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Abstract. The rate of constrained fall of mineral particles in suspensions of different densities is necessary for
calculating the design and operating modes of gravity concentrating equipment. During hydraulic classification and
separation, a mixed, laminar-turbulent, flow regime is observed in real pulps. There are no theoretical velocity formulas
for such a regime, and most of the known semi-experimental and experimental formulas have limited application. This
article proposes a new method for comparing different formulas with each other in a wide range of suspension densities.
The method uses an analytical calculation of the hydraulic characteristics of the medium - porosity, concentration and
viscosity. What is new is that all these characteristics depend on only one indicator - the density of the suspension,
which is easily determined in practice by weighing a pulp sample. In these calculations, the weighted average density of
heterogeneous particles in suspension is used. A feature of the method is the approximation of the analyzed calculation
formulas to the conditions of free fall in order to obtain only one control point and compare it with known experimental
data. This method allows to set the limits of the application of formulas depending on the density of the suspension. The
choice of a more precise formula is necessary for the design hydraulic devices for the classification and separation of
mineral suspensions and finely ground composite raw materials. The application of this method for the most common
formulas of Ergan and Todes-Rosenbaum is shown. It was found that the latter formula is actually not suitable for dilute
suspensions with a density below 1.65 g/cm3. A new linear equation for calculating the rate of constrained particles
deposition is proposed, which provides high accuracy in a wide range of suspension densities. The resulting equation
has a simple form and, together with an analytical calculation of the characteristics of the medium, forms a system of
linear equations for calculating the rate of constrained particles deposition of any size and density in mineral pulps of
different densities. The calculation of the velocity of constrained settling and the ascent of particles is the basis for the
design of hydraulic classifiers and separators for mineral dressing. Such calculations are necessary for determining of
hydraulic devices optimal modes and monitoring indicators during their operation.
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1. Introduction

The processes of hydraulic classification and separation of fine mineral
suspensions (pulps) are based on the separation of dissimilar particles due to different
rates of deposition. The peculiarity is that this separation takes place in a constrained
environment (media). For free deposition, especially in rarefied media, the issue of
determining the velocity has been studied quite well [1]. The fundamental approach is
to allocate a number of regions on the Rayleigh curve depending on the Reynolds
number Re. At the beginning of the Rayleigh curve, at Re <0.5, the Stokes law
applies. For the beginning of the transition region 0.5<Re<30, a separate interpolation
formula is used. For the middle of the transition region 30<Re<300, the Allen
formula is used. At the end of the transition region 300<Re<3000 is the interpolation
formula, and at Re >3000 is the Newton-Rettinger formula. All these formulas,
except for Stokes' law, were obtained experimentally.

Instead of the Reynolds number, P.V. Lyashenko proposed using dimensionless
parameters A and B. This made possible to avoid uncertainty in determining the type
of a particular formula. However, free deposition is practically not realized during the
dressing of mineral pulps. Even in the simplest case of thickeners or deslimers, the
particles are compacted during deposition and the process becomes constrained. The
determination of the rate of constrained deposition, which is closest to the real
processes of hydraulic classification and separation, presents certain difficulties.
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All formulas for free fall include the viscosity and density of the suspension.
These values increase during the transition to a constrained fall. However, taking into
account only this fact was not enough - the velocity of a constrained fall in compari-
son with a free one decreases much faster. It was proposed to additionally introduce a
lowering coefficient for the rate of free fall. R. Richards (1908) was the first who
showed that this coefficient depends on the density, particle size and density of the
suspension [2]. A significant number of such coefficients are given in the monograph
by J. Happel and G. Brenner [3], they have the form of a complex function of the
concentration of particles or porosity (the volume part of the liquid in the suspen-
sion).

However, the known formulas usually have limited application and include exper-
imentally determined constants. For example, the formula of S.I. Godin (1959) is lim-
ited to a concentration of 0.3% [1], the lowering coefficient, according to P.V.
Lyashenko (1948), has the form of a power function, which requires experimental
determination of the degree indicator [2].

Obviously, the lowering coefficients need to be introduced separately for each of
the above areas on the Rayleigh curve. Taking this into account, a number of
scientists, for example, A.N. Planovsky (1967) proposed semi-empirical formulas of
constrained precipitation separately for concentrated and dilute suspensions.
However, most researchers operate only with the initial domain and Stokes' law. This
is explained by the fact that in most models of constrained deposition, the condition
of laminar flow is accepted, which occurs without separation of the flow from the
particle, at low velocities with a predominance of friction forces. The semi-
experimental formulas of R.T. Hancock (1937), A.M. Mitrofanov (1949), B.M. Mints
(1955) and others are known for the rate of constrained deposition in laminar flow.
For example, for coal pulps, the laminar flow model was used in the works of A.L
Nazimko [4], O.D. Polulyakh [5] and many others.

