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Abstract

The problem of quenching a material in self-propagating high-temperature synthesis (SHS) in ¯at samples of a
titanium±carbon mixture is studied theoretically and experimentally. Possible cooling rates with di�erent 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 2104 K sÿ1 for a 2-mm-thick specimen). A mathematical model of material quenching in the
process of SHS is developed for one- (A 4 B) and two-stage (A 4 B 4 C) reactions. Thermal processes and
composition of material in stopping the front in a ¯at 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 di�erent
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 e�ciency and purity of products. In

this case heat transfer and kinetics of chemical,

phase, and structural transformations are of con-

siderable scienti®c interest since the process is

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 speci®c 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 speci®c fea-

ture inherent in SHS is the presence of condensed

products forming spatial structures at di�erent 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 di�usivity [m2 sÿ1]
c heat capacity [J molÿ1 Kÿ1]
d diameter [m]
E activation energy [J gÿ1]
ei=(licir1)

1/2 thermal activity [J m2 Kÿ1 sÿ1/2]
Fo � at0=l

2 Fourier number
DHev heat of evaporation [J kgÿ1]
h � �1ÿKe�=�1�Ke�, Ke � e1=e2 dimensionless complex

k reaction rate constant [sÿ1]
Ki � ql=�l�Tcomb ÿ Tcm�� Kirpichev number
L specimen length [m]
Nu=aL/l Nusselt number

p pressure [Pa]
Pe Peclet number
Q � ÿDH 0 heat release of a chemical reaction [J kgÿ1]
q heat ¯ux [W mÿ2]
S � Q=�c0DT0� dimensionless complex
T temperature [K]

u jet velocity [m sÿ1]
V volume [m3]
w specimen thickness [m]

x, y, z coordinates in three space directions.

Greek symbols
a coe�cient of heat transfer [W mÿ2 Kÿ1]
b � RTmax=E dimensionless complex

e porosity (rch(1ÿech)=rpr(1ÿepr))
Z degree of conversion
y0 relative temperature

l thermal conductivity [W mÿ1 Kÿ1]
mn characteristic numbers
nx=l20=x

2
0, ny=l20=y

2
0 dimensionless complexes

x=EDT0/(RT
2
max ) dimensionless complex

r density [kg mÿ3]
t time [s]

Subscripts

ad adiabatic
boil boiling
ch charge
cm cooling medium

comb combustion
cr critical
ev evaporation

f ®nal
fr front of combustion
i= 1, 2 sample and substance-coolant, respectively

ig ignition
liq liquid
max maximum

melt melting
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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 di�erent temperatures) the starting reac-

tants, intermediate phases, and ®nal 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 0104±105 K sÿ1. The

existing means of cooling of specimens with the SHS

process occurring in them give insu�ciently 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, ¯attening

of a droplet between cooled copper plates, high-speed
spraying by liquids and gases provide quenching rates

0104±107 K sÿ1, 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 ®elds, 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 di�erent methods

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

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

. evaporating a liquid coolant on a surface;

. 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 ®lm of a low-melting high-boiling

metal, e.g., indium (Tmelt=1568C, Tboil=20608C [8]).
A time of heating an indium ®lm with a thickness
l01 mm to the fusion point t0 l 2/a010ÿ2 s at ther-
mal di�usivity a 1 0.3 cm2 sÿ1 [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 ¯at specimen with a half-thickness l
a relative decrease in temperature at the center
y0=(TfÿTcm)/(TcombÿTcm) will be found by the for-

mula [10]

y0 � 1ÿ 2

Ke � 1

X1
n�1
�ÿh�nÿ1erfc

�2nÿ 1�l
2
�������
a1t
p , �1�

where h=(1ÿKe)/(1+Ke), Ke=e1/e2, ei=(liciri)
1/2 is

the thermal activity (for copper e2=36.4 kJ mÿ2 Kÿ1

sÿ1/2 [8]).
For quantitative estimates we consider formation of

TiC in SHS in the Ti±C system. Thermophysical par-
ameters of this system (Tcomb=2500±30008C) are typi-
cal of the majority of SHS-processes in the metal±

carbon and metal±boron systems. The rate of cooling
to Tf=5008C when reactions and phase transform-
ations in the Ti±C system are terminated should be

