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Computer Modelling of Dynamic Processes

B. Rybakin

Abstract

Results of numerical modeling of dynamic problems are
summed in the article up. These problems are characteristic
for various areas of human activity, in particular for problem
solving in ecology. The following problems are considered in the
present work: computer modeling of dynamic effects on elastic-
plastic bodies, calculation and determination of performances of
gas streams in gas cleaning equipment, modeling of biogas for-
mation processes.

The computers and communication systems are a corner stone of
modern company. Not only scientists and engineers, but also the whole
branches, such as banking, insurance, transport, public health services
essentially depend on modern computers and communication systems.
The success of computers is explained by their adaptation to the broad-
est circle of diverse problems. Growing possibilities of computer sys-
tems allow to satisfy increased needs of applications.

The main researches in the field of applied problems are carried
out with the help of mathematical modeling of various processes, such
as a mechanics of a liquid and gas, mechanics of a deformable solid
bodies, structural analysis, modeling of electronic circuits etc. The
mathematical modeling of those processes is based on the use of laws
of mass, momentum and energy conservation, Navier-Stokes, Hooke,
Maxwell, Newton equations.

To development new models in technique — machines, airplanes,
rockets, etc., computer experiments are used wider and wider. Use of
computer models has many advantages:

e computer modeling is cheaper and faster, than physical experi-
ment;
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e computer model is more flexible and permits to decide a broader
circle of problems, than the experimental labware;

e computer experiments are limited only by speed and memory of
the computer, while the physical experiments have many material
restrictions.

The advantages of modeling can considerably speed up project de-
velopment, and there is also a possibility to find more economical vari-
ant satisfying broader request spectrum. Nevertheless, restrictions of
computer modeling are also widely known. The calculation complex-
ity can grow with dimensionality of a problem faster, than possibility
of computers. Possibilities to solve large number of various scientific
problems were constantly increased during the computer era. E.g.,
it was not long ago that computing systems (CS) permitted to solve
boundary problems for two-dimensional partial differential equations
an a grid of ~ 1000 points. Now CS allow to solve systems of partial
differential equations for three-dimensional problems, where a system
of the algebraic equations with millions unknowns should be designed
on each step. Such problems essentially depend both of the computer
memory and its speed.

1 Computer modeling of hypervelocity colli-
sion

1.1 Modeling of the crater propagation

The investigation of the behavior of solid substance exposed to big
pressure, shearing, temperatures etc. is of great interest both from
practical and pure scientific points of view. To achieve the required
accuracy, the calculations should be performed on an enough dense
lattice taking into account the large number of various factors affecting
the process of high-speed deformation of the substance. It considerably
complicates the solving algorithms and leads to increased demand to
the operative memory volume and estimated time.
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Now there is a lot of debris on low near-earth orbits. This debris
has appeared as a result of failures in launching spaceships, collision of
space apparatuses fragments or of wrecked satellites, of last stages of
rocket-carriers, etc. As the result of such collusions, further fragmenta-
tion occurs, and velocities and orbit inclination angles of fragments are
re-distributed. The prolongation of the time of space apparatuses pres-
ence in space increases the probability of their construction elements
being hit. In this connection, the creation of mathematical models that
allow to investigate numerically processes occurring at mutual hitting
is becoming a very important task.

We counsider it interesting to evaluate the impact of the striker’s
shape on formation of loading and unloading waves, the distribution
of the striker’s initial impulse on the axial and radial components and
their influence upon the deformation process of the target. The striker
has the shape of a rotating body — a cylinder, a sphere, an ellipse.
The interaction between the striker and the target is a complex, multi-
stage process. At high interaction speed, the pressure in the striking
zone leads to melting and vaporization of the striker’s and target’s
substance. After lowering the loads, the durability properties of the
substance are in the foreground. That is why the interaction process
should provide a good description of substance’s behavior both in the
hydrodynamic and solid phases. The main equations, expressing the
laws of preservation of mass, the quantity of motion and energy in case
of two spatial variables with cylindrical symmetry will be written as
follows:
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here p —is the density, {u,v} = @ — are the velocity vector components,
P —is the hydrostatic pressure, 0; j = —PJ; j+s; j, 0; ; — the stress ten-

sor, 1, 7 — running by the values r, z, 0, — are the components of stresses
tensor deviator, E — is the specific internal energy. The components of
the stresses tensor deviator are connected with the components of the
deformation velocities tensor ¢; ; as follows [1]:
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Here V is the derivative along the deformation way in the sense of
Yauman:

S = $ij — SikWjk — SjkWik, (6)
1 Bv,- 8vj
wii = = - —).
Y9 (820]- aa:i)
v; are the velocity vector components, x; are the Dekart co-ordinates.