However, laminar flow is practically not realized in dressing (enrichment)
equipment. In practice, there is an unevenness of velocities both along the cross-
section of the devices and in the transverse direction due to the joint fall of particles,
the presence of walls of the device, circulation flows during power input, etc. It is
obvious that during hydraulic classification and separation, they try to avoid
turbulence of flows, since this hinders the separation processes. Because of this, the
turbulent flow model does not correspond to real processes and is not acceptable.

It is physically reasonable to assume that weakly turbulent flows are realized in
gravity dressers. The problem of determining the rate of constrained deposition in a
weakly turbulent flow has no theoretical solution today and is characterized by the
complexity of obtaining experimental and semi-experimental formulas, a narrow
range of their application.

Problem and unsolved aspects. Starting with Darcy and Karman, a set of semi-
empirical and empirical formulas for velocity under weakly turbulent flow regimes
has been obtained [3, 6]. Complex models are known, for example, the laminar-
turbulent flow zone is identified with a nonequilibrium phase transition, the
mechanism of which is diffuse stratification [7], but the solutions obtained in this
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case are rather of academic interest. Despite a large number of studies, the problem
today is that "there are no sufficiently substantiated formulas for the rate of
constrained fall in the presence of heterogeneous particles in the pulp" [1].

In order to compare different formulas and choose the most acceptable one, you
need to compare them with an experimental database. The problem is that this
database should include a lot of experiments, since the variables should be - the size,
the density of particles, and the characteristics of the suspension. However, in
experiments for the same composition of particles and the density of the medium, the
measured velocities differ numerically, which is related to the features of the method
and equipment for measurement, particle shape, etc. [2]. Therefore, theoretical
studies of various formulas are a promising means of analysis.

It is obvious that any formula for the rate of constrained deposition should give
the value of the free fall velocity when moving to the appropriate characteristics of
the medium. The free fall velocity is usually known from experiments, it is easier to
measure and can serve as a reference point for the correct choice of the constrained
fall formula. If this coincidence does not occur, it means that the latter has a narrow
application, usually acceptable only for a certain concentration or collection of particles.

Purpose. The aim of the work is to propose an analytical method for comparing
various formulas for the rate of constrained deposition, to show its application by the
example of the well-known formulas of Ergan and Todes-Rosenbaum and to develop
a new formula for the linear approximation of Ergan, which is suitable for practical
calculations of the rate of constrained deposition in a wide range of suspension
densities. The use of such a formula will improve the accuracy of velocity
calculations, which is necessary for design and engineering work on the creation of
hydraulic devices.

2. Methods - theoretical analysis and mathematical calculations.

Problem statement.

Many formulas of constrained deposition are based on the model of a granular
suspension layer. The granular layer is a filling with a dense packing of particles,
usually cubic or rhombohedral. Such a model is effective for describing liquid
filtration and processes in a suspended (boiling) layer, for example, when drying raw
materials in a fluidized suspended layer. The granular layer model is widely used in
the calculation of chemical technology processes. For example, the formulas of
N.I. Gelperin (1960), V.G. Einstein (1959), M.E. Aerov (1960), O.M. Planovsky
(1967), O.M. Todes (1969), etc. are known. Among the many formulas for the
deposition rate in a granular layer, the most well-known are the formulas of Ergan [8]
and Todes-Rosenbaum [9], therefore, special attention should be paid to these
formulas.

The Todes-Rosenbaum formula (1958) in the handbook of ore dressing [1] is
recommended for calculating the rate of constrained deposition in dense pulps. It is
given in the books of B.I. Brownstein and V.V. Shchegolev (1988), S.S. Zabrodsky
(1964) and many others. This formula has the form:
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where ® — velocity, cm/s; Ar — Archimedes' criterion; d — equivalent particle diame-
ter, cm; ppa - the density of the precipitating particle, g/cm?; ps — density of the sus-
pension, g/cm?; v- kinematic viscosity, cm?/s; ¢ — the proportion of liquid or porosity
of the suspension, units; g= 981 cm/s?.

