

normal to the side ¥ = 0 begins (Fig. la). Due to a
small size of the specimen the conditions of cooling are
supposed to be equal over the entire surface.

3.2. Model of a one-stage reaction

Variation of temperature and the degree of conver-
sion for a one-stage reaction in an SHS-wave is
described by the equations of the theory of thermal
combustion of condensed systems [4]. To allow for the
effect of the kinetics of heterogeneous reaction on a
temperature dependence of the reaction rate we use the
first-order model [4]

e =1-n", n=1,

where 7 is the degree of conversion, 0 < n < 1. In the
dimensionless variables

0 =(T—To)/ATy, ©=1t/ty, x=X/x0, y=Y/yo,

where ATy=T,—T, T, is the temperature scale,
Tse < Tag, X0, Yo, to are the scales along the axes Ox,

Oy, and the time #; variation of temperature and the
degree of conversion is described by the equation

.80 _ 9 (580 9 (590, _9n.
pc%_VX8x<)L8x)+vy8y<A8y>+pc81’ ®)
on _ . 0 —1)¢

ar=rt - e | g ) @

with the initial and boundary conditions

0(x,»,0)=0, n(x,»,0)=0,
x=0: 0=0,=S/cfort<t, 090/dx=0fort>1;
x=1L/xy: 960/3x=0;

y=0: 130/0y =0fort<t), 190/8y=3a(0 ly—o —0)

for > 1

y=W/yo: 80/3y =0. (5)

In many systems with SHS the dimensions of the speci-
men virtually do not change, therefore the density may
be taken constant. The differences in the densities of
the charge p., and the product p,, lead to the change
in porosity & pen(1—écn) = ppr(l—&pr). Due to the differ-
ence in heat capacities of the charge and the product
in Eq. (3) c=(1—n)cch+ ncp:.
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3.3. Substantiation of initial data for a one-stage
reaction

Calculations were performed for a model SHS-sys-
tem in which chemical interaction and thermophysical
parameters correspond to the formation of titanium
carbide TiC with a stoichiometric ratio of initial com-
ponents. Interaction between titanium and carbon in
an SHS-wave occurs predominantly in a liquid phase
[30,35,38]. With this in view, thermophysical par-
ameters of the process were determined for liquid
titanium using the data of [11,12,39]. With account for
enthalpies of phase transitions and the temperature
dependence of heat capacity, a thermal effect of TiC
formation from liquid titanium and graphite is equal
to 2.92 x 10° kJ kg™" at 298 K, 3.43 x 10° kJ kg~ at
2200 K. The adiabatic combustion temperature in the
Ti—C system amounts to 3200 K [28]. Since thermal
effects of titanium crystallization (~70 kJ kg™') and
the § — o-transition (30.5 kJ kg™') are small compared
to the heat of reaction, in calculations of the evolution
of thermal fields during quenching these effects were
neglected. Thermal conductivity of the product and
original charge (a mixture of liquid titanium and
graphite (the subscript ch)) was determined by a
simple dependence on porosity: Apr= Aric(l1—¢pr),
;LC]1:;LTi(]iq) X (]—SCh). With the pOI'OSity in the initial
state equal to 50% [30,38], it amounts to 48% after
titanium melting and 67% on completion of the reac-
tion. Thermal conductivity of liquid titanium does not
depend on temperature [40,41]. Mean value of thermal
conductivity of graphite and titanium carbide at
2200 K were taken in calculations.

According to the data of [30], in SHS of titanium
carbide the activation energy under the conditions of
interaction between liquid titanium and graphite is
120 kJ mol~'. The preexponential factor k was deter-
mined by the Zeldovich—Frank—Kamenetskii formula
for the stationary combustion u which for the first-
order reaction has the form

s ¢Tw
W= 7(2 ;OZ)AO ‘T exp (— R—ET>dT. (6)

At the porosity of the initial mixture 50%, the rate of
combustion of the titanium—carbon system is # ~ 3 cm
s7' [30,38], then k~2x10* s7'. Choosing
T,a=1500 K, T,=300 K, QO =32x10° kJ kg~ ',
co=1 kJ mol™! K7, po=18 g cm >, we obtain the
following values of dimensionless parameters:
S =266, $=0.106, £=7.515, r =2x 107>, For a
2-mm-thick specimen the scales y,=x7=0.25 mm are
taken, then v,=v,=0.18, 2 =1.25 and 12.5 at 2=10°
and 10°Wm > K"

3.4. Numerical studies

The problem, Egs. (3)—(5) was solved numerically by
finite-difference techniques [18] using the fourth-order
Runge-Kutta method for Eq. (4), and a conservative
implicit finite-difference scheme of the order 0
(h+ At), and the method of splitting by directions for
a two-dimensional nonlinear equation of heat conduc-
tion, Eq. (3).

