Such an explanation of the circulatory character of particle motion in the vicinity of
the cavity is qualitative in nature. A quantitative descriptionof particle motion using the
proposed model of gas distribution could be made by allowing for the rheclogical properties
of the particles (see [7], for example).

NOTATION

a, b, initial radius and height of jet; H, R, height and width (radius) of unit; L,
length of slot nozzle; p, static pressure; ¢, potential of filtration velocity; U, ugy, uy,
gas veloicity, initial velocity of jet, and eddy velocity of particles; C, jet coefficient;
o, drag coefficient; Q,, gas flow rate; dg, equivalent diameter of particles.
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RAREFACTION WAVES IN FREE CHARGES

N. A. Azhishchev, V. A. Antipin, UDC 534.222
A. A. Borisov, and V. A. Samoilov

It was established experimentally that the form and velocity of a rarefaction wave
in free charges depends on the particle size. Three regimes of wave propagation
were observed — wave, with superposed filtration, and filtration through a sta-
tionary charge.

One of the important problems in chemical engineering is intensifying heat and mass trans-
fer in heterogeneous catalytic processes.

Significant intensification is achieved with the application of pressure pulses to the
gas flow. This creates rarefaction (RW) and compression waves in the bed of dispersed mater-
ial. Such a regime is realized in the periodic injection of the initial gaseous reactants
into the unit and the subsequent drop in pressure [1, 2].

To develop reliable methods of designing chemical reactors operating under nonsteady
conditions, it is necessary to know the mechanisms of formation and velocities of these

waves and the laws governing their decay in relation to the characteristics of the dispersed
medium and gas.

The goal of the present study is to experimentally investigate the velocity and struc-
ture of RW's in free charges of different dispersed materials.

It is known [3] that the rate of propagation of disturbances in disperse systems ranges
from several tens to hundreds of meters a second. Thus, the base length of the measurement
chamber should be several meters. The passage of an RW may be accompanied by intensive motion
of particles of the dispersed material, so it is desirable to observe the displacement of
the top boundary of the material.
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TABLE 1. Physicomechanical Characteristics
of the Materials

Bulk densi~ . Particle
Material ty, kg/m® | Porosity  lsize, mm
Cement 1250 0,56 Up 100,015
Alumina 700 0,48 0,01—0,07
Sand 1560 0,43 0,25—0,65
Fireclay 1100 0,42 0,8—1,2
Catalyst - 750 0,45 2,0—2,5
Keramzit 570 0,48 9—12

In accordance with these requirements, we developed and built an experimental unit to
study RW's. The unit consists of a vertical shock tube which includes a high-pressure chamber
(HPC) 2.8 m long and a low-pressure chamber (LPC) 0.5 m long. Both chambers were made of
glass tubing with an inside diameter of 80 mm and a wall thickness of 7 mm.

Extensometric pressure gauges were installed in the HPC at distances of 0.9, 1.6, and
2.3 m from the bottom flange. One feature of the design of the gauges was the presence of
a gas buffer between the charge material and the sensitive element of the gauge.

The gauges were calibrated in accordance with the method in [4]. The transmission band
of the gauges was 0-200 Hz.

The signal from the gauges was sent to a "Topaz" extensometric amplifier and then to
an N-117 loop oscillograph.

The charges used consisted of the materials shown in Table 1. The height of the charge
in the tests ranged from 1.6 to 2.2 m. The pressure in the HPC was a constant 0.15 MPa in
all tests, while pressure in the LPC was 0.1 MPa, i.e., atmospheric.

Figure 1 shows characteristic oscillograms which were obtained. The form of the RW dif-
fers considerably from the mode of the harmonic oscillations and is obviously not determined
unambiguously by the form of the sawtooth signal transmitted to the charge, as in the case
in gas-liquid media [5]. The width of the signal in the gas space above the charge was 3*
1073 sec, while the width of the RW formed in the charge was 0.1 sec.

The high-frequency pressure oscillations observed (Fig. la) are formed when the charge
is struck by the wave packet formed by repeated reflection from the bottom of the LPC and
the surface of the charge. In a charge of cement § < 15 uym, the RW is formed with a steep
leading edge, and there is a distinct point at which pressure in the RW front begins to drop
(Fig. la). 1In this case, the bed well transmits the high-frequency oscillations.

In the bed of alumina § = 70 um (Fig. 1b), high-frequency oscillations are absent. The
RW is formed in the shape of anisosceles triangle; the amplitude of the wave does not decrease
but instead remains constant over a distance of 2.4 m (the RW travels a distance 2.5 times
greater than the width of the signal). Only after reflection from the bottom of the HPC does
the amplitude begin to decrease (Fig. 2).

In the charge of sand 8§ = 0.2-0.6 mm, the point at which pressure begins to decrease
becomes diffuse, and the leading edge flattens out as the RW propagates (Fig. lc). The
crest of the wave lags behind the leading edge, the leading edge and crest have different
velocities. The trailing edge of the forward-traveling wave and the leading edge of the re-
flected wave gradually merge, and a single RW is formed from the two waves at a distance of
1.6 m.