The components of deformation velocities tensor are determined as
follows:

. v . ou . v
€22 = &; Err = E; €99 = ;; (7)

. 1 (Bu 8v)
2 or 0z
Let us assume that the medium satisfies Mizes’s plasticity criterion:
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In equations (5)-(7) p - the shear modulus, Y -is the dynamic
limit of yield. The P = P(p, E) characteristic equation determining
the dependence of hydrostatic pressure upon density and energy will
be taken in Grunairen’s form. The influence of material’s durability
properties on the appearing flow will be determined according to the
Shteinberg-Guinan model [1] — [3].

The algorithm, offered in [4] — [5] is used for numerical decision of
the problem. The method of large particles with appropriate updating
[2], [3], [7], is used in this algorithm. The offered updating permits
to remove the noninvariant of the method of large particles relatively
transformations of coordinates. Besides a special algorithm, is entered
enabling to set and to move on Euler grid contact and free borders.
The choice of such scheme is stipulated by the necessity of account
of large deformations of substance. Application of known Lagrangian
methods does not permit to perform accounts with large deformations
because of strong distortions differences of the grid.

The estimated two-dimensional lattice is divided into rectangular
domains according to the number of available nodes of the multipro-
cessor system. Such an approach, called the principle of geometrical
parallelism ”Domain Decomposition” [9], is an effective way for solving
the tasks of mathematical physics. In this case, all equal estimated
domain is divided into sub-domains with equal number of points and
the solution of the task is done on a separate processor. Among pro-
cessors there occurs an exchange of necessary information [6] — [§].
The computer system consists of N processors connected according to
lattice type. All processors have their own local memory. After con-
cluding the next time step, the processors exchange information about
the parameters of thermo-elastic-plastic flow in contiguous domains.

Method of account used in the given work, permits to look after
the process of formation of a crater, its change in due course, to study
the gear of ejections of substance from face sheet of a target, to look
after formation and development in due course of those zones, where

154



Computer Modelling of Dynamic Processes ...

1.2 B 7 9 11z 15 17 19 = 21 H® ¥ H N 2= T T T M4 4%

LI L L LI LA L LA L L L LI I I B B

n Lo
21 21
12 12
17 17
15 15
12 12
L1l 5 ";; i1
L =k y i
9 9

L1 A e P

r ] - 1
7 ) 7
- J7iiia AUAN ]
5 5

INE3 i

: ISV :
g ALl G i WA 3
) LB R T o Lt e,
1 z E T L 1" 1z 1E 17 1% kil = = = = k1 = = = = 4 43 45

Figure 1.

the substance is in melted state. At impacts with speeds, large than 12
km/s, for strikers and targets, executed from aluminium, it is enough
energy of impact for partial or complete evaporation of substance too.

In given work we shall study impact by a spherical striker on a
target, for which the relation of a diameter of a striker to thickness
of an obstruction is equal too I(D/H = 1). The speeds of impact are
accepted equal too 1, 3, 5, 7 km/s. Besides the case of impact with
speed 7 km/s with attitude of a diameter of a striker to thickness of a
target (D/H = 0.5) is considered.

The indicated range of speeds is chosen on the following reasons.
First, in this range the most probable speeds of collisionof separate
fragments rotating on low Earth orbits among themselves lay. Sec-
ondly, in given range of speeds of collision the levels of pressure for
initial material permit to investigate all stages of substance from hy-
drodynamic up to purely elastic. In third, for given range of speeds of
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collision there is the plenty of experimental researches.

In the course of time except this zone there arise one more area
with large values of pressure at the place of contact of a spherical
surface of the striker with the target. Up to the moment of an input
in target of middle of a striker this zone is moved upwards - left to
right. Thus between this area and the central zone will form area with
smaller significances of pressure (fig. 1-4 : time = 10,14,16,20 mks
respectively).

The interaction of these areas among themselves, the proceeding
load from the side of the striker and the inertia of environment result
in occurrence an ejection of substance from obverse surface of a target
towards the striker and the formation of an edge of a crater. The
formation of the edge of the crater begins with about 7 mks. At initial
moments of time it has the curvature, coincided with the curvature of
the striker. Between the striker and the edge of the crater exists an
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interval After the moving striker fills in this interval, the curvature of
an the edge of the crater changes its sign.