Numerical modelling of the SHS-process without
quenching shows that a stationary mode of combus-
tion with the rate ~2 cm s~' is established at
t = 0.075 s (Fig. 1b) and the duration of ignition
t;=0.02 s. On this basis we selected the time of the
start of quenching #=0.12 s when the coordinate of
the combustion front x; ~ 2 mm.

After the start of cooling at «=10° and 10° W m~
K~ a most fast reduction of temperature occurs on a
cooled surface Y = 0 and the temperature is almost
the same within the entire after-burn zone. Along the
cross-sections Y=W/2 and Y=W temperature
decreases much slower and in this case a maximum of
the temperature profile lies in the fast-reaction zone
where heat release rate is the largest due to the chemi-
cal reaction (Fig. 2a). It is convenient to characterize
the position and the shape of the combustion front by
the quantity

2

L
(Y, t)= hJ n((X, Y, r)dX,
0

- a
- T 2 (@)
tpv3 il
£ 2 = Y 3
e i WO
4 'L
1 N i'.\:"\--.-\. ......
; 2 3 4 X (mm)
Wimm)
(bl 5 8
30t
4
25+ 2 1
05 10 15 Y(mm)

Fig. 2. Distrubution of temperature along a specimen (a) and
of a quantity of reacted substances across a specimen (b) in
quenching for a one-stage reaction. (a) 1, = 0.12's; 2, 0.15 s;
3,02s;4,05s (b)) 1, t=0.12s; 2, 0.125 s; 3, 0.13 s; 4,
0.155s;5,0.2s;6,0.3s.
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F (kw-cmd)

Fig. 3. Evolution of the field of heat release rate in quenching for a one-stage reaction: (a) ¢t = 0.12s; (b) 0.13 s; (¢c) 0.15s; (d) 0.2 s.

which has dimensions of a length indicating an amount
of the substance burnt (4 is the step along the axis
0x). Combustion quickly stops on the cooled surface
Y = 0. This leads to bending of the plane front of th
SHS-wave (Fig. 2b). The motion of the front ceases in
a time 1= 0.18 s at «=10"> W m~2 K=", It is con-
venient to follow the instant of combustion front stop-
ping by a change in the field of heat release rate
F=Qodn/ot (Fig. 3). A maximum of the heat release
rate is on the specimen surface Y= W and with time it
shifts along the axis Ox. Cessation of the heat release
corresponds to stopping of the combustion front.

The rate of temperature decrease Vy=d7/d¢ changes
from ~10° K s~! on the cooled surface to ~10* K s~
on the opposite side of the specimen. Since in melt
quenching and heat treatment of metals and alloys a
high cooling rate should be attained within a tempera-
ture range covering the phase transition points, a dia-
gram of the dependence of 7, on an instantaneous
value of temperature is an important characteristic of
quenching conditions. The temperature dependence of
the quenching rate for the points lying in different
zones of an SHS wave (the preheat, fast-reaction, and
after-burn zones) at different distances from the cooled
surface are given in Fig. 4. The rate of temperature
drop decreases sharply with temperature. In the after-
burn zone within the range of temperatures of the melt
existence 7 = 1900-3000 K Vo~ 10* K s~! (curves 1—
3 in Fig. 4). This provides the possibility to arresting a
high-temperature liquid phase. In the fast-reaction
zone and near to it, due to continuing heat release, a

high rate of temperature drop Vp>10* K s7!' is

attained only at the cooled edge of the specimen (Fig.
4a). The width of the region where a chemical reaction
takes place increases with the distance from the cooled
surface. In this region heating lasts for some time
(Vo < 0 in Fig. 4b, ¢), but the attained temperature
decreases sharply with a distance from the position of
the reaction front at the moment of onset of quench-
ing. In the cross-section X = 3 mm a maximum value
of temperature is 1500 K (below the melting point of
titanium) at the center of the specimen and 2300 K on
the surface Y = 2 mm; the cooling rate is Vy ~ 10* K
s~'. For T < 1500 K Vo~ 10>-10° K s~! that is com-
mensurable with an ordinary value of the quenching
rate for metals and alloys.

