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Evaluation of influence of thermoplastic slurry flow conditions on heat transfer
coefficient during beryllium ceramic formation

The article presents the results of calculation of the influence of thermoplastic slurry flow conditions on the
total heat transfer coefficient when forming ceramic products. Methods of detailed description of casting pro-
cesses and thermal calculations have been developed to ensure reliable correspondence of calculated data and
experimental results implemented on the basis of calculational experiment. The modeling of physical pro-
cesses occurring during the formation of products allows you to discover new opportunities for improving the
quality of castings by allowing you to more closely track the change in the temperature-phase fields of the
process and clearly present the solidification kinetics depending on the casting modes. The speed of heat re-
moval from the casting during the solidification period determines the rate of movement of the slurry, along
with the temperature field on which the width of the transition region depends. These factors have a direct in-
fluence on the formation of the structure of beryllium ceramics.

The study of the heat exchange process in the formation of ceramic products depending on temperature, heat
at phase transition is the main task, since they largely determine the technological and operational characteris-
tics of beryllium ceramics. The design data allows to determine the optimal conditions of the ceramic casting
process and to obtain a solidified product with a uniform structure at the outlet.

Keywords: thermoplastic slurry, beryllium oxide, hydrodynamics, heat exchange, casting process, formation,
solidification process, ceramics.

Introduction

High-density ceramics made of beryllium oxide are widely used in various fields of modern technology
due to a number of valuable properties and, above all, unique thermal conductivity. The slurry used to make
MIM (Metal injection molding) ceramics is a dispersion system in which one phase is a solid mineral powder
and the other is a thermoplastic binder [1]. The high thermal conductivity of the beryllium oxide powder
during the molding step results in increased “rigidity” of the casting systems, which makes it difficult to
control structure formation during slurry movement. The complexity of the process under study is that
consideration should take into account factors such as the dependence of thermophysical properties on
temperature, the phase transformations of liquid suspensions into a solid state, the heat of crystallization, and
a sharp change in the temperature boundary conditions on the cooling circuits [2].

Creation of an effective method of controlling the process of forming thermoplastic slurry from
beryllium oxide with uniform properties is a fundamental problem of foundry [3, 4]. The relevance of the
problem lies in determining the optimal conditions for obtaining high-quality ceramic products in the casting
process by mathematical modeling. The use of a mathematical model of physical processes occurring during
the formation of products makes it possible to discover a new resource for improving the quality of castings
due to the possibility of more detailed tracking of changes in temperature-phase fields during cooling [4] and
to clearly present the kinetics of solidification depending on casting modes and casting configuration
features.

In this regard, the tasks of evaluating the effect of the thermoplastic slurry flow conditions on the total
heat transfer coefficient from the hot slurry to the cooling agent have been considered, in particular, heat
transfer coefficients of external and internal convective flows have been determined for calculating the total
heat transfer coefficient.

Mathematical description of the concentric cylinder molding process

The flow and heat exchange of beryllium oxide thermoplastic slurry in the space between two concen-
tric cylinders with radii r; and r, is considered (Fig. 1). Liquid slurry with initial temperature of 80°C flows
into forming cavity, moving along annular gap, is cooled by water washing spinneret from outside [5]. Spin-
neret cooling circuit is divided into two parts, hot circuit temperature is indicated by ¢, cold circuit t,. As it
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moves, the slurry mass begins to gradually solidify, and at the exit from the cavity it acquires a structural

shape in the form of a tube.
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Figure 1. a) diagram of the slurry flow in the annular cavity of the casting unit
b) external diagram of the experimental installation: 1 — solidified slurry; 2 — mandrel;
3 — thermocouples; 4 — cooling circuit; 5 — hot slurry; 6 — solidification zone

The problem is investigated in a cylindrical coordinate system with zandr axes. Axis OZ is directed
along axis of cavity, and axis OR is directed radially to it. The casting speed is directed vertically down the
0Zaxis. The transverse component of the speed arises from the heat exchange of the liquid slurry with the
walls of the annular cavity. Heat exchange with the inner wall of the annular cavity is determined by the
thermal conductivity of the mandrel material. Heat exchange with external wall of annular cavity is deter-
mined by heat transfer between slurry and cooling water in circuits through the spinneret wall [5]. In cooling
circuits there is intensive circulation of water at the specified flow rate.