The record on the loop oscillograph allowed us to observe not only the forward-traveling
RW's, but also the reflected RW's. The latter were observed in charges with § £ 0.6 mm.
Information on the reflected RW's was later used to determine the damping factor (Fig. 2).

The existence of two processes was detected in the bed of catalyst § = 2-2.5 mm. '"Boil-
ing" of the charge was seen in the first stage of abrupt pressure reduction. An RW propagated
in the charge in this case. The RW decayed at a distance of 0.9 m and became a purely filtra-
tional process of pressure equalization between the HPC and LPC in the stationary charge (Fig.
1d). 1In contrast to the charges of finely dispersed materials — where the RW plays a domin-
ant role and filtration is absent — in the bed of catalyst § = 2.0-2.5 mm there was a slight
rising of particles only in the top part of the charge.
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Fig. 1. Oscillograms of pressure in charges

of different materials (the numbers indicate

the distance in meters to the top boundary of
the charge): a) cement; b) alumina; c) sand;

d) catalyst.

No RW formation was observed in charges with § 2 10 mm. Pressure equalization between
the chambers occurred in less than 0.05 sec and was accompanied by the propagation of high-
frequency oscillations decaying to 0 at the distance 2.4 m. Thus, RW's were completely absent
in this case, the governing process was filtration, and the signal formed in the space above
the charge passed through it with high-frequency components.

We used the oscillograms to calculate the velocity of the leading edge vg and the veloc-
ity of the wave crest v.. The first was determined as the rate at which the edge travelled
between the points at which pressure began to drop, while the second was calculated from the
displacement of the troughs of the waves. The results obtained are shown in Fig. 3. It can
be seen from the graph that the difference in velocities increases with an increase in parti-
cle size. In charges with § £ 0.1 mm, the velocities are equalized and the curves merge.
Meanwhile, the equilibrium speed of sound c, = (yP/eppe)’? is nearly the same in these cases,
i.e., an RW is present, the particles move with the gas, and filtration is absent.

In charges with 0.1 mm £ § £ 2 mm, v, increases sharply from 15 to 200 m/sec, while v,
remains a constant 12 m/sec. Relative motion of the particles and gas develops, i.e., filtra-
tion occurs.

In charges with 2 mm £ § £ 10 mm, v, increases from 200 to 300 m/sec and no crest is
formed, i.e., no RW is observed. Here, v, characterizes the propagation of perturbations
in the gas phase in a charge with a rigid, immobile skeleton — only a filtration wave is pres-
ent.

The stability of the RW can be judged from the degree of decay of the pressure amplitude
(see Fig. 2). The stability of the RW increases with a decrease in the fineness of the mater-
ial, although cement is an exception. This may be due to the low amplitude of the RW. A
large role is played by bonding forces between particles in the cement, such forces being
absent in the case of alumina [6].

Subsequent tests conducted at pressures on the order of 1 MPa showed the following quali-
tative changes.

In finely dispersed charges, there was no change in the structure of the leading edge
of the RW and the velocity of the edge increased vg - vP, in proportion to the initial pres-
sure in the HPC. A series of tests conducted with AP between the HPC and LPC showed that
the velocity of the RW is independent of the amplitude and depends only on the initial pres-
sure in the HPC. This result is evidence of the kinematic stability of the RW, i.e., of the
impossibility of the formation of shock-type pressure discontinuities. At the same time,
the wave is not a simple centered RW, since there is no distinct flattening of the edge of
the RW (Fig. la and b). Thus, the description obtained within the framework of the homogeneous
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Fig. 2. Dependence of the pressure on the path traveled: 1) alumina;
2) cement; 3) sand; 4) catalyst. x, m.

Fig. 3. Velocities of the edge 1 and crest 2 in relation to the fine-
ness of the material. The height of the rectangles corresponds to the
measurement error, while the width corresponds to the particle size.
v, m/sec; §, um.

model and its solution, analogously to gas dynamics, where the problem is easily solved in
similarity coordinates of the type { = x/t, do not produce the desired results.

In coarse materials with § = 2-2.5 mm, more significant changes occur with an increase
in pressure in the HPC. The pressure at the edge changes from P, to Ppi, along a line which
is convex upward (the converse is true at low pressures, see Fig. le). The velocity of the
edge becomes indeterminate, while the velocity of the crest v, ~ VP, increases from 12 to
40 m/sec. Meanwhile, the velocity of the crest is nearly equal to the velocity of the RW
in the finely dispersed alumina, where vg = 38 * 2 m/sec. It can be assumed that particle
mobility increases with high pressures and large pressure amplitudes at the edge, while at
P, > = velocity will approach v, and will cease to depend on particle size.

NOTATION

8§, size of particles of charge; vy, vy, velocity of rarefraction wave calculated for
the edge and the crest, respectively; c,, speed of sound; y, exponent of polytropic curve
of gas; e, porosity of charge; pye, density of gas-particle mixture; I, similarity coordin-
ate; x, distance; t, time; Py, initial pressure; Ppi,, pressure behind the wave front.
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