Thus, a numerical study of temperature fields in
quenching the substance in an SHS-wave by the
method suggested in this paper indicates the possibility
of the attainment of the cooling rate Vo~ 10* K s~
within a temperature range of the existence of the melt
in the titanium—carbon system. This is sufficient to
arrest a high-temperature state of substance in the fast-
reaction and after-burn zones.

3.5. A model for a two-stage reaction. influence of a
stage nature of chemical interaction on heat transfer and
structure formation

It should be noted that in many systems the pro-
cesses have a multistage nature and proceed via the
formation of intermediate compounds, metastable



4242 B.M. Khusid et al. | Int. J. Heat Mass Transfer 42 (1998) 4235-4252

3 T103K)

Fig. 4. Dependence of the cooling rate on temperature in different cross-sections of the specimen for a one-stage reaction: (a)
Y = 0 mm; (b) 1 mm; (¢) 2 mm; (1) x = 1 mm; (2) 1.5 mm; (3) 2 mm; (4) 2.5 mm; (5) 3 mm.

phases which may be absent in a final structure of the
product. Propagation of a combustion wave with con-
sequent two-stage reactions of the type Al—A—4; is
widely studied in the literature [5,6,19-25, and others].

Depending on the ratio of activation energies and
heats of reactions I and II, three modes can occur: the
so-called “control”, “fusion” and ‘‘separation” modes
which differ by the distribution of concentrations of in-
termediate (A,) and final (43) products in the combus-
tion wave. However, in the experiments with SHS
these characteristics are not fixed directly in the com-
bustion wave. The modes of control, fusion and slight
separation (when a width of the region of an inter-
mediate product is small) differ insignificantly from
each other by the temperature profile [19].
Consequently, a temperature profile of the combustion
wave determined by the thermocouple technique does
not allow one to unambiguously judge the mode of the
process.

3.6. Numerical investigations

By virtue of the above, numerical investigations of
thermal processes in quenching the material in the
SHS-wave in the case of two consequent reactions
Al— A — 45 acquire a large significance. As has been
discussed above, the cooling rate Vy ~ 10*-10° K s~
is necessary to arrest a high-temperature state of sub-
stance in the SHS-wave and it can be attained using a
high-speed water jet directed along the normal to the
specimen surface.

We consider combustion of a two-dimensional speci-
men of a length L and width W. Ignition was per-
formed by a wall heated to a temperature Ti,= T4 (at
X = 0) during time #,, where T,q=To+(Q;+ Q>)/c is
the adiabatic combustion temperature, To=T7(X, Y, 0)
is the initial temperature. Cooling of the specimen by a
high-speed water jet directed along the normal to the
side Y = 0 begins on attainment of the steady-state
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mode of combustion (when ¢=£). The rate of heat
removal from the cooled surface of the specimen is
determined by the Newton law. Changes in the tem-
perature field and degrees of conversion for reactions I
and II are described by the equations of heat conduc-
tion and kinetics. Within the framework of the theory
of combustion of condensed systems [4,26] the
Arrhenius dependence of the chemical reaction rate on
temperature is assumed which account for retardation
of reaction by the formed layer of the product by the
law (1—5)". For a two-stage reaction in the dimension-
less quantities 0=(T—T,)/ATy, t=t/ty, x=X/x9, y=7Y/
»o the problem has the form

_ca—O—v i(la—o)—i-v 0 18—0
P ot~ Tax\ ax Yay\" oy

’ a )
+P_S‘7Q% +psS(l _“Q)ﬁg

o i (0 — Do .

8711 =r(1—-n)" exp [m], o

9 =Dl

The initial conditions
0(x,y,00=0, n(x,»,0)=0, n,(x,y, 0)=0. (10)
The boundary conditions for the axis 0X

x=0:0=0,=S/c,fort<t,
x=0:00/0x =0, for T > 1;,

x=1L/x¢:30/3x = 0; (11)
for the axis 0Y

-00
y=0: ;“('Ty = 0for1<7j,

y= 0: 58—0 = &(9 |1,:0 —9), fort > Tj-
ay ’

y=W/yy: 00/9y =0;

S = (01 + 02)/(coATp), 6q = 01/(Q1 + Q»),

og = E/(E| + E2),

ATy(E) + Ey)

ow=hi/tki+k). &= F

§= Ro(To + ATy)
Ey+E

r1 = tok1 exp(—oe/P) = tok1 exp[—E1/(RTw)],

= toks exp

(12)
[—(1 — o)/l = toks exp[—E>/(RT)].