The analysis of indicated accounts on the forecasting of the final
sizes of craters, arising at a hyper velocity impact, shows, that to that
time, when the striker will be completely destroyed, the process of
formation of a crater not finishs yet. Thus, it is possible to break a
field of a flow, on area of the extending shock wave, which already does
not render essential influence on the proceeding process of formation of
the crater and on the unmoving area. The final crater sizes depend on
the residual strength of material in the field of the formed crater and
on the residual pulse of substance in its neighborhood.

The results of numerical investigations show that the shape of the
indentor (sphere, ellipse, cylinder) exercises significant influence upon
the distribution of the initial impulse of the striker on the axial and
radial components in the target. Besides, the process of crater’s forma-
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Figure 4.

tion and its shape depend considerably upon the striker’s geometrical
parameters.

1.2 Modelling underground objects

The influence of the impact load on various objects is of interest from
the point of view of these objects stability and the preservation of
their integrity. The dynamic load may be of varius nature: seismic
waves, impact waves of explosions, ect. Experimental investigation of
occurring non-stationary processes like the formation and spreading
of impact processes, formation and speding of impact and discharge
waves, as well as the formation of microdamages and splits is guite
a complicated task. Application of mathematical modelling methods
makes it possible to carry out numerical calculations for determining
the optimal parameters of the object under construction.

An important task is the calculation of underground constructions
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which are under the influence of dynamic loads. In particular, of great
interest is the task concerning the prediction of the holes, walls behav-
ior when waves, from point or extended sources fall on them. The hole’s
walls are generally an “n” stratified construction made of different ma-
terials and placed in a hard rock or ground. When a rather intensive
wave from a seismic or explosion source acts upon such a multilayered
obstacle, damages or cracks may occur in the medium.

The adeguate mathematical modelling of the problem of the dy-
namic effect upon the complicated obstacle should take into account
many factors. There are two main types of mathematical models for
such problems: precise models in whose composition of basic eguations
there enter the parameters which take into consideration the destruc-
tion processes; and the models in which the splitting durability and the
dynamic limit of fluidity are the function of integral characteristics of
the substance. Let us deal with the second approach. The eguations
showing the movement of deformed solid state in Lagrange variables
will be written as follows:

1oV 1 ()

Vor w1 or @
19U 9oy (o1 —o9)
Vot or + =1 r ’ 2)
oF N 151% 861 862
o = P + V[Slg + (v - 1)82§]- (3)

Where: V = % — is the specific volume, V = % — density, U — velocity,
E — specific (per mass unit) internal energy, V = % — stress tensor
components divided into two mutually orthogonal tensors: spheric —
oxkdij/3 and deviator — s;;: 05 = 0dij + 455 €3, €55, sfj — components
of deformation tensors, elastic deformations and plastic deformations,
respectively. We shall consider that ¢;; = &7; + efj, i.e. the plastic flow
is not contracted; e;; = €;; —1/3ep,0;; - components of the deformation
tensor deviator, ¢;; Kroneker’s symbol. Large deviations of the sub-

stance reguire the use of Jauman’s derivate along the load trajectory:
N A& — S Wir — Sips 4
Sij = ASij — SikWik — SjkWik; ( )
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where v, — denote the velocity vector components, z; — the Cartesian
coordinates; the dot above the symbol denots the time derivate; z; -
denots the Jauman’s time’s derivate from tensor’s components; A is
determined from Mizes’s plasticity conditions: s;js;; < 2/ 3Y?

Wik

A=0
— in the elastic field;

A= LO;ZQJ% H ($ijéi;)
— in the field of plastic flow,

¢i; — the components of the deviator of the deformation velocities ten-
sor,

o — modulus of material’s shift, Y — yield stress,

H(z) — Heaviside’s function.