not less than 0104K sÿ1. Then the time of cooling
t0=(TcombÿTf )/V000.1 s and a relative decrease in
temperature is y0=0.16±0.20. For titanium carbide

pr product
r chemical reaction
sat saturation

sc scaling
0 initial state.
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with thermophysical parameters l=30 W mÿ1 Kÿ1,
cp=58.6 J molÿ1 Kÿ1, r=4.93 g cmÿ3 [11], at the cen-

ter of the plate with l= 2 mm during the time 0.1 s
formula (1) gives y0 1 0.8. The rate of temperature
decrease in this case is0103 K sÿ1.
Consequently, conductive heat removal with an ideal

two-sided contact of a cooled copper block with the
specimen provides a rate of quenching not higher than

103 K sÿ1.

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 ¯ux. For two-

sided cooling of the plate with a half-thickness l, a
relative decrease in temperature at the center is deter-
mined by the relation [10]

y0 � 1ÿ Ki

�
Foÿ 1

6

�
�
X1
n�1
�ÿ1�n�1 2

m2n

exp�ÿm2nFo�, �2�

where mn are the characteristic numbers. The value

y0=0.16±0.20 at the center of the plate is attained at a
very large value of the heat ¯ux q010 kW cmÿ2. This
heat ¯ux can be attained in the mode of liquid-droplet

evaporation of a low-melting metal (for sodium
Tmelt=988C, Tboil=8828C, evaporation heat
DHev=99 kJ molÿ1 at T=Tboil; for potassium

Tmelt=638C, Tboil=7798C, DHev=79 kJ molÿ1 at
T=Tboil [12,13], Wood alloys of the systems Bi±Pb±
Sn, Bi±Pb±Sn±Cd (Tmelt=68±1408C), or a cryogenic
coolant.

We make estimates for sodium which possesses,
compared to potassium, a lower chemical activity,
higher thermal conductivity l=52 W mÿ1 Kÿ1 at

T = 827 K [12,14], and higher values of evaporation
heats at Tboil and of a critical temperature
Tcr=22308C, pcr=25 MPa [13,14]. Among cryogenic

¯uids we consider argon: Tcr=ÿ1228C, pcr=4.8 MPa,
Tboil=ÿ185.98C, DHev=2.6 kJ molÿ1 at T=ÿ1288C.
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/
(2pRT/m )1/2. It amounts to 6.3 g cmÿ2 sÿ1 for sodium
at the boiling temperature and W01000 g cmÿ2 sÿ1

for argon T=ÿ1288C. Then the heat ¯ux due to evap-
oration of the coolant attains a value of 27 kW cmÿ2

for argon that exceeds a required value of the heat ¯ux

q010 kW cmÿ2.
For one-sided cooling of a ¯at specimen with a

thickness l= 2 mm from Tcomb=30008C to the boiling

point of sodium (7798C) an amount of heat equal to

DH �
�Tcomb

Tboil�Na�
cp�T � dT l rTiC � 1:8 kJ cmÿ2

should be removed from the unit surface. In this case
0.5 g of sodium at T=Tboil or 30 g of argon at

T=ÿ1288C will evaporate. The time of evaporation
will amount to 0.1 s for sodium or 00.05 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 00.1 mm, we obtain a time of ®lm
heating-up t=d 2/a= 2 � 10ÿ4 s for sodium at
a 1 0.5 cm2 sÿ1. For estimates the values r=0.754 g

cmÿ3, cp=29 J molÿ1 Kÿ1 at T = 8008C were taken
[13±15]. The calculated time of heating-up of the
whole mass of sodium is rather small 00.01 s. For

argon we take thermophysical parameters on the satu-
ration line at 140 K l=0.07 W mÿ1 Kÿ1, cp=1.6 kJ
kgÿ1 Kÿ1, r=1 g cmÿ3 [15]. In this case the time of

heating-up of the evaporated mass of argon is much
higher than the required time of specimen cooling01 s,
i.e., the rate of quenching v0>104 K sÿ1, but im-
plementation of the liquid-droplet evaporation process

is technically di�cult 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 V=mRT/( pm )0103

cm3 cmÿ2 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 t000.1 s and the character-
istic thickness of the specimen l= 2 mm [10] a relative

