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Using an original technique, heat and mass transfer in the interaction between a high-temperature 
heterogeneous jet with a high concentration of particles and the surface of structural materials 
was studied for the first time. The characteristics of heat and mass transfer were obtained 
under conditions of intense destruction of the materials under the action of a heterogeneous 
jet whose axis is perpendicular to the heating surface. Based on the results of experimental 
studies, some signs of high-temperature fracture of steel and cement grout under the action of 
a heterogeneous jet were revealed. 

The effect of intense local destruction of materials under the action of a high-temperature heterogeneous 
jet can be used in technological processes including cutting of metal and nonmetal constructions, underwater 
technical and repair emergency works, utilization of military equipment, etc. [1]. Particular technologies and 
devices based on this effect can be developed if theoretical models or experimental data are awailable for 
the main regularities of the examined process within the range of parameters corresponding to the range of 
practical implementation of the process of thermoerosion fracture. 

Models and experimental data of this kind are currently unavailable. 
Heat transfer on the surface of bodies in a high-temperature gas flow is usually studied with the help 

of thermally insulated calorimetric heat-fltLX probes whose main element is a calorimeter with a thermocouple 
attached to it [2, 3]. However, the interaction of a high-temperature gas with different materials can result in 
ablation from ttm surface as a result of intense physicochemical transformations. In this case, it is reasonable to 
use methods for heat-flux determination based on temperature measurement inside tim sample, measurexnent 
of the ablation rate from the surface, and solution of inverse problems of heat and mass transfer [3-5]. 

Upon interaction between high-temperature supersonic jets with a high concentration of the condensed 
phase and the surface, high fracture velocities of the target material are reached (up to 40 mm/sec) [5]. In 
this case, the researches are mainly performed using numerical-experimental techniques based on the solution 
of inverse problems of heat and mass transfer. The application of these techniques requires obtaining rather 
accurate experimental information on the temperature distribution over the material depth T(x, t) and the 
fracture velocity V(t), which is not always possible. 

Results of experimental investigations, which allow determination of the heat-fltLX temperature and 
density on the heating surface of the target upon local thermoerosion fracture of the material, are described 
in the present work. 
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Fig. 1. Sketch o[ the setup: 1) pressure probe; 2) combustion chamber; 3) solid propellant charge; 
4) output of the valve for depressurization; 5) nozzle block; 6) nozzle; 7) target; 8) output of the 
electric percussion cap; 9) bed plate. 

Solid-propellant generators of heterogeneous jets were used in the experiments [6]. A distinctive feature 
of the solid-propellant generator is a possibility of varying the composition and concentration of particles 
introduced directly into the propellant and obtaining high values of the heat-flux density. 

Figure I shows a sketch of the setup. A high- temperature  supersonic heterogeneous jet  is formed 
upon burning of a charge of a composite metallized propellant  located in the combustion chamber of the 
generator [6]. The generator has a nozzle block, a pressure probe, and a valve for depressurization made in 
the form of a breakable membrane. The  generator was s tar ted  by an electric percussion cap. The working 
pressure in the chamber P = (50-200) �9 105 Pa was reached by varying the geometric characteristics of the 
charge and the nozzle throat diameter; it was calculated using the Bori formula [7]. 

Copper  nozzles with throat  diameter  3.0-3.2 mm were used. The charge was made in the form of a 
cylinder of length from 40 to 110 mm and diameter 36 ram, which was conically pointed on one side. The 
ensure uniform burning, tile side surface of the cylindrical par t  of tim charge and the flat butt  end were coated 
by burning inhibitors. Varying the height of tim conical par t  of the charge and, hence, the burning area, it 

was possible to change tile pressure in the combustion chamber.  
The  targets exposed to the action of a high-temperature  supersonic heterogeneous jet were made 

in the form of temperature and ablation probes [8]. Two types of samples were used: homogeneous and 

inhomogeneous materials. 
The  target  of the first type was a steel probe made of three preliminary polished plates with Chromel-  

Alumet thermocouples located at the back wall of each plate.  This construction of the probe allowed one 
to register the position of the measurement  point in the material  most accurately. The thermocouples were 
equipped by a thermoelectroprotective coating that  ensured a high accuracy of high-temperature measure- 
ments and were located at a distance of 5.8, 8.2, and 16.0 m m  from the outer surface of the plate. 