The above system of equations describes the Prandtle - Race model
of elastic-plastic yield stress with Mizes’s plasticity criterion [10]. It is
assumed that the yield stress limit ¥ and the modulus pg depend on
temperature, pressure and other parameters as follows (Shteinberg-
Guinan’s model [1]):

Y = Yo(1+ feh)"(1 - bo(”;“)l/?’ — W(T —Ty)),
YU(l + /351;)” < Yoz, Yo = 0,1 > Ty,
Ty = Trno(22)2 3 eap(20 (1 — 22)),
p p
po = poo(1 — ba(%o)l/g - T —1Ty)),

here b = /2¢];el/3 — denotes the intensivity of plastic deformations
tensor; T, — the temperature of material’s melting; Yo, Yoz, 100, Tmo,
B, h, b, vo — the constants of the material.
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Equations (1)-(4) are supplemented by the state equation for the
spheric component of tension tensor o = —p ( p — the hydrostatic
pressure).

p=p(p, E) (5)

There is a great number of concrete state’s equations of type (5).
In [1] the state’s equation of Grunazen type is given in the form:
Po Po Po
p=ki(l—=)+k(l-=)+k(l — =) +7p0E, (6)
P P P
where ki, ko, k3, are the constants of the material which are known
for a wide class of materials. This equation describes the behavior of
materials for a wide range of pressure and temperature.
Of wide use is the characteristic equation given as Teta’s law:
K po n
=—[(—)"—-1 7
p= () 1) (7)

or the equation using the impact adiabat of the substance:

2
poc X Po
:7’ :]_— —), 8

¢ — the material’s sound velocity, A, k, n — constants.

Onune of the main task’s of deformed solid state mechanics is the esti-
mation of the strength of materials and of construction elements created
from these materials. Its investigation is conected with great difficul-
ties since the destruction is a complicated multistage process which
depends on many factors. The study of this process is based on the
determination of the characteristic types of defects and their increase
depending upon the dynamics of intensively deformed state. Simpli-
fied approaches, which are based on the treatment of the destruction
process as a threshold phenomenon, are applied in engineering prac-
tice. In such case, each criterion should correspond to that model of
continuous medium and to those restrictions for whose description it is
applied. In one-dimensional problems concerning the impulse deforma-
tion of stratified media the criterion for accumulation of damages [11],
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[12] produces good results. In this model the parameter w, which char-
acterizes the number of microdamages and micropores in the material,
was taken to serve as the measure of microdamages accumulation. The
microcrackes appear after the tensile stress reaches some critical value
0. The growth and accumulation of microdamages is described by
Tuler-Bucher’s equation:

dw { B(g—' - 1™, o > o,

.
! 7
0, o <oy

T 9)

where o/ = ﬁ, B, m — constants. With the increase and formation
of new microcracks the stress, necessary for their growth, decreases
when w increases.

The value ¢’ increases too at the same values of current stress o.
The formation of the main crack and the full separation of the splitting
plate occur simultaneously after the tensile stersses reach the o’ > X,
value. Such a model is an acoustic one since parameter w does not enter
the defining equations. For concrete materials the numerical values of
parameters m, oy, %, are determined from the equation of the results of
numerical and physical experiments of plates hitting one-another [12].

The most reliable and informative method for determining the char-
acteristics of materials at impulse effects is the method of continuous
registration of the velocity of plate-target free surface [13]. The per-
forming of numerical experiments and the further comparison with ex-
perimental data allows to find the dynamical characteristics of investi-
gated substances.

Let us consider the problem of dynamical effect on the stratified
medium. The sourse of such effect is the wave which propagates as a
result of an explosion or an earthquake. Basing upon the analysis of
observations in the medium when several underground nuclear explo-
sions occur the analytical approximation of the pressure profile form
[14] is chosen

p(t) = (Poe™ " + Poc) H(t), (10)

here Py + Py, = Pys is the peak impact pressure, FPy. — the estab-
lished pressure, @ — the constant attenuation. Equation (11) is true for
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distances that exceed the “elastic radius”. The term “elastic radius”
denotes the spherical surfase surrounding the point of explosion outside
which the theory of infinitely small deformations is applicable. Let’s
mark the elastic radius by means of 7. It is necessary to determine
the functional connection of 7, &, Py, and Fys with the measured and
experimental parameters of the explosion source such as the charge
energy, its depth and the characteristics of the medium.

Parameter « is the value which is opposite to the characteristic time
and is connected with the impact pressure upon the elastic radius. It
is assumed that the similarity law for seismic sources is being realized,
thus all characteristic times will be proportional to the cubic root of
the charge magnitude. Then

a = kwo; wy = —, (11)

where ¢ denotes the sound velocity, k& — the proportionality coefficient
which depends only on the properties of the medium. The values of
coefficients for several media are given in Table 1:

The Pys pressure is described by the following expression

Pys = 1.5pgh, (12)

where p is the density, g — the acceleration of the gravity force, h — the
charge depth. The elasticity radius is determined from the following

equation
Tel  Telc i 1/n
WA = iy A (13)

where W denotes the charge energy, n — the attenuation constant, re1.
and A. — the values for the calibration experiment when

W =1kT, ph=1L.