The rheological properties of the slurry depend on the temperature. During the solidification of the slur-
ry, the heat of the phase transition is released [6-7]. Cooling of the slurry can lead to unequal temperature
profile and rheological properties of the extruded casting. Solidification will begin on the side of the walls of
the annular cavity, while in the central part of the cavity the slurry may be in a liquid state. As a result, the
liquid slurry may be fed to compensate for the internal shrinkage of the volume in the cooled zone of the
forming cavity. The following is a mathematical model of the process of forming the slurry in the annular
cavity.

The movement of the slurry in the annular cavity is considered stationary, and a system of equations of
hydrodynamics closed by the Bingham model of non-Newtonian fluid in a narrow channel is used to study
it [5].

6u+ Ju dp+16< 6u>+16 ), 1
p“a pvar dz ror “ar rad (%o M
dpu 1 arpv
9z ' r or @

In the limit of the solid plastic state of the slurry, the equation of motion (1) expresses the extrusion of
the casting from the cavity and takes the form:

-, = (7” 0)-
ror
In the steady-state process of slurry solidificatlon the energy equation is as follows:
a _d at
pucpa tPvep o = az(’1 )+¥5( ’15) )

In equations (1)—(3), the following designations are taken: z, » — axial and radial coordinates; u, u are
speed vector components; p, p, t, T, ¢, 4, A — pressure, density, temperature, shear stress, apparent
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heat capacity, viscosity and thermal conductivity coefficients of the slurry, respectively [6]. The condition
for maintaining the mass flow rate determines the pressure gradient for extruding the slurry from the annular
cavity [7]:

2m f:lz purdr =n(rf — r#)pouo, (4)

where ry, , — radii of mandrel and spinneret, respectively.
Distribution of speed and temperature at the inlet of the annular cavity are taken as constant over the
section, accordingly, all thermophysical properties of the slurry will be constant [5].
atz=0: u=uy v=0, t =t,. (5)
On the walls of the cavity in the area of the liquid state of the slurry for speed, the sticking conditions
are set:
atz>0r=r:uy;=v,=0,i=1,.2 (6)

and in the area of the solid plastic state — conditions of non-flow and sliding:

atz>0,r=ri:v1=0,(g—r) = 0. @)
Ti

It is considered that heat from the hot slurry is transferred to the walls of the spinneret and mandrel.
Then the adiabatic condition can be set on the wall of the mandrel:

atz>0, r=mr, %:0. (8)

Indicating the temperature of water in the hot and cold circuits through the t,, t, boundary conditions
can be set on the wall of the spinneret in the form of:

atz>0, r=r, -AZ=k(t—t) i=12 (9)

where k — coefficient of heat transfer on the spinneret wall [8—11].
At the outlet section of the cavity for temperature the condition is set:

atz =1, PP 0 (10)

The rheological properties of the slurry at the content of the bindingw = 0,117 depend on temperature,

and are expressed by empirical formulas [6-7]. The heat of the phase transition to the energy equation (3) is
determined by the method of apparent heat capacity:

cp=c-(I—a()+c-a)+ Hl_,ZZ—f , (11)

where ¢, — heat capacity of the slurry in solid state, ¢; — heat capacity of the slurry in liquid state,
a(t) = 0 for the slurry in solid state and a(t) = 1 for the slurry in liquid state, ¢ — dimensionless tempera-
ture of the slurry [9].

According to the experimental data of a slurry of oxide of beryllium the function a(t) has an appear-
ance a(t) = 5.714 - t — 2.857. The method of apparent heat capacity allows taking into account the heat of
the phase transition, and is convenient for calculations, since the positions of the transition zone are unknown
in advance, and are determined as a result of calculations [7, 12].