The quantities ry, r, have a meaning of ratios of the
temporal scale #, to the characteristic time to the ith
reaction f,; at T=Tpa.cri=to/t;;. The parameter S
determines the ratio of the adiabatic temperature rise
AT,qa=(01+ Q2)/co to the characteristic scale of tem-
perature variation AT,. The parameter /, determined
the characteristic size of the heated region during the
time fy. The coefficients v, and v, in Eq. (7) are the
scale factors characterizing the role of thermal conduc-
tivity along the axes 0X and 0Y. A high value of acti-
vation energy E>RT, ie., ff<l, is inherent in the
combustion process [26,27]. Then ¢ < 1.

In condensed systems of the types metal-carbon,
metal-boron, etc. densities of a charge of a stoichio-
metric composition and of a final product differ
slightly. Due to the difference in heat capacities and
thermal conductivities of the charge and final products
a linear approximation ¢=c¢;(1—n1)+ ca(n—n2) + 312, A
= 11 —ny) + A20n; — ny) + 43y, was used in Eq.
(10).

The problem, Egs. (7)—(12) was solved numerically
using finite-difference methods. The kinetic Eqs. (8)
and (9) were integrated by the fourth-order Runge—
Kutta method. A two-dimensional nonlinear equation
of heat conduction with the source, Eq. (7), was solved
by a conservative implicit finite-difference scheme of
the order O(h>+At) using the method of splitting
along the directions [18].

3.7. Substantiation of initial data for a two-stage
reaction

As has been noted above, various modes of combus-
tion in a two-stage reaction differ slightly from each
other and from a one-stage reaction by external fea-
tures (the rate of combustion, temperature profile). In
calorimetric measurements a thermal effect represents a
total quantity Q=0+ Q, and the activation energy E
refers to the leading stage of the combustion process.
For the majority of systems of the type ‘‘high-melting
metal (Ti, Zr, Ta, Nb)-boron or carbon” the heat of
formation of the product (boride, carbide) is within
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the limits Q = 2500-4000 kJ kg~' [12], the adiabatic
combustion temperature 7,4 =2500-3000 K [28].

At the porosity of the charge mixture and the
product 50%, characteristic values of the thermophysi-
cal parameters are: p=2 x 10> kg m™>, ¢y~ 10> J kg™!
K™ Jo~ 15 W m™' K™ [29]. By virtue of this we
take 7o =300 K, T,q=3000 K, QO = 2700 kJ kg~'. The
activation energy of the chemical reaction is SHS of
high-melting compounds lies within the range
E = 120-300 kJ mol~' [30,31], which coincides with
the range of the activation energy of solid-phase diffu-
sion in the product layer [11]. We take the value
E = 170 kJ mol™! for the compound TiB, as charac-
teristic [11,32]. A typical value of the combustion rate
for the “metal-carbon”, “metal-boron” systems is
u~1cms™'.

In the case of a one-stage reaction 4; — A, at the
given values of the parameters it follows from the
Zeldovich-Frank—Kamenetskii ~ formula (6) that
k~10° s, then r=kiyx exp[—E/(RTmax)] ~ 1007,
e, (= 1072 . Assuming 7 =10, ¢=0.1 s,
Xo=yo=2 mm, we obtain the following values of the
dimensionless complexes: p=0.147, £=6.134,
v,=v,=0.1875, § = 1.

The criterion p=9.1y—2.5p [33], which characterizes
the loss of stability of a plane front of the combustion
wave with a one-stage reaction, lies near the boundary
between stationary and self-oscillating modes (n=1.1).

We consider a two-stage reaction A4; — A, — A3

F, T T(K)

3000

12000

11000

T(K)

3000

{2000

11000

0 2 4 8 8 10
X{mm)

proceeding with about the same parameters, i.e., the
observed activation energy, heat release, and combus-
tion rate. In the “fusion” mode (0.5 < og < 1 [5]) the
combustion rate is determined by the first reaction
which has the largest activation energy, and the total
heat release [19]. In this case E;=E = 170 kJ mol™!,
0=0,+0,=2700 kJ kg™', k;~10° s7!, r;=10 (at
1o=0.1 s). Taking 0g=0.7, 09=03, 0,=0.97, we
obtain E>,=72.9 kJ mol™", f=0.103, £=8.76, r,=15.