The 7.1 and n values are determined empirically on the basis of
data for several explosions in similar media, proceeding from data [6]
for varios media. Values A/A, are given in Table 1.

The pressure established on the elastic radius Py, and which is due
the cavity expansion, is calculated by formula:
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Table 1.

Parameter | Tuf | Shale | Solt

k 1.5 241 45
AJA: | 0.23 5.3 12

M | 1.93 1.76 | 1.72

Poo = H(Teys, (14)

where 7. is the evaporation radius determined experimentally as a result
of the cavity explosion. The empirical dependence of the cavity radius
on the charge energy, its depth and properties of the medium has the
following form:

re = 16.3W** Mp~O, (15)

here

M = E0.62p70.24'u70.67’ (16)

dimeunsions of r. and h values are given in meters; W — in kilotons; £
and p (Joung’s and the shift’s moduluses, respectivily) in megabars, p
in g/em3. The values of M for several media are given in Table 1.

Thus, with given values of W, h, ¢ formulas (12)-(17) fully determine
the coefficients in equation (11) for the profile of the pressure upon
the elastic radius. The choice of such a boundary condition allows to
estimate the effect of the single pressure impulse upon the construction.
The effect of the waves packet coming from the seismic sourse has a
more complicated character.

We shall finally formulate the initial boundary problem: it is nec-
essary to find the solution of the system of equations (1)-(4) with the
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condition equation of type (5), with account for the possibility of de-
struction (10) for the three-layered obstacle (salt-cement-steel). On the
left boundary there acts the pressure which is given by equation (11),
the right boundary is tensionless. The contact between the layers is
counsidered ideal.

The calculations were carried out according to a modified differen-
tial scheme which realizes Wilkins’s method [15]. The scheme has the
second precision order (in those areas where this notion is meaning-
ful) both as regards the time and space. To suppress the non-physical
oscillations use was made of artificial viscosity as follows:

q = (kie + kac)ep,

where
U1 — U
€= —-,
Tit1 — Ty
where ¢ — sound velocity, p — density, k1 and ko — the coefficients of
quadratic and linear viscosity, respectively.
Initial values of parameters that determine the materials of layers

are given in Table 2.

Table 2.
Material p Co o* 1
g/cm? | em/s Mbar

Steel 7.85 04| 1.8%1072 ] 3.14

Cement 2.03 | 0.18 5% 1072 | 0.37

Solt 2.16 | 0.44 | 9.81x107% | 0.95

The process of propagation of waves in a multilayered medium is
of a complex character. The acoustic impedances of investigated ma-
terials differ from one-another by about an order. It is the steel that
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has the greatest acoustic impedance. The impedance of cement is al-
most three times less than that of salt and by one order less than the
impedance of steel. When the wave moves on the boundary dividing
the layers arranged in ascending order of the acoustic impedance the
wave’s amplitude increases while the mass velocity decreases. When
the layers are arranged in descending order of impedances the wave’s
amplitude decreases and its velocity increases.

Q.00030

©.00025

200020

©.00018

0.00010 37

2.06005

Figure 5.

The calculations, carried out according to the acoustic approxima-
tion, allow to determine the amplitude of the wave which is reflected
from the boundary of layers division:

Io1 I
ap1pP01402pP02 V,, = 01402 V.. (17)
ap1po1 + ap2P02 lo1 + Loz

Substituting the data from Table 2 we obtain that the amplitude of
the wave reflected from the boundary of the division of salt-cement
layers is equal to 1.42 * 10* Mbars (the value of mass velocity behind
the wave front V,,, = 5.32 * 10* . These data are in good argument

Oot =

166



Computer Modelling of Dynamic Processes ...

with numeric calculations given in Figurs 5 and 6. Figure 5 shows
the results of calculations of load’s effect given by equation (11) with
a =004, Pp =32%x107% Py, =28%1075. In Fig.2 — calculations
with o = 0.008, Py = 3.2% 104, Py, = 2.8 * 1075. Given also are
dependences 0 = f(z) in time moments t = 20,30,40,50,60 mks. The
figures indicate the layers: of salt — 1, of cement — 2, of steel — 3.