decrease in temperature y0=0.16±0.20 is attained at a
value of the coe�cient of heat transfer a0104±105 W
mÿ2 Kÿ1. In a longitudinal turbulent ¯ow of liquid

sodium past a plate of a length L the Nusselt number
is Nu=aL/l 1 0.4Pe 0.65 [14]. To provide a0105 W
mÿ2 Kÿ1 at T = 12008C we need a value of the Peclet

number Pe 1 1.3 � 105 and, respectively, the velocity
of a sodium jet u 1 120 m sÿ1. This value exceeds the
velocity necessary for stalling a vapour layer. For a jet
of liquid argon Nu 1 0.37Re 0.8Pr 0.43 and a value of

the coe�cient of heat transfer a0105 W mÿ2 Kÿ1 is
attained at the ¯ow velocity u 1 150 m sÿ1 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, Tmelt=1238C) at 7008C show
that a0105 W mÿ2 Kÿ1 is attained by u= 155 m sÿ1.
By virtue of this it is expedient to employ a convective
mode of cooling in the ¯ow of a liquid coolant, a
dynamic head of which can provide stalling of a
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vapour layer: ru>psat, where u is the jet velocity, psat
is the pressure of saturated vapour. For a sodium ¯ow

u= 12 m sÿ1 at Tboil, u = 40 m sÿ1 at T = 12008C. In
the case of a liquid argon jet u= 100 m sÿ1 at T=Tcr.
However, use of the mentioned media under the

conditions of SHS is technically very di�cult. This
makes one prefer a high-speed water jet. Without
regard for heat of the liquid±vapour phase transition

the coe�cient of heat transfer at a point of water jet
impingement on an obstacle is found from the relation
Nu= 1.5Re 0.5Pr 0.4. A value of ar104 W mÿ2 Kÿ1

for a jet issuing from the nozzle with a diameter 2 mm
is attained at ur150 m sÿ1 [16,17]. This is higher than
the velocity necessary for stalling a vapour layer. A
real value of the coe�cient a 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 l and a width z. The position of
coordinates is shown in Fig. 1a.

The specimen is ignited by a wall heated to a tem-
perature Tig=Tad (x = 0) during the time of initiation
tig, where the adiabatic temperature Tad=T0+Q/c is

determined by an initial temperature T0 and heat
release of a chemical reaction Q=ÿDH8. After estab-
lishment of a stationary combustion mode at t=tj,
cooling by a high-speed water jet directed along the

normal to the side Y = 0 begins (Fig. 1a). 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
e�ect of the kinetics of heterogeneous reaction on a

temperature dependence of the reaction rate we use the
®rst-order model [4]

j�Z� � �1ÿ Z�n, n � 1,

where Z is the degree of conversion, 0 R Z R 1. In the

dimensionless variables

y � �Tÿ T0�=DT0, t � t=t0, x � X=x 0, y � Y=y0,

where DT0=TscÿT0, Tsc is the temperature scale,

Tsc R Tad, x0, y0, t0 are the scales along the axes 0x,
0y, and the time t; variation of temperature and the
degree of conversion is described by the equation

rc
@y
@t
� nx

@

@x

�
�l
@y
@x

�
� ny

@

@y

�
�l
@y
@y

�
� rc

@Z
@t

; �3�

@Z
@t
� r�1ÿ Z�n exp

� �yÿ 1�x
1� �yÿ 1�xb

�
�4�

with the initial and boundary conditions

y�x, y, 0� � 0, Z�x, y, 0� � 0,

x � 0: y � yi � S= �c for tRti, @y=@x � 0 for t > ti

x � L=x 0: @y=@x � 0;

y � 0: �l@y=@y � 0 for tRtj, �l@y=@y � �a �y jy�0 ÿy�

for t > tj

y �W=y0: @y=@y � 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 di�erences in the densities of
the charge rch and the product rpr lead to the change

in porosity e: rch(1ÿech)=rpr(1ÿepr). Due to the di�er-
ence in heat capacities of the charge and the product
in Eq. (3) c=(1ÿZ )cch+Zcpr.