Tim target  of the other type was a probe in the form of a three-layered plate consisting of two steel 
plates of thickness 10 and 2 mm and a layer of cement grout  between them (the cement/sand ratio was 1 : 3) 
of thickness 108 mm. Tim Chromel-Alumel thermocouples were located at a distance of 10, 60, and 118 mm 

from the outer  surface. 
The  thermal state of the materials was determined from thermocouple data, and the fracture velocity 

was found from the time of thermocoupie breaking. 
It was found experimentally tha t  the action of a high-temperature supersonic heterogeneous jet  leads 

to formation of a crater in the plates. The profile of this crater  is close to a strongly extended parabola. It 

is known [9] that  the parabolic distribution of the heat flux obeys the relation 

q/qw = 1 - ( x / x . )  2, 

where q is the heat-flux density in the direction perpendicular  to the jet axis, qw is the total heat-flux 
density at the stagnation point, and x and x.  are the current  and stagnation-point coordinates, respectively. 
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Calculations performed with the use of experimental results show that  q does not exceed 10% of qw. Thus, 
the process of heat propagation over the depth of the target  material  can be described by a one-dimensional 
heat-conduction equation. 

It  was found [5, 10] that  the tempera ture  on the destroying surface is significantly lower than the 
melting point  of the target material; hence, the thermophysical characteristics for a wide range of structural 

materials can be considered as constant  quantities. 
In considering the interaction of a supersonic heterogeneous jet with a target of thickness L, the 

calorimetric method  cannot be directly used to estimate qw because the following conditions are invalid [2]: 

ati qoL 
Fo = - ~  ~> 0.35, Bi = ~ < 1. (1) 

ATmax 

Here Fo and Bi are the Fourier and Blot numbers, a = A/(cp) is the thermal diffusivity, c is the specific heat 
capacity, p is the density, q0 is the external  heat-flux density, L is the initial thickness of the target, Tm~ is 
the maximum allowable tempera ture  at the outer surface of the target  determined by test conditions, and t i 
is the t ime of interaction. 

Nevertheless, the value of L decreases because of the high rate  of thermoerosion fracture of the target 
and reaches a certain vahm 5 at a t ime t = t .  for which conditions (1) are satisfied. Thus, at the time t .  the 
target can be considered as a calorimetric probe of thickness 5. Th e  origin is placed at the point x = L - 5. 

Then, according to [2], the tempera ture  field in the plate is determined as 

T ( x , t ) =  qot qoS{3x2 -52  2 ~_, [ -(nl)2 laTr2n2t~ _ ~ ] }  
+ 652 exp \ 52 ] cos , 5 < L. (2) 

For n ---* c~, the second term in (2) is small as compared to the first one (0.01). Differentiating relation (2) 
with respect to t ime at the point t = t . ,  we obtain the relation for the heat flux at the outer surface of the 

target 

qw = cp5 dTe(t.) 
dt ' (3) 

where Te(t.) is the temperature  at the back wall of the calorimetric probe at the time t = t . .  In accordance 
with [2], the "maximally linear" section of the dependence To(t) should be used to determitm the heat flux 

from formula (3). 
We introduce a quantity 5opt, the optimal thickness of the target  for which the dependence To(t) is the 

"nmximally linear" function (5op t • 5) [2]: 

AT,,ax (4) 
5opt = 1.366 q0" 