2.00038 4
o 3
2.00030 3
00028 377
2.00020 3
Q.00015 3

G.0001G é

2.00005 3

€.00000 3
.00

Figure 6.

In the time moment ~ 22 mks the wave front falls on the boundary
of the salt-cement division and disintegrates into two waves: one is
reflected from the boundary as a discharge wave which spreads in the
salt, while the second one passes into the cement. The amplitude of
the wave decreases up to ~ 1.4%10~% Mbars. When the wave moves on
the boudary of cement-steel division its amplitude increases. A similar
picture is observed in case of other values of & and Py too.
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It should be noted that in case of a greater steepness of the front
of the incident wave (5) a split occurs in the salt layer. This split is
observed in the time moment ¢ = 41.5 mcs, its coordinate is equal to
z = 4.2 cm. When the wave is more gentle, & = 0.008 and no split is
observed (5).

The carried out investigations make it possible to draw the follow-
ing conclusions: when the wave falls on the wall of an underground
gas storage hole located in the salt stratum the disturbing of medium’s
continuity occurs, this depending on the parameters of the incident
wave. Split phenomena occur not in the walls of the hole but at some
distance from it. This phenomenon is connected with a dreat differ-
ence of acoustic impedances of salt and cement layers. To avoid the
destruction of holes in the areas of increased seismicity, it is necessary
to increase the value of the acoustic impedance of cement.

2 Computing modelling in the gazdynamics

The solution of the number of important applied problems in the field
of ecology requires to use the methods of mathematical experiment, and
subsequently to resort to the numerical experiment using computers.
Research of currents in multiphase dispersion flows of gas containing
solid particles is a very urgent problem of mechanics of continuous me-
dia. Especially acute it is at gas cleaning installations for thermal power
stations, at cement and ferro-concrete factories etc. Increase of degree
of purification of gas flow results in essential improvement of ecological
conditions. Let us consider statement of a problem, main equations
and method of solution. The flow of polydispersion gas through an
installation of complex shape is simulated.

For the simulation usual assumptions of mechanics of continuous
media are used: each phase is considered to be ideal, viscosity and
heat conductivity of phases are taken into account only for inter-phase
friction and heat and mass transfer processes; collisions of solid parti-
cles, their splitting or coagulation shall be neglected [22]. Let as also
limit to the situations where one can assume the particles and the dis-
tances between them very small in comparison with characteristic size
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scale of the flow.

We shall represent the part of volume of the suspension occupied
by phase i by the value of its volumetric contents «; (i = 1,2). To
each point the relative phase densities p;, characterizing their masses in
volume unit of the suspension, and the real densities, characterizing the
densities of substances they consist p;', will be put in correspondence.

P1 = Oélp?, P2 = 042012‘-

The volumetric content of the suspended phase of particles will be
determined by the volume of an individual particle § and the number
of particles in the volume unit of the suspension, which can be called
the numerical density of the suspension ag = fn. We shall study the
movement of the suspension media using the two-phase example (with
two speed values and two temperature values), i.e. let us assume that
all particles in the solid phase are identical.

Note that in this case the number of differential equations to be
solved is two times more than in the case of usual one phase gas.
Therefore the questions of an optimal construction of the program im-
plementing the parallel algorithm of their solution become especially
important.

Proceeding from aforesaid, the system of differential equational de-
scribing unsteady spatial currents of gas suspension could be written
down in the following form:

op1 dp2
Bt + P1 1 3 (9t + ;,02 2 )
diW; daWo
1 di a1Vp —nf, po di n asVp,

0
a(plEl + ngz) + V(p1E1W1 + pQEQWQ) + Vp(a1W1 + OéQWQ) = 0,

Op2J2
ot

+ V(szsz) =ng, (18)

(E; = J; + W2/2).
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Here W, J;, E; are the speed, the specific internal and the specific
full energy of phase i, p is the pressure in the suspension, f is the
total force effecting upon a separate particle from of the gas, g is the
intensity of heat inflow to the surface of a separate particle. Through
V and % the symbolical operators are designated:

954 95, 9y
Oz 8y'] 0z’

di 0
—=—4+(WV).
i= o WY
To close the system of differential equations (18) one should exactly
specify the laws of phase interaction and formulate the equations of

N

Form.2

V =

Form.1

Figure 7.