In the “control” mode, where (dq+0)/(1+0q
+20) < o < 0.5, where o=T,/AT, [5], the combus-
tion rate is determined by the second reaction proceed-
ing with its own thermal effect at the adiabatic
temperature [19]. In this case we observed activation
energy refers to the second reaction E,=F = 170 kJ
mol™". At 6£=0.3, 6o=0.05, 6,=0.5 [19] we have
E =729 kJ mol™!, k,=9 x 10* s™!, $=0.103, £=38.76,
=10, ry=—490.

In the “separation” mode (0 < og < (6q+0)/
(I1+0g+20) [5]) the rate of the combustion wave
propagation corresponds to the situation when only
the first reaction with its temperature and heat release
takes place [19]. The observed activation energy refers
to the second reaction proceeding in the mode of in-
duction E,=FE =170 kJ mol™". Taking og=0.3,
0o=0.07 [19], 3, =0.1, we obtain k; =9.10* s™', r,=2,
and the values of § and ¢ are the same as in previous
cases.

We assume that in employment of the high-speed

F, T(K)
13000
100
2000
50r
1000
0 10
F,

T(K)

3000

12000

11000

o 2 4 6 8 10
X(mm)

Fig. 5. Distribution of temperature heat release rate and volumetric fractions of intermediate (a,) and final (430 products in a SHS-
wave: (a) one-stage reaction; (b)—(d) two-state reaction; mode of fusion (b), control (c), separation (d).
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W,
8.4 T 10.5

9.5 T

Y (mm) Y{mm)

Fig. 6. Position of the fronts of reactions I (w;) and II (w,) in quenching for a two-stage reaction in the modes of fusion (a), con-
trol (b), and separation (c): 1, 2, 3) wy; 4, 5, 6) w,; for (a), (b): 1 and 4, 1 = 0.025 s; 2 and 5, 0.05 s; 3 and 6, 0.6 s; for (c): 1 and 4,

t = 0.025s; 2 and 5, 0.075s; 3 and 6, 0.6 s.

water jet for cooling a burning specimen the coefficient
of heat transfer on the boundary ¥ = 0 is o ~ 10° W
m~> K~ [29]. The specimen thickness is 2 mm.

3.8. Numerical investigation

The calculated structures of the combustion front
for a one-stage reaction and a two-stage reaction pro-
ceeding in the “fusion”, “‘control”, and ‘‘separation”
modes for the above given parameters are shown in
Fig. 5. The combustion rates for all regimes are close.
The temperature profiles in the modes of “fusion” and
“control” virtually do not differ from each other (Fig.
Sa—c). In the “‘separation” mode the temperature in
the combustion wave changes smoother compared to
the previous cases (Fig. 5d). The presence of a notice-
able layer of the intermediate product is characteristic
for a two-stage reaction in the modes of control and
separation (Fig. 5c, d). A mean thickness of this layer
Ax, was estimated by the size of the region of the in-
termediate product in which the product concentration
is one-half of a maximum. In the separation mode
Ax, ~1.6 mm with a concentration a, < 0.8. In the
mode of control the fraction of the intermediate pro-
duct is close to unity in the layer with a thickness
~0.85 mm. In the mode of fusion a small amount of
substance A, (a; < 0.2) is observed in the zone with a
width ~0.5 mm (Fig. 5b). This is caused by the fact
that in the fusion mode in contrast to the modes of
control and separation, reaction II proceeds faster
than reaction I since it has a lower activation energy
and higher heat release. The results of numerical inves-
tigation of quenching of the burning specimen with a

two-stage reaction are given in Figs. 6-8. The time
given in Figs. 6-8 is reckoned from the moment of the
onset of specimen cooling. It is convenient to describe
the change in the position and shape of the front of
reactions I and II in quenching by the quantities

L
w12(Y, 1) = hJ ma(X. Y. 1) dX,
0

which have the dimensions of length (Fig. 6).

3.8.1. Fusion mode

It is found that in quenching of the specimen burn-
ing in the mode of fusion of a two-stage reaction, the
distance between the front of reactions I and II
decreases by about 4 times on a noncooled surface
(Fig. 6a). On the cooled surface (at Y = 0) an initial
position of the fronts of reactions is fixed. Combustion
continues in the depth of the specimen. The first reac-
tion ceases quicker than the second reaction and in
this case the intermediate product is consumed. It is
seen from Fig. 7a that on the cooled surface the volu-
metric fraction of the intermediate product decreases
slightly from 0.194 to 0.18. With a distance from the
cooled surface the concentration of the intermediate
product decreases sharply: to 0.04 at ¥ =2 mm. A
mean width of the region containing product A, is
~0.4 mm. Hence, it is very difficult to find the inter-
mediate product after quenching, its concentration is 5
times smaller than that in the combustion wave before
quenching.