The Todes-Rosenbaum formula (1) is derived on the basis of the well-known
Sabri Ergan equation (S. Ergun, 1952) [8, 9].

The Ergan equation characterizes the pressure loss of the AP per unit height of the
granular layer A:

2 2
%:150-(1 £ WK 5128 000

JE 42 3 d 2)
where the notation is the same as in formula (1), « is the dynamic viscosity, 4 = v ps.
The constants 150 and 1.75 were obtained by Ergan during the processing of a
number of experiments in which balls, cylinders, tablets, marble chips, sorted coke
were used as particles [8].

Below we will consider the comparison of velocities according to formulas (1)
and (2) for a wide range of suspension densities, and also perform an approximation
to the conditions of free fall for them. This will clarify the range of their practical
application.

The theoretical part.

The left side of the Ergan equation (2) is the hydraulic resistance. To determine it,
starting with A. Darcy (1856) and T. Karman (1912), separate models for laminar and
turbulent flows were developed. However, a mixed flow regime is implemented in
the working area of hydraulic devices. For such an intermediate zone, when
determining the hydraulic resistance, a phenomenological approach is used, which
consists in formally combining the pressure loss in laminar and turbulent flows.
Besides, the laws of linear filtration (Darcy, Kozeni) and nonlinear filtration (Darcy-
Weisbach, Karman, etc.) are combined. The general view of the dependence of the
specific hydraulic resistance on the velocity has the form:

%:A-a)+B-a)2. 3)
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The first summand reflects the influence of viscosity forces (laminar flow), the
second — inertia forces (turbulent flow). The values of the coefficients 4, B were stud-
ied experimentally repeatedly by different authors [3].

The same phenomenological approach was used by S. Ergan, while the Kozeni-
Karman formula for the permeability coefficient was used to determine the
coefficients 4 and B. Also, based on the hypothesis of J. Kozeni (1927) on the
transition from a capillary to a cellular model, a transition was made from the
parameters of the capillary channel to the parameters of particle size d, parameters ¢,
ps, 1 of suspension and the volume of the granular layer V. As a result, the formula
(2) was obtained by Ergan.

To determine the left side of equation (2), we use the balance of forces equation:

Fres:Fgr—i_FA’
Fres:ppat'V'g_ps'V'g) (4)
Fres _£_1

1 [fer=Fa
shoh hl S

where Fr.s - the force of hydraulic resistance, Fgr - the force of gravity, F is the
Archimedean force, where forces are measured in newtons.

It should be noted, that it is the density of the mineral suspension that is included
in F4, and not the density of water, as a diluent agent.

Given that the volume of the layer V' = S-h-(1-¢), where S is the area of the layer,
h 1s the height, (1- ¢) - is the concentration of grains, we get:

AP 1 Ppa & S-h-(1-€) p .g-S-h-(1-g)

77[ 5 s =Py =ps) 8 (178). ©)
Let’s equate the right-hand sides of equations (2) and (5) and take into account

that u = v -ps, where u is the dynamic viscosity, v (cm?/s) is the kinematic viscosity.

After the transformations, we get:

2 . _
1.75-w +150-a)-(1 di) V:g'53'ppajo Ps . (6)
S

In equation (6), the first summand is the turbulent component, which reflects the
inertia forces, the second - is the laminar component, the viscosity forces. This is the
most common type of Ergan formula. If the particle diameter decreases, then both
summands in the left part decrease, but the second summand decreases much faster. It
means that the turbulent component grows faster. If the velocity decreases, then the
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second summand decreases more slowly, that is, the laminar component prevails
during the flow It's in line with physics of the process.
We use the same notation for A as in formula (1):

_ Ppat ~ Ps
Ps

A

and we write equation (6) in the form:
1.75-(02-d+150-a)-(1—5)-v=g-53'A-dz. (7)

The Ergan equation (7) is quadratic both with respect to velocity and with respect
to size d. Below, it is for this equation that we will do calculations, that is, we will
solve the quadratic equation with respect to velocity.

Unlike the Ergan equation, the Todes-Rosenbaum equation (1) is linear. In the
original paper [9], as well as in [8], the derivation of equation (1) is described as
follows. First, both parts of equation (6) are multiplied by &3 / (pv?), then proceed to

the quadratic equation with respect to variable Re =w-d/v with a free term in the form
of Ar. Next, the method of linearization of the quadratic equation is used. It consists
in discarding the second linear term in the equation, expressing ® from the resulting
equation and substituting it as the second factor into the first term of the equation.
After simplification, equation (1) is obtained.