Figure 8.
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state.

P=P(pi,Th), Ji=JA(pl,T1), p;=const, Jp=Jo(T). (19)

Here T; (i = 1,2) - is the temperature of phase i - of the suspen-
sion.

To choose the physical model we shall follow works [22], [21]. Spec-
ifying the laws of phase interaction we shall presume that suspended
particles are spheres of diameter d.

Assume, besides that, the intensities of thermal and force interac-
tion of a particle with the gas do not depend on presence of another
particles at its nearest vicinity. Then to determine the intensity of heat
exchange one can use usual formulae:

g = 7T(52,3(T1 - Tg) == 7T(5)\1NU((T1 - Tg),
Nu = Nu(Re, Pr,M), Re = pY0|W1 — Wy /u1, (20)
Prchl,ul/)\l, M:|W1_W2|/02.

Here (3 is the heat transfer factor, Nu and Pr are Nusselt and
Prandt]l numbers. Re and M are Reynolds and Mach numbers for the
relative flow about the particle. Trough A\; and pq the heat conductiv-
ity and the dynamic viscosity of the gas are designated, c,; is the heat
capacity of the gas at constant pressure C is the local sound speed in
the gas.

We shall determine the resulting force of interaction between phases
f in view of non-stationary effects in the flow of the gas about the par-
ticle in its relative movement. For this purpose, we shall approximately
represent it as the sum:

f=1, +fa+fim. (21)

Here f,, is the force of viscous friction, fo is the Archimedes force,
fin is the force of the appended mass:

1
£, = gm0°p{Cs|W1 = Wa| (W1 = Wa), Gy = Cs(Re, M),
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dW 1 dW; dWy

g =000

£4 = 0p! ) (22)
here Cj is the aerodynamic drag of the particle.

Note, that because of essential distinction of the sizes of suspended
particles and the sizes of suspended particles and the body flown about,
the Reynolds number of an external flow is in many orders more than
the Reynolds number for interaction between the gas and particles.
Therefore, for enough large class of problems one may take into ac-
count the viscosity and the heat conductivity only for phase interac-
tion, counting the gas in the gas dynamical sense as non-viscous and
non-heat-transferable.

If we take into account the forces of phase interaction (21) and (22)
from phase acceleration, then it is reasonable to solve the equations
for the system moment relative to the derivatives: dzzl, d}g? When
we fulfill this procedure concerning the gas suspensions with enough
small pressures p{/p4y < 1 and concentrations of the suspended phase
ay < 1, neglecting the terms with the order O(ag, pi'/p%) it gives us:

dW; 3
P = —(1- 5041)VP — xnfy,
dWy 3
pr— = —502Vp+ xnfy, (23)

Figure 9.
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3
x=(1- 502~ p1/20%).

n
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Figure 10.

Equations (23) could be conveniently rewritten in the quasidiver-
gent form:

oo W 3
pgt L Vo Wi (W, 1) + (1 — 5042)VP = —xnfy,

Opy W 3
i 2+ Ve Wa(Wa,1) + SaaVp = . (24)

Here p;W;(Wj,1) is the momentum vector fluxes for phase 14

through surface, which is perpendicular to the unit vector 1, (Wj, 1)
is the scalar product of vectors Wj and 1.
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The effects in (23) and (24) have the order of value of volumetric
gas content . In a number of practically important cases of an ex-
ternal aerodynamical flow of dusted gas about the body the value of
volumetric contents ag < 1% of the suspend phase is low, although
the mass contents of the particles can even exceed the mass content of
the gas because of its low pressure. Therefore we shall further neglect
the terms of order ay. Correspondingly we shall limit ourselves to the
cases of moderate pressures, when p{/pY§ < 1.

Resistance factor for the particle Cy is found using the empirical
dependence.

24 4 if 0< Re< 700,
06 — e Re 5 )
4.3(lgRe)=2, if 700 < Re < 2000.

Nusselt number Nu, Prandtl number Pr and Reynolds number Re
are interconnected as follows:

n
10000
19,
i '|1'.
80.00 7 |:
\ o
b Ill I\;’! 100 McM
] ---- 50 McMm
60.00 4 ]:I — — 2B McMm
li - — 5 McMm
40.00: |I\\ e ————— = — = = =
v T T T T T T
20,00 4
T I— S SN SN hi
0.00 0.50 1.00 1.50 2.00
Figure 11.
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Nu = 2.0+ 0.6Re'/2Pri/3.