In the modes of control and separation the first
reaction has a lower energy of activation and proceeds
faster than reaction II. By virtue of this fact, in
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Fig. 7. Spatial distribution of a volumetric fraction of an in-
termediate product (a) in a quenched SHS-specimen in a two-
stage reaction in modes of control (a,), fusion, and separation

(©).

quenching of an SHS-specimen the distribution of the
intermediate product changes qualitatively.

3.8.2. Control mode

In quenching the positions of the fronts of reactions
I and II in the combustion wave are arrested on the
cooled side of the specimen (Y = 0). On the noncooled
edge Y = 2 mm, starting from the onset of quenching
to complete cessation of combustion the front of the
first reaction passes the distance of about 2.5 times
larger than that passed by the front of reaction II (Fig.
6b). This is cased by the fact that the second reaction
stops quicker than the first due to a higher activation

energy. It is found that the concentration of the inter-
mediate product is constant over the width of the spe-
cimen and is close to unity (Fig. 7b). A mean width of
the layer of the intermediate product on the noncooled
edge of the specimen is Ax, ~ 1.3 mm (Fig. 7b).

Fig. 8 presents spatial temperature distribution in
quenching of the specimen burning in the control
mode. A sharp temperature drop occurs on the cooled
surface Y = 0 and in the preheat zone. This leads to a
noticeable reduction of the heat release rate in the
zone of reaction II (Fig. 9). At t = 0.15 s a tempera-
ture on the noncooled surface ¥ = 2 mm is still close
to adiabatic (Fig. 5d), but the heat release rate in the
zone of reaction II has already become smaller than
the value before onset of cooling. This is associated
with intense heat removal along the axis 0Y which
leads to stopping of the front of reaction II, and with
a further decrease in temperature to ceasing reaction I.

The rate of the temperature drop V,=—0T/0t
decreases with an increase in the time of specimen
cooling from 2.75 x 10* at r = 0.025 s to 8.10° K s~
at t = 0.15 s (Fig. 10). In this case the region with a
maximum value of the cooling rate shifts into the
depth of the specimen and reaches the noncooled edge
at t & 0.05 s from the instant of the onset of quench-
ing. A negative value of ¥V, (Fig. 10) corresponds to
heating of substance in the regions where the heat still
releases due to chemical reactions. In the modes of
fusion and separation the evolution of spatial distri-
bution of the temperature drop rate and its value at
different time instants are close to those observed in
the control mode.

Thus, a noticeable amount of the intermediate
product A, is arrested in quenching the SHS-specimen
with two-stage interaction of components proceeding
in the control mode.

In the separation mode there exists a thick layer of
the intermediate product. A slight increase in the thick-
ness of the intermediate product layer on the non-
cooled edge of the specimen compared to the cooled
surface is observed in quenching of this mode. The
two reactions stop almost simultaneously (Fig. 6¢). It
is seen in Fig. 7c that the concentration of the inter-
mediate product on the noncooled surface somewhat
increases from 0.8 to 0.9 and this can be detected by
the methods of microstructural analysis, X-ray diffrac-
tion and others.

Thus, numerical studies showed that the method of
high-speed cooling of the SHS-specimen makes it poss-
ible to arrest a noticeable amount of the intermediate
product in the case of a two-stage SHS-reaction wave
propagating in the control or separation mode.
Consequently, the quenching method which gives the
coefficient of heat transfer a=10>° W m™2 K~! on the
cooled surface (an impinging water jet), makes it poss-
ible to determine the mechanism of phase and struc-
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Fig. 9. Evolution of the field of heat release rate in quenching of an SHS-specimen (control mode): (a) ¢+ = 0.025 s; (b) 0.05 s; (c)

0.075 s; (d) 0.15 s.
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ture formation in SHS. In the fusion mode the amount
of the intermediate product arrested by quenching is
small. In this case the determination of the mechanism
of interaction in the SHS-wave by quenching will
depend on the sensitivity of the methods used for the
analysis of a quenched specimen.