Fig. 1. Schematic of a computational region (a) and attain-

ment of a stationary mode by the SHS-wave (b).
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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 e�ect of TiC
formation from liquid titanium and graphite is equal

to 2.92 � 103 kJ kgÿ1 at 298 K, 3.43 � 103 kJ kgÿ1 at
2200 K. The adiabatic combustion temperature in the
Ti±C system amounts to 3200 K [28]. Since thermal

e�ects of titanium crystallization (170 kJ kgÿ1) and
the b 4 a-transition (30.5 kJ kgÿ1) are small compared
to the heat of reaction, in calculations of the evolution

of thermal ®elds during quenching these e�ects 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: lpr=lTiC(1ÿepr),
lch=lTi(liq) � (1ÿech). With the porosity 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 molÿ1. The preexponential factor k was deter-
mined by the Zeldovich±Frank±Kamenetskii formula

for the stationary combustion u which for the ®rst-
order reaction has the form

u2 � �2ÿ n�l0
r0Q

�Tad

T0

exp

�
ÿ E

RT

�
dT: �6�

At the porosity of the initial mixture 50%, the rate of

combustion of the titanium±carbon system is u 1 3 cm
sÿ1 [30,38], then k 1 2 � 104 sÿ1. Choosing
Tad=1500 K, T0=300 K, Q = 3.2 � 103 kJ kgÿ1,
c0=1 kJ molÿ1 Kÿ1, r0=1.8 g cmÿ3, we obtain the
following values of dimensionless parameters:
S= 2.66, b=0.106, x=7.515, r = 2 � 10ÿ3. For a

2-mm-thick specimen the scales y0=x0=0.25 mm are
taken, then nx=ny=0.18, �a=1.25 and 12.5 at a=105

and 106 W mÿ2 Kÿ1.

3.4. Numerical studies

The problem, Eqs. (3)±(5) was solved numerically by
®nite-di�erence techniques [18] using the fourth-order
Runge±Kutta method for Eq. (4), and a conservative

implicit ®nite-di�erence scheme of the order 0
(h 2+Dt ), 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 12 cm sÿ1 is established at
t = 0.075 s (Fig. 1b) and the duration of ignition
ti=0.02 s. On this basis we selected the time of the
start of quenching tj=0.12 s when the coordinate of

the combustion front xfr 1 2 mm.
After the start of cooling at a=105 and 106 W mÿ2

Kÿ1 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 pro®le 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

o �Y, t� � h

�L
0

Z��X, Y, t� dX,

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, t = 0.12 s; 2, 0.15 s;

3, 0.2 s; 4, 0.5 s; (b) 1, t = 0.12 s; 2, 0.125 s; 3, 0.13 s; 4,

0.15 s; 5, 0.2 s; 6, 0.3 s.
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which has dimensions of a length indicating an amount

of the substance burnt (h 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 t= 0.18 s at a=105 W mÿ2 Kÿ1. It is con-

venient to follow the instant of combustion front stop-

ping by a change in the ®eld of heat release rate

F=Q@Z/@t (Fig. 3). A maximum of the heat release

rate is on the specimen surface Y=W and with time it

shifts along the axis 0x. Cessation of the heat release

corresponds to stopping of the combustion front.

The rate of temperature decrease V0=dT/dt changes

from 0106 K sÿ1 on the cooled surface to 0104 K sÿ1

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 V0 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 di�erent

zones of an SHS wave (the preheat, fast-reaction, and

after-burn zones) at di�erent 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 T = 1900±3000 K V00104 K sÿ1 (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 V0r104 K sÿ1 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

(V0 < 0 in Fig. 4b, c), 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 V00104 K

sÿ1. For T < 1500 K V00102±103 K sÿ1 that is com-
mensurable with an ordinary value of the quenching
rate for metals and alloys.

Thus, a numerical study of temperature ®elds 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 V00104 K sÿ1

within a temperature range of the existence of the melt
in the titanium±carbon system. This is su�cient 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: in¯uence 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

Fig. 3. Evolution of the ®eld of heat release rate in quenching for a one-stage reaction: (a) t = 0.12 s; (b) 0.13 s; (c) 0.15 s; (d) 0.2 s.
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phases which may be absent in a ®nal structure of the

product. Propagation of a combustion wave with con-

sequent two-stage reactions of the type AI
14AII

24A3 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 di�er by the distribution of concentrations of in-
termediate (A2) and ®nal (A3) products in the combus-

tion wave. However, in the experiments with SHS

these characteristics are not ®xed 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) di�er insigni®cantly from

each other by the temperature pro®le [19].