With account of (4), the function To(t) is approximated by the linear dependence 

To(t) = At + B, t e [topt, ti], (5) 

where topt is the t ime when the plate thickness is 5 = 5opt (toot/> t . )  and A and B are constants. 
Thus, determining 5opt from (4) and the corresponding t ime topt, we can use dependence (5) to de- 

termine the heat-flux density in accordance with (3). The  values of t .  and 5 satisfying conditions (1) were 
determined numerically by division of the section into an integral number of parts  (or by dichotomy) with 
account of the mean of thermoerosion fracture velocity, which is determined from the moment of breaking of 

the thermocouple  installed at the back wall: 

5 = L - Vt . ,  

where V = L/ti is the velocity. 
Inspection of the probes after the tests showed that  a blind hole whose profile had the shape of a 

strongly extended parabola was formed due to thermoerosion fracture. No signs of melting or cracking of 
the probes were observed. The absence of signs of melting on the outer surface of the steel plate of both 
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Fig. 2. Results of experiments with a three-layered metal target: the temperature at the depth of 
5.8, 14.0, and 30.0 mm (curves 1-3, respectively) and the pressure (curve 4). 

Fig. 3. Results of experiments with a combined target: the temperature at the depth of 10 and 
60 mm (curves 1 and 2, respectively) and the pressure (curve 3). 
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Fig. 4. Mean thermoerosion fracture velocity" 
of the target (curve 1) and heat-Hux density 
(curve 2) determined using the technique de- 
veloped, and the heat-f lux density obtained by" 
solvin~ the inverse problem of heat transfer 
(curve 3). 
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homogeneous and combined probes indicates that  the melting point is not reached on the destroying surface 

of the metal  target. 
Figure 2 shows the test results oil interaction of a supersonic high-temperature heterogeneous jet with 

a three-layered metal target. Figure 3 shows the experimental  results for a combined target. The mean 
fracture velocity was 40 mm/sec for steel and 80 mm/sec  for a mixture of sand and cement. 

F rom the known mean fracture velocity, we determined the thickness 6 and the time t,  corresponding 
to reaching this thickness for which the target can be considered as a calorimetric probe. The error of nu- 
merical calculation was about 0 .001%. For each probe, the optimal thickness ()opt for which the temperature 
dependence on time is the "ma.ximally linear" function was determined from formula (4), and the approxi- 
mation coefficients were found from formula (5). Then the heat-flux density at the time t .  was calculated 
using relat ion (3). The calculation results for the case of interaction of a supersonic heterogeneous jet and a 
three-layered metal target are listed in Table 1. 

Points  2 in Fig. 4 correspond to the values of the heat-flux density obtained by the method developed. 
A comparison of these results and results of solution of the inverse problem of heat and mass transfer [10] 
shows tha t  the values of the heat-flux density differ by approximately 11% at the time t ,  = 0.192 sec (first 
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TABLE 1 

Probe  V, mm/sec 

1 1.50 
2 3.90 

t , ,  sec 5, mm (~opt, mm topt, SeC 

0.192 2.870 1.743 0.27 818.18 
0.560 1.115 1.115 0.56 5333.30 

A, K/sec q- 10 -7, W / m  ~ 

0.81 
2.10 

probe), and the difference is about 22% at the time t.  = 0.56 sec (second probe). The difference in results 
obtained by the two methods is mainly caused by the fact that Abaltusov et al. [10] ignored the variation of 
the mean fracture velocity of the target by a heterogeneous jet. 

The experiments conducted with three-layered targets consisting of different materials show that the 
rate of heat propagation over the depth of a steel plate does not exceed the fracture velocity as the pressure 
vari~ within the range P = (50-150) �9 105 Pa, which agrees with the data of [10]. This is evidenced by the 
data of thermocouples located at the back wall of the external plate. For P > 150.105 Pa, the thermocouple 
is destroyed earlier than the heating of the steel plate is registered. Hence, for P > 150- 105 Pa, the velocity 
of the front of mechanical destruction is greater than the velocity of heat propagation over the depth. 

Thus, the experimental technique proposed allows one to determine the basic characteristics of heat 
and mass transfer (temperature and fracture velocity, heat flux on the destroying surface) between high- 
temperature heterogeneous jets with a high concentration of particles and the surface of structural materials. 
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