4. Experiment

Numerical modelling made in the previous section
showed a theoretical possibility to arrest the state of
both final and intermediate products of reactions in an
SHS-wave. In this paper we also present an experimen-
tal implementation of fast quenching of the SHS-speci-
men with a Ti—C mixture by a high-speed impinging
water jet. A basic part of experimental equipment is
shown in Fig. 11. Cooling water is fed by a positive-
displacement pump to the nozzle of a round or a rec-
tangular cross-section. The inlet part of the nozzle is
shaped to eliminate jet disbalances at the outlet.

A specimen which had a shape of a cylindrical tablet
with a diameter 25 mm and thickness 2-5 mm was
placed in a special chamber. A reverse side of the
specimen was thermally insulated from the chamber.
An inlet of the chamber with the specimen was closed
by a special gate protecting the specimen from the jet
effect. The distance between the inlet cross-section of
the nozzle and the cooled surface was ~40 mm.

The specimen was prepared from the mixture of Ti
and C powders, in some experiments Ni was used as
an inert additive. Use of an inert additive and the stoi-
chiometric composition of the mixture allow one to
vary temperature and rate of reaction and also heat

11
1 10 S J
3 4
T
o b
Y, N
Ly s
s

Fig. 11. Device for quenching of SHS-specimens by an
impinging water jet. 1, water pump; 2, manometer; 3, nozzle;
4, gate; 5, specimen; 6, thermocouple; 7, ceramic insulator; 8,
ring; 9, memory storage oscillator; 10, device for initiating
SHS-reaction; 11, device for gate control.



B.M. Khusid et al. | Int. J. Heat Mass Transfer 42 (1998) 4235-4252 4249

release in the wave of synthesis. The powders were pre-
mixed in a mechanical stirrer for several hours and
then tables were made in the press-form. Pressure of
pressing was taken so that the density of specimens
amounted to 50 + 5% of theoretical. A tungsten—rhe-
nium thermocouple, made of ~100 um thick wire, was
embedded in a diametral section of the specimens. In
different series of experiments the depth of embedment
varied along the height of the specimen to evaluate the
quenching rate at different distances from the cooled
surface.

Before the experiment the specimen was placed in
the device and fixed by a special ring, the leads of the
thermocouple were connected to the inlet of the mem-
ory-storage oscillograph to register temperature during
cooling. Reaction was initiated by local heating of the
edge of the specimen by a current pulse through
special electrodes. The same pulse switched on the gate
control unit through a special circuit. The time of
delay of gate opening was selected so that the gate was
opened when the combustion wave reached the place
where the thermocouple was embedded. After the gate
was opened, a high-speed jet impinged on the specimen
surface at a right angle thus cooling it. In this process
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Fig. 12. Dependence of temperature variation on time in
quenching SHS in the Ti—C mixture with excess 10 wt% of
Ti. (a) round nozzle, d = 2 mm, (b)—(e) rectangular nozzle;
18 x 18 mm; dashed line, start of gate opening.

temperature variation was registered on the oscillo-
graph screen. Some examples of thermograms recorded
in the experiments are given in Figs. 12 and 13.

The experiments, the results of which are presented
in Fig. 12, were made for the specimens of nonstoi-
chiometric composition Ti—C with an excess content of
titanium which amounted to ~10 wt%. We should
mention some general specific features inherent to all
data. A sharp decrease in temperature takes some time
after the gate open. This is caused, first, by a finite
time of its opening (~0.1-0.15 s) and, second, by the
fact that at the initial stage of quenching a consider-
able portion of heat is spent to compensate the heat
released in the SHS-reaction. As is shown, the reaction
ceases at the moment when the temperature becomes
close to the temperature of the liquid phase (Ti,
~1900 K) crystallization. Then the cooling rate attains
a calculated value (~10* K s7'). With a distance
from the cooled surface the quenching rate decreases
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Fig. 13. Dependence of temperature variation on time in
quenching SHS by an impinging jet issuing from a rectangular
nozzle. Start of gate opening at r = 0.5 s; dashed line, cessa-
tion of cooling by a jet. (a) Ti+0.6Si mixture; depth of ther-
mocouple embedding 6=0.7 mm; (b) Ti+0.5C mixture;
thermocouple on the surface; (c¢) Ti+0.5C mixture;
0=1.2 mm, tablet thickness 1.5 mm; (¢) Ti+0.5C mixture;
0=0.7 mm; tablet thickness 1.5 mm.
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Fig. 14. Cross section of the specimen with a stopped front of the SHS-wave.