Consequently, a temperature pro®le 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

AI
14AII

24A3 acquire a large signi®cance. As has been

discussed above, the cooling rate V0 1 104±105 K sÿ1

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 Tig=Tad (at

X = 0) during time tig, where Tad=T0+(Q1+Q2)/c is

the adiabatic combustion temperature, T0=T(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

Fig. 4. Dependence of the cooling rate on temperature in di�erent cross-sections of the specimen for a one-stage reaction: (a)

Y= 0 mm; (b) 1 mm; (c) 2 mm; (1) x = 1 mm; (2) 1.5 mm; (3) 2 mm; (4) 2.5 mm; (5) 3 mm.
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mode of combustion (when t=tj). The rate of heat
removal from the cooled surface of the specimen is

determined by the Newton law. Changes in the tem-
perature ®eld 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 (1ÿZ )n. For a two-stage reaction in the dimension-

less quantities y=(TÿT0)/DT0, t=t/t0, x=X/x0, y=Y/
y0 the problem has the form

rc
@y
@t
� nx

@

@x

�
�l
@y
@x

�
� ny

@

@y

�
�l
@y
@y

�

� rSsQ
@Z1
@t
� rS�1ÿ sQ�@Z2

@t
;

�7�

@Z1
@t
� r1�1ÿ Z1�n1 exp

� �yÿ 1�xsE

1� �yÿ 1�xb
�
; �8�

@Z2
@t
� r2�Z1 ÿ Z2�n2 exp

� �yÿ 1�x�1ÿ sE�
1� �yÿ 1�xb

�
�9�

The initial conditions

y�x, y, 0� � 0, Z1�x, y, 0� � 0, Z2�x, y, 0� � 0: �10�

The boundary conditions for the axis 0X

x � 0: y � yi � S= �c , for tRti,

x � 0: @y=@x � 0, for t > ti,

x � L=x 0: @y=@x � 0; �11�

for the axis 0Y

y � 0: �l
@y
@y
� 0 for tRtj,

y � 0: �l
@y
@y
� �a �y jy�0 ÿy�, for t > tj:

y �W=y0: @y=@y � 0;

S � �Q1 �Q2�=�c0DT0�, sQ � Q1=�Q1 �Q2�,

sE � E1=�E1 � E2�,

sk � k1=�k1 � k2�, x � DT0�E1 � E2�
�R�T0 � DT0��2

,

b � R0�T0 � DT0�
E1 � E2

,

r1 � t0k1 exp�ÿsE=b� � t0k1 exp�ÿE1=�RTM��,

r2 � t0k2 exp

�ÿ�1ÿ sE�=b� � t0k2 exp�ÿE2=�RTM��:
�12�

The quantities r1, r2 have a meaning of ratios of the
temporal scale t0 to the characteristic time to the ith
reaction tri at T=Tmax:ri=t0/tri. The parameter S

determines the ratio of the adiabatic temperature rise
DTad=(Q1+Q2)/c0 to the characteristic scale of tem-
perature variation DT0. The parameter l0 determined

the characteristic size of the heated region during the
time t0. The coe�cients nx and ny 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, i.e., b<<1, is inherent in the
combustion process [26,27]. Then bx R 1.
In condensed systems of the types metal±carbon,

metal±boron, etc. densities of a charge of a stoichio-
metric composition and of a ®nal product di�er
slightly. Due to the di�erence in heat capacities and

thermal conductivities of the charge and ®nal products
a linear approximation c=c1(1ÿZ1)+c2(ZÿZ2)+c3Z2, �l
� �l 1�1ÿ Z1� � �l 2�Z1 ÿ Z2� � �l 3Z2 was used in Eq.

(10).
The problem, Eqs. (7)±(12) was solved numerically

using ®nite-di�erence 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 ®nite-di�erence scheme of

the order 0(h 2+Dt ) 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 di�er slightly from each
other and from a one-stage reaction by external fea-
tures (the rate of combustion, temperature pro®le). In

calorimetric measurements a thermal e�ect represents a
total quantity Q=Q1+Q2 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 kgÿ1 [12], the adiabatic
combustion temperature Tad=2500±3000 K [28].