The differential scheme calculating the flows of heterogeneous media
is the developed one calculating the movement of the single-phase gas
5 [23].

At Eulerian stage of the traditional formulae are used:

""IZ n i3 ’I'L

U —uiy P TP @ S

At 2Ax 'Om

"’TL Tl V2

Uij ~Vij _  Pijr1 P @ ,y (25)

At 2Ay pm

Ef;—Eh; ,z Pity1 ity —Pic1, %14 +
At - pl 20z
pl ]+1vz J+1 pZ] 1U’L] 1
+ Ny .

Values 47 ; and 47, E"- are determined using equations (25). All
values concern to the gas phase.

At Lagrangian stage the mass transfer through cell borders for each
phase is calculated. The fluxes of values for the gas phase are calculated

using the formula:

AMy1)it )0, =
af-l-uf e~
?1) ¢? i 5 JfﬂAt if u?] + u?] > 0, (26)
nl)l+1,j¢n Z+1j il AyAt if ﬂ?’] + u;ﬂ;] < 0,
¢1 - (1,U,’U,E)-

The fluxes of solid phase parameters are determined similarly (26).
At a final stage, on the basis of laws of conservation, the values of
parameters for both phases at a new temporal level are found p”*!,

ErH ottt ot =12,
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Doing this, the phase interaction f and heat flow ¢ are taken into
account. The differential formulae for the final stage have the following
form:

P = g+ { DML+ DOy~
AL oy g = DOy}
= p?l—i)—ilyj +2 A(‘]Ml)/(AfL'Ay)u
ulty; = (i P atig + Do DM agy [ (Dadypll) ) -

—Dtfaol Pl

The formulae determining the parameters of a suspended solid
phase are similar to ones adduced above.

For realization of test accounts the experimental data indicated in
the patent of USA N 287889 from 06.07.1979 [19] were selected. The

Figure 12.
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multiphase stream, to blow in gas cleaning installation, consists of an
air and aluminum dust. The volumetric denseness aluminum dust is
equal 1121,3 kgs / m 3, the size of particles makes 100 microns. A
velocity of receipt of an air 2,407 m 3/ of mines, aluminum dust 23,58
kgs / m, denseness of an air of 0,96kgs/m3. the source diameter of
installation makes 5,06 cm, target - 4,5 see. Efficiency of the gas clean-
ing installation according to experimental data makes nexp = 89,1%.
the Numerical accounts conducted on the program, give significance
of efficiency, equal 7,1, = 92,3%. The accounts conducted on a grid
with reduced twice sizes of cells as on x, and on y, have given signif-
icance 7 = 92,1%. A comparison of zones of concentration of a rigid
faction obtained in account and in experiment, show practically full
concurrence.

Series of accounts for gas cleaning of installations of various geom-
etry (fig. 7 - fig. 9 Form.1 - Form.6) and for various parameters of
volumetric concentration of a rigid faction and for a various diameter

100.00 o ---- Fom

2
3
4
5

90.00 3
80.00 4
70.00 3
60.00 3
5000 3
10,00 3

30.00 %

20.00 §

10.00 é

I I
0.0

Figure 13.
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of particles were conducted. In a fig. 10 the schedules of significances
of efficiency as functions of time for particles of a diameter d = 5 mi-
cron - curve 1, d = 25 micron - curve 2 are indicated, D = 50 micron
- curve 3 and d = 100 micron - curve 4 for geometry indicated in the
fig. 7 Form.1.

In a fig. 11 the significances of efficiency for geometry gas cleaning
installation represented in the fig. 8 Form.4 are indicated. To curve 1
there corresponds a diameter of particles d = 5 micron, curve 2 - d = 25
micron, 3 - d = 50 micron and 4 - d = 100 micron. As follows from the
indicated schedule, the geometry of clearing installation considerably
influences factor gas cleaning.

The influence of geometry gas cleaning of meanses is reflected in
a fig. 12, 13. In a fig.12 the accounts for particles of a rigid faction
equal d = 20 microns for geometry, indicated on a fig.7 (Form.1) and
represented on a fig.9 (Form.6) are indicated. In a fig.13 the outcomes
of accounts of factors gas cleaning for geometry of meanses indicated
in the fig.8 - fig.9 (accordingly Form.2 - Form.5) are represented. The
diameter of particles of a rigid faction makes d = 10 micron.
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