In contrast to the original work [9], we applied the specified linearization method
directly to equation (7), and considered two options - when discarding the first term
of the equation (7) and the second. The second option turned out to be working, when
we operate with the first, turbulent component (it is also proposed in [9]). The first
option is not acceptable, because compared with equation (7), it gives about ten times
less velocity.

In formula (7), we drop the second term, then we get for w:

3 2
a):\/g e -A-d ' )
1.75d

We use the definition of the concentration of solid particles in the suspension: f =
1- & and introduce the notation:

B=g-&>-4-d*.

Let’s substitute expression (8) as the second term in the first term of equation (7):

1.75-w-d -

+150-w-p-v=8B . 9
1.75-d o fv ®)
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From here we express w:

B

= , 10
150-3-v ++/1.75-d-B (10)

w

ppat ~ Ps

Ps

The resulting formula (10), in comparison with the Todes-Rosenbaum equation
(1), has a simpler, more convenient form for calculations. There is no reason to doubt
the correctness of the derivation of formula (10), there is also no point in trying to
bring it to the form (1).

Thus, theoretical analysis has shown that it is advisable to compare the calculation
of the velocity according to the basic Ergan formula of the form (7) with the
approximate formulas (1) of Todes-Rosenbaum and with the formula (10) obtained
by us.

where B=g-&>-A-d?, f=1-¢, A=

3. Results and discussion

Let's consider a simple deposition of a quartz particle with a grain size of d = 0.1
cm in a suspension consisting of a mixture of small particles of quartz sand with
water. The particle density is equal to the weighted average density of the solid phase
of the suspension. The suspension itself can have a different density p,=1.25+ 1.8 g
/ em?,

Each density ps corresponds to certain hydraulic characteristics of the medium. To
determine them, we use the results of [10]. Hydraulic parameters of the medium:

porosity &, concentration 3, viscosity v are determined by the following equations
[10]:

_ . Yy
g=Pm " Ps p_1_g, V:VOepoS B+0.675-

o 1 1-0.609-

(em?/s), (11

where p, — weighted average density of suspension particles; ps - suspension density;
&, B — porosity and concentration, respectively; vo= 0,01 cm?/s — kinematic viscosity
of water at 20° C.

Note that if particles of significantly different sizes are present in the pulp, ¢
should be determined, taking into account the yield of individual size classes, as a
weighted average. However, since the mineral suspension in hydraulic apparatuses
consists of finely ground raw materials, then at this stage we do not consider taking
into account the size, in the value of ¢.

It should also be noted that in the equations (1), (7), (10) the calculated values are:

Pm ~— Ps A:'DP‘”_'OS_

e=""1—-=

Pm -1 Ps
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In the first equation, p, is the weighted average density of suspension particles.
This 1s physically justified, since particles with different densities can be found in the
suspension, and the porosity € determines only the number of gaps between the
particles.

In the second equation, p,« 1s the density of a single particle which is deposited in
this suspension. This is a consequence of using the balance of forces in the derivation
of equation (7), where the forces act precisely on the precipitating particle.

Since we are considering the deposition of a quartz particle in a suspension from a
mixture of quartz sand with water, then in this case ppa.= pm =2.65 g/cm?.

Table 1 shows the indicators obtained by formulas (11). Then they are used for
calculations for all three analyzed formulas (1), (7), (10).

Table 1 — Characteristics of water-sand suspension of different densities and parameters for
calculating the rate of constrained deposition of quartz particles

g/l?: Sr,n3 g, cm/s? d, cm A € B v, cm?/s
1,15 981 0.1 1.304 0.9091 0.091 0.0128
1,25 981 0.1 1.120 0.8485 0.152 0.0154
1,3 981 0.1 1.038 0.8182 0.182 0.0171
1,4 981 0.1 0.893 0.7576 0.242 0.0213
1,5 981 0.1 0.767 0.6970 0.303 0.0273
1,6 981 0.1 0.656 0.6364 0.364 0.0361
1,7 981 0.1 0.559 0.5758 0.424 0.0492
1,75 981 0.1 0.514 0.5455 0.455 0.0584
1,8 981 0.1 0.472 0.5152 0.485 0.0699
1,9 981 0.1 0.395 0.4545 0.545 0.1041

1,002* 981 0.1 1.645 0.9992 0.001 0.01

* The bottom line is data for determining the rate of free deposition of quartz with a size of
1 mm in water.