(Fig. 12c, e), that is in agreement with the results of
numerical modelling. Cooling by a plane jet is much
more efficient than by a jet issuing from a round noz-
zle (Fig. 12 a, c). This fact is likely to be explained by
a larger nonuniformity in the distribution of the heat
transfer coefficient over the surface of the specimen in
the second case. An increase in the specimen thickness
leads to an increase in the heat release rate in the fast-
reaction zone and, as a consequence, to a decrease in
the efficiency of quenching (Fig. 12b), and in some
cases to impossibility to stop the front at the given
parameters of the jet [34,36,37]. As is shown by calcu-
lations, the geometry of the specimen used in the ex-
periments stipulates nonuniformity of the heat release
along the motion of the SHS-reaction front with gra-
dual increase to a maximum at x ~0.7d and decrease
at the end point. In this sense, optimum cross-sections
from the viewpoint of fast quenching are initial and
final sections of the specimen.

In the experiments the mode of cooling, when the
time of interaction between the jet and the surface was
limited by certain time intervals, was also used. In this
case variation of temperature during quenching was
more complex. Thus, in the case when the thermo-
couples are positioned directly on the cooled surface
(Fig. 13b) very fast cooling of the specimen surface
(the cooling rate >10° K s™') was registered. On cessa-
tion of the effect of the cooling jet, temperature again
increases considerably due to heat supply from the
deep layers of the specimen. This mode of quenching
offers interesting possibilities for studying phase and
structure formation in the after-burn zone of the SHS-
wave. In this mode the quenching rate is also depen-
dent on the position of the thermocouple over the
depth of the specimen (Fig. 13d, ¢) and on its thickness
(Fig. 13c). As it should be expected, the effect of the
heat release of the reaction is substantial. This is con-
firmed by Fig. 13a which illustrates the results of the

experiments with the specimen made from the mixture
Ti+0.6Si, where the reaction is much lower.

As a whole, the results of the experiments are in a
satisfactory agreement with the numerical calculations.
It should, however, be noted that quenching with a
rather high rate was attained in experiments with jet
velocities not exceeding 30 m s~'. This fact provides
grounds to assume a substantial role of the vaporiz-
ation processes (besides a convective factor) which
were not considered in calculations. The estimates
made by the generalized relations, the experimental
data on a critical heat flux on the heater cooled by a
liquid jet known at present [42—45] give the values of
the heat flux that by the order of magnitude are some-
what smaller than those necessary for fast quenching
of the SHS-reaction. This is likely to be associated
with the specifics of the heat source which in the given
case is a propagating thermal wave, whereas the earlier
data were obtained for a uniformly heated disk.
Superhigh temperatures of the specimen surface in
SHS are also likely to be an important fact. Fig. 14
presents a cross-section of the specimen Ti+ 0.5C with
the stopped combustion front. In quenching, combus-
tion ceases quickly on the cooled surface and the
stopped front of the combustion wave has an arched
shape thus indicating a delay of reaction stopping in
the depth of the specimen compared to near-surface
layers, as was shown by numerical calculations.

5. Conclusions

1. Numerical calculations of temperature fields, phase,
structural and chemical transformations in quench-
ing of one- and two-stage reactions showed the
possibility of obtaining the cooling rate ~10* K s~
by convective heat transfer between the specimen
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and the impinging water jet. This makes it possible
to arrest a high-temperature state of the substance
in the fast-reaction and after-burn zones for a one-
stage reaction. The proposed technique allows also
to arrest noticeable quantities of intermediate
products in the control and separation modes for a
two-stage reaction. At the same time in the fusion
mode the fraction of the intermediate product fixed
by quenching is much smaller.

2. Except for the possibility of attaining a rather high
cooling rate, the proposed technique compares
favourably with the widely used means of stopping
the combustion front in a massive copper block by
the convenience of controlling the quenching rate
and also the place and time of the onset of quench-
ing. In this case, the structure of the combustion
wave is less distorted due to a substantial decrease
in the time of extinction.

3. Experimental implementation of the method of fast
stopping of the combustion front by the impinging
water jet showed a satisfactory agreement with the
computational relations. However, the possibility of
SHS quenching obtained at much lower velocities of
a jet than it was assumed in modelling of this pro-
cess provides grounds to assume a determining role
of the vapourization processes which were not taken
into account in calculations.
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