At the porosity of the charge mixture and the
product 50%, characteristic values of the thermophysi-
cal parameters are: r=2 � 103 kg mÿ3, c00103 J kgÿ1

Kÿ1, l0 1 15 W mÿ1 Kÿ1 [29]. By virtue of this we
take T0=300 K, Tad=3000 K, Q= 2700 kJ kgÿ1. The
activation energy of the chemical reaction is SHS of

high-melting compounds lies within the range
E = 120±300 kJ molÿ1 [30,31], which coincides with
the range of the activation energy of solid-phase di�u-

sion in the product layer [11]. We take the value
E = 170 kJ molÿ1 for the compound TiB2 as charac-
teristic [11,32]. A typical value of the combustion rate
for the ``metal±carbon'', ``metal±boron'' systems is

u01 cm sÿ1.
In the case of a one-stage reaction A1 4 A2 at the

given values of the parameters it follows from the

Zeldovich±Frank±Kamenetskii formula (6) that
k0105 sÿ1, then r=kt0 � exp[ÿE/(RTmax)]0100t0,
i.e., tr=10ÿ2 s. Assuming t0=10, tr=0.1 s,

x0=y0=2 mm, we obtain the following values of the
dimensionless complexes: b=0.147, x=6.134,
nx=ny=0.1875, S= 1.

The criterion m=9.1gÿ2.5b [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 (m=1.1).

We consider a two-stage reaction A1 4 A2 4 A3

proceeding with about the same parameters, i.e., the
observed activation energy, heat release, and combus-

tion rate. In the ``fusion'' mode (0.5 < sE < 1 [5]) the
combustion rate is determined by the ®rst reaction
which has the largest activation energy, and the total

heat release [19]. In this case E1=E = 170 kJ molÿ1,
Q=Q1+Q2=2700 kJ kgÿ1, k10105 sÿ1, r1=10 (at
t0=0.1 s). Taking sE=0.7, sQ=0.3, sk=0.97, we

obtain E2=72.9 kJ molÿ1, b=0.103, x=8.76, r2=15.
In the ``control'' mode, where (sQ+s )/(1+sQ

+2s ) < sE < 0.5, where s=T0/DT0 [5], the combus-

tion rate is determined by the second reaction proceed-
ing with its own thermal e�ect at the adiabatic
temperature [19]. In this case we observed activation
energy refers to the second reaction E2=E = 170 kJ

molÿ1. At sE=0.3, sQ=0.05, sk=0.5 [19] we have
E1=72.9 kJ molÿ1, k2=9 � 104 sÿ1, b=0.103, x=8.76,
r2=10, r1=ÿ490.
In the ``separation'' mode (0 < sE < (sQ+s )/

(1+sQ+2s ) [5]) the rate of the combustion wave
propagation corresponds to the situation when only

the ®rst 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 E2=E = 170 kJ molÿ1. Taking sE=0.3,
sQ=0.07 [19], sk=0.1, we obtain k1=9.104 sÿ1, r2=2,
and the values of b and x are the same as in previous
cases.

We assume that in employment of the high-speed

Fig. 5. Distribution of temperature heat release rate and volumetric fractions of intermediate (a2) and ®nal (a30 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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water jet for cooling a burning specimen the coe�cient
of heat transfer on the boundary Y= 0 is a0105 W

mÿ2 Kÿ1 [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 pro®les in the modes of ``fusion'' and
``control'' virtually do not di�er from each other (Fig.
5a±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
Dx2 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
Dx221.6 mm with a concentration a2 < 0.8. In the
mode of control the fraction of the intermediate pro-

duct is close to unity in the layer with a thickness
20.85 mm. In the mode of fusion a small amount of
substance A2 (a2 R 0.2) is observed in the zone with a

width 20.5 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

o 1,2�Y, t� � h

�L
0

Z1,2�X, Y, t� dX,

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 ®xed. Combustion

continues in the depth of the specimen. The ®rst 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 Y = 2 mm. A
mean width of the region containing product A2 is
10.4 mm. Hence, it is very di�cult to ®nd 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 ®rst
reaction has a lower energy of activation and proceeds
faster than reaction II. By virtue of this fact, in