Let's write the Ergan equation (7) as an ordinary quadratic equation:
a w’+eé w+c=0, a=1.75;6=150(1-¢)v/d;, c=—ge* Ad.
The discriminant D of this equation is always positive, so it has two radicals o1, ®>:
—b+~/D )
2a¢ 2
Since the second radical is negative, we calculate only the first one - wi. The

calculations of the Ergan velocity were performed using the data from Table 1 in the
Ms. Excel program and are shown in Table 2.

D=b’>—4-a-c, D>0— W = W,
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Table 2 — The rate of constrained deposition according to the Ergan formula for a quartz particle

with a size of 1 mm in a water-sand mixture of different densities

Re | ps glom’ a b c D VD ®, cm/s
54.2 1.15 1.75 1.745 -96.14 675.99 26.0 6.93
34.1 1.25 1.75 3.509 -67.11 482.12 22.0 5.27
26.1 1.3 1.75 4.662 -55.80 412.3 20.3 4.47
13.8 14 1.75 7.757 -38.08 326.7 18.1 2.95
6.08 1.5 1.75 12.418 -25.46 332.5 18.2 1.66
2.19 1.6 1.75 19.664 -16.59 502.8 224 0.79
0.67 1.7 1.75 | 31.328 -10.46 1054.7 32.5 0.33
0.35 1.75 1.75 | 39.797 -8.19 1641.1 40.5 0.20
0.18 1.8 1.75 | 50.871 -6.33 2632.2 513 0.12
0.04 1.9 1.75 | 85.164 -3.64 7278.4 85.3 0.04
95.7* 1.002* 1.75 0.012 -160.95 1126.7 33.6 9.59

* The bottom line is the calculation according to the formula (7) for free deposition rate of
quartz with a size of 1 mm in water.

Table 2 shows the Reynolds number on the left Re =wd/v. As we can see, with an
increase in the density of the suspension, Re decreases non-linearly. This means that
the influence of viscosity and friction forces increases, which is typical for laminar
flows. However, the physics of the process says that with an increase in the
concentration of particles, the inertia (braking) forces (inherent in turbulent flows)
should increase to a greater extent. It follows that for constrained deposition, it is
necessary to operate with caution with the Reynolds number.

The velocity calculations according to the Todes-Rosenbaum formula (1) were
performed using the indicators of Table 1, Ms. Excel program and are shown in Tab.3.

Table 3 — The rate of constrained deposition according to the Todes-Rosenbaum formula for a
quartz particle with a size of 1 mm in a suspension of different densities

pe, glem® Ar g*P k ®, cm/s leflf;elr%i;fl(f),-c\rfﬁ}(s)CIty
1.15 7815.5 0.636 0.13 10.671 3.74
1.25 4608.9 0.458 0.15 7.228 1.96
1.3 3485.7 0.386 0.17 5.797 1.33
14 1925.0 0.267 0.21 3.499 0.55
1.5 1007.6 0.180 0.27 1.910 0.25
1.6 495.4 0.117 0.36 0.928 0.14
1.7 226.2 0.073 0.49 0.397 0.07
1.75 148.1 0.056 0.58 0.246 0.04
1.8 94.7 0.043 0.70 0.148 0.02
1.9 35.7 0.024 1.04 0.047 0.00
1.002* 16069.0 0.996 0.10 17.31 7.73

* The bottom line is the calculation according to the formula (1) for free deposition rate of
quartz with a size of 1 mm in water.

The calculation of the velocity according to the approximate formula (10)

obtained by us for the indicators of Table 1 is given in Table 4.
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Table 4 - The rate of constrained deposition according to formula (10) for a quartz particle with a
size of 1 mm in a water-sand mixture of different densities

ps, g/em’ B ®, cm/s lefﬁ;egizilg, c\rﬁ}(s)cny
1.15 9.61 6.53 -0.40
1.25 6.71 4.68 -0.59
1.3 5.58 3.84 -0.63
1.4 3.81 2.39 -0.56
1.5 2.55 1.33 -0.33
1.6 1.66 0.66 -0.13
1.7 1.05 0.29 -0.03
1.75 0.82 0.19 -0.02
1.8 0.63 0.12 -0.01
1.9 0.36 0.04 -0.00
1.002* 16.10 9.58 -0.00

* The bottom line is the calculation according to the formula (10) for free deposition rate of
quartz with a size of 1 mm in water.

Tables 3, 4 show that formula (10) gives a better approximation to the original
Ergan formula, than the Todes-Rosenbaum formula.

An important criterion for choosing a computational equation is the condition that
it should give at least one value known from experiments. For this value, we take the
rate of free deposition of a quartz particle with a size of 1 mm in water. This velocity,
according to various sources, is 95-100 mm/s. Thus, according to Richards'
experiments [2], the free fall velocity of quartz grains of 1.04 mm in water is 95
mm/s, according to [1] this velocity is 10 cm/s.

Tables 2-4 show that the Todes-Rosenbaum formula does not allow obtaining the
specified experimental value. This gives reason to doubt the advisability of its use.
Figure 1 allows to clarify the range of applicability of this formula.

75

@, mm/s

1,1 B2 13 d& A5 6 17 18 Iy 20
P, g/sm?
1 - according to the formula (1) Todes-Rosenbaum; 2 — according to the formula (7) Ergan

Figure 1 — Dependence of the rate of constrained deposition of a quartz particle
with a size of 1 mm on the density of the suspension
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Figure 1 shows that the best match of the Todes-Rosenbaum formula with the
original Ergan formula occurs for dense suspensions, at p; > 1.65 g/cm?. Such dense
suspensions are not suitable and are not used for mineral pulp dressing processes. For
dilute suspensions, the Todes-Rosenbaum formula gives inflated values. So, at
ps = 1.2 g/ecm?, the discrepancy is up to 30%.

Thus, to estimate the rate of constrained deposition, it is advisable to use either
the original Ergan formula (7) directly, or the simplified formula (10) obtained by us.

4. Conclusions

During hydraulic classification and separation, a mixed, laminar-turbulent flow
mode is observed in real pulps. Many semi-experimental and experimental formulas
are known to calculate the rate of constrained deposition in this mode. New method
has been developed for comparing different formulas with each other in a wide range
of suspension densities.

This method differs in that it uses an analytical calculation of the hydraulic
characteristics of the suspension depending on the density according to formulas (11),
the presence of dissimilar particles in the pulp is taken into account and only one
control point corresponding to the conditions of free deposition of the particle in
water is used for comparison with the experiment.

This method allows to set the limits of the application of formulas depending on
the density of the suspension. The choice of a more precise formula is necessary for
the design development, determination of optimal modes and monitoring of
performance indicators of hydraulic devices for the classification and separation of
mineral suspensions and finely ground composite raw materials.

Today, the most physically justified is the quadratic formula of Ergan. The
comparison of the Ergan formula and the well-known Todes-Rosenbaum formula
obtained with its linear approximation was performed. It was established that the
Todes-Rosenbaum formula is actually not acceptable for dilute suspensions that are
used for mineral pulps during dressing.

A new linear formula for calculating the rate of constrained deposition is
proposed, which gives a high approximation to the Ergan formula over the entire
range of suspension densities. In contrast to the Todes-Rosenbaum equation, the
equation obtained by us, when approaching the conditions of free deposition of quartz
in water, gives a good match with experimental data.

For practical calculations, it is recommended to use formulas (10) and (11), which
give a system of simple equations for determining the velocity of the constrained fall
of a particle of arbitrary size and density in a wide range of densities of suspensions,
for example, mineral pulps or aqueous suspensions of finely ground materials.
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WBWUAKICTb CTUCHEHHOIO OCAOKEHHA YACTUHOK B LUIMPOKOMY OIAMA30HI I'YCTUHA
CYCMNEHSII NPU NAMIHAPHO-TYPBYJNIEHTHOMY PEXUMI
LllesyeHko I.0O., HYonuwkiHa B.B., Cyxapes B.B., Kypinos B.C., Jlebedb I'.b.