Fig. 6. Position of the fronts of reactions I (o1) and II (o2) in quenching for a two-stage reaction in the modes of fusion (a), con-

trol (b), and separation (c): 1, 2, 3) o1; 4, 5, 6) o2; for (a), (b): 1 and 4, t = 0.025 s; 2 and 5, 0.05 s; 3 and 6, 0.6 s; for (c): 1 and 4,

t = 0.025 s; 2 and 5, 0.075 s; 3 and 6, 0.6 s.
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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
®rst 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 ®rst 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 Dx2 1 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 Y = 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 V0=ÿ@T/@t

decreases with an increase in the time of specimen

cooling from 2.75 � 104 at t= 0.025 s to 8.103 K sÿ1

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 1 0.05 s from the instant of the onset of quench-

ing. A negative value of V0 (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

di�erent time instants are close to those observed in
the control mode.
Thus, a noticeable amount of the intermediate

product A2 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. 6c). 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 di�rac-

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
coe�cient of heat transfer a>>105 W mÿ2 Kÿ1 on the

cooled surface (an impinging water jet), makes it poss-
ible to determine the mechanism of phase and struc-

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 (a2), fusion, and separation

(c).
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Fig. 8. Evolution of a temperature ®eld in quenching of an SHS-specimen (control mode): (a) t = 0.025 s; (b) 0.05 s; (c) 0.075 s;

(d) 0.15 s.

Fig. 9. Evolution of the ®eld of heat release rate in quenching of an SHS-specimen (control mode): (a) t = 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 ®nal 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

e�ect. The distance between the inlet cross-section of
the nozzle and the cooled surface was 140 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

Fig. 10. Evolution of the ®eld of cooling rate in quenching of an SHS-specimen (control mode): (a) t = 0.025 s; (b) 0.05 s; (c)

0.075 s; (d) 0.15 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.
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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 5025% of theoretical. A tungsten±rhe-

nium thermocouple, made of 0100 mm thick wire, was
embedded in a diametral section of the specimens. In
di�erent series of experiments the depth of embedment

varied along the height of the specimen to evaluate the
quenching rate at di�erent distances from the cooled
surface.

Before the experiment the specimen was placed in
the device and ®xed 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

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 010 wt%. We should
mention some general speci®c features inherent to all

data. A sharp decrease in temperature takes some time
after the gate open. This is caused, ®rst, by a ®nite
time of its opening (00.1±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,
01900 K) crystallization. Then the cooling rate attains
a calculated value (0104 K sÿ1). With a distance

from the cooled surface the quenching rate decreases

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 t = 0.5 s; dashed line, cessa-

tion of cooling by a jet. (a) Ti+0.6Si mixture; depth of ther-

mocouple embedding d=0.7 mm; (b) Ti+0.5C mixture;

thermocouple on the surface; (c) Ti+0.5C mixture;

d=1.2 mm, tablet thickness 1.5 mm; (e) Ti+0.5C mixture;

d=0.7 mm; tablet thickness 1.5 mm.

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 � 18 mm; dashed line, start of gate opening.

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



(Fig. 12c, e), that is in agreement with the results of

numerical modelling. Cooling by a plane jet is much

more e�cient 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 coe�cient 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 e�ciency 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 x00.7d and decrease

at the end point. In this sense, optimum cross-sections

from the viewpoint of fast quenching are initial and

®nal 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 rater106 K sÿ1) was registered. On cessa-

tion of the e�ect of the cooling jet, temperature again

increases considerably due to heat supply from the

deep layers of the specimen. This mode of quenching

o�ers 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, e) and on its thickness

(Fig. 13c). As it should be expected, the e�ect of the

heat release of the reaction is substantial. This is con-

®rmed 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 sÿ1. 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 ¯ux on the heater cooled by a
liquid jet known at present [42±45] give the values of
the heat ¯ux 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 speci®cs 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 ®elds, phase,
structural and chemical transformations in quench-

ing of one- and two-stage reactions showed the
possibility of obtaining the cooling rate 0104 K sÿ1

by convective heat transfer between the specimen

Fig. 14. Cross section of the specimen with a stopped front of the SHS-wave.
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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 ®xed

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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