AHoTauifi. LLBMaKiCTb CTUCHEHOrO NapiHHSA MiHEpanbHUX YaCTUHOK B CYCMEH3isX Pi3HOI ryCTWHW HeobxigHa Ans
PO3paxyHKy KOHCTPYKUii Ta pexumiB poboTW rpasiTauinHoro 3baravyBanbHOro obnagHaHHs. [pw  rigpaBnivHin
knacudikalii Ta cenapauii y pearnbHWX Nynbnax CNOCTEPIraeTbCs 3MiLIaHWNA, NaMiHapHO-TYPOYNEHTHUA pexMM Teuii.
Ons Takoro pexumy TeOopeTUuHi (hopmMynu LUBMOKOCTI BiACYTHI, @ GinbliCTb BiJOMWUX HaMiBEKCNEPUMEHTANbHUX Ta
eKkcnepuMeHTansHUX hopMyn MakoTb 0BMEXeHe 3aCcTOCYBaHHs. Y il CTaTTi 3anponoHOBaHO HOBWIA METOZ, MOPIBHAHHSA
Pi3HMX hopMyn MK COBOK B LUMPOKOMY AianasoHi LWinbHOCTI CycneHsii. B MeToai BUKOPUCTOBYETHCS aHamiTUYHMIA
PO3PaXxyHOK riapaBnivHMX XapakTepUCTUK cepenoBuLLa - MOPO3HOCTI, KOHUEHTpaLii Ta B'A3KoCTi. HOBKUM € Te, Lo BC L
XapaKTEPUCTUKN 3anexatb TiMbKM Bif OGHOMO MOKasHMKA - MYCTWHW CYCMEH3ii, fika NErko BM3HAYAETbCS Ha MpaKTWL
METO0M 3BaXyBaHHS npobu nynbnu. B Lux po3paxyHkax BUKOPUCTOBYETLCS CEPEAHbO3BAXEHA LUINbHICTD Pi3HOPIAHMX
YaCTWHOK cycneHsii. MeToa Bigpi3HAETbCA HabBMMKXEHHAM aHani3oBaHWX PO3paxyHKoBUX (DOPMyn O YMOB BiflbHOrO
NagiHHg 3 METOI0 OTPUMAHHS NULLE OAHIET KOHTPOMBHOT TOYKM NS MOPIBHAHHA il 3 BiZOMUMU eKcnepuMeHTanbHUMM
AaHumu. Llen meTon [03BONSIE BCTAHOBUTUM MEXi 3aCTOCYBaHHS (DOPMYI B 3aNeXHOCTI Big MyCTWHM cycneHsii. Bubip
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Ginbl TOYHOI hopMyNK HeobXigHWMIA AN NPOEKTYBaHHS TigpaBniYHNX NPUCTPOIB ANs knacudikalii Ta posgineHHs
MiHepanbHUX CYCMeH3ii i TOHKO NoapibHEHOI KOMMO3WLIAHOI CMPOBMHW. [10KAa3aHO 3aCTOCYBaHHS! JAHOrO MeTody Ans
HannowwmpeHiwux copmyn EpraHa ta Togeca-PoseHbayma. BCTaHOBREHO, WO OCTaHHA opmyna akTUyHO He
npugatHa Ans po3baBneHWx CycneHsih 3 ryctuHo Huwkye 1,65 r/cm3. 3anponoHOBaHO HOBE MNiHINHE PIBHSHHS
PO3paxyHKy LWBWAKOCTI CTUCHEHOrO OCa[KEHHs, sike 3abe3neuvye BWCOKY TOYHICTb B LUMPOKOMY [ianasoHi ryCTWHM
cycneHsii. OTpumaHe PIBHSHHA Mae MPOCTUIA BUIMSA i B CYKYMHOCTI 3 aHamiTUYHUM pO3PaxyHKOM XapakTepUCTUK
cepefoBHLLa YTBOPIOE CUCTEMY NMPOCTUX NIHIMHUX PIBHAHBL AN PO3PaXYHKY WBMAKOCTI CTUCHEHOMO OCAKEHHS YaCTUHOK
Oyab-aKoi KpYMHOCTi Ta LWNbHOCTI B MiHEPANbHUX Mymnbfax Pi3HOI TyCTWHW. PO3paxyHOK LUBMAKOCTI CTMUCHEHOrO
OCa[KeHHs i CMMBaHHSA YaCTUHOK NOKMaZeHO B OCHOBY NMPOEKTYBAHHA riapaBIiivyHMX KnacudikaTopis i cenapartopis 4ns
30ara4yeHHst KOPUCHUX KomanuH. Taki po3paxyHku HEeoOXigHi Ans BM3HAYEHHS ONTUMANbHWUX PEXUMIB TiapaBivHMX
MPUCTPOIB | KOHTPOSKO NOKA3HWKIB Mig Yac ix poboTu.
KntoyoBi cnoBa: MiHepanbHa CycneHsis, LWinbHICTb, LWBWUAKICTb CTUCHEHOMO OCaZKEHHS.