Equations (1)—(4) were solved by fully coupled finite element method using commercial software
COMSOL Multiphysics version 5.6. The area in question is divided into unit cells with Az;, Ar; sides [13-
14]. The pressure gradient is determined by splitting to maintain mass flow (4). To obtain a finite difference
analogue of the system of equations of transition (1) and energy (3), an implicit Crank-Nicolson difference
scheme has been used, approximating differential equations with a second order of accuracy [14]. Difference
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analogue of continuity equation (2) is solved by two-layer scheme of the second order of accuracy. When
switching to differential analogues for a circuit channel, the following designations are used:
Az =zp11 — 2, Ar =T —Tjog, Ay =T -1, A =11,

where Az, Ar change within the 0 < 4 < 1 interval. System of linear equations is presented in vector-
matrix form and is solved by run-through method [13-15].

Results and discussion: One of the important goals of numerical modeling of the process under
consideration is to determine the optimal conditions for creating beryllium oxide products by hot casting. In
practice, this process is mainly controlled by the casting speed and hot slurry temperature [6]. The results of
numerical calculations of the solidification zone of the slurry and the flow velocity profile at different casting
speeds are given in Figure 2. The process of molding beryllium ceramics itself occurs in the temperature
range of 80+20°C, i.e., a thermoplastic slurry — a suspension with an initial temperature of 80°C — flows in
and moves into the forming cavity. As it moves, the slurry mass cools and hardens, acquiring a structural
shape at the outlet of the pipe. Generalization of the experimental results take into account the dependence of
the rheological and thermophysical properties of the thermoplastic slip on temperature in the required range
of the hot casting method from 80°C to 20°C.

As can be seen from Figure 2, the slurry flow is fully developed in the hot circuit, in which the slurry is
practically not cooled, and the speed has a parabolic profile. As the slurry cools intensively in the cold path
of the spinneret, the speed profile becomes rectangular in shape corresponding to the sliding speed on the
wall, and the flow of the slurry becomes a solid mass motion at a constant speed.
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Figure 2. Slurry solidification zone and flow rate profile at different casting rates: a) u=20 mm/min; b) u=40 mm/min;
€) u=60 mm/min; d) u=80 mm/min; e) u=100 mm/min.

The graphs show the solidification zone of the hot slurry as a function of the casting speed. The zone of
solidification of the slurry is defined as the zone between two isochores — the lower (40°C) and upper
(54°C) boundaries of crystallization of the slurry [6, 7]. The slurry is still liquid at temperatures above 54°C,
and becomes solid at temperatures below 40°C, so more accurate determination of the solidification zone
depending on the casting conditions is an important task. As can be seen from Figure 2, the position of the
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solidification zone is transferred (extended) by the flow of the slurry. It becomes wider, especially near the
inner wall of the spinneret with an increase in casting speed (Fig. 2, a-€). The results of the calculations show
that an increase in the casting speed of more than 200 mm/min is not optimal, since part of the solidification
zone can leave the spinneret, which leads to incomplete solidification of the slurry [16-17].

Analysis of influence of thermoplastic slurry flow conditions on total heat transfer coefficient from hot
slurry to cooling agent has been performed. An important step in hot casting beryllium ceramics is to cool
the hot slurry with a layer of circulating water [18-19]. When simulating the hot slurry flow, cooling can be
mathematically described by the following equation of the heat flow from the slurry to the cooling agent
(water)

q= kAl(Th - TL')!

whereA; — the area of the inner wall of the spinneret with a length of L, T,uT, — the temperature of
the hot slurry and cooling water, respectively, k — the total heat transfer coefficient from the hot slurry to
cooling water, which according to Figure 1 is calculated by the following formula [8-11, 20]

_ 1
ko= hi+ﬁlnr—°+ R (12)

i A i TOhO

Where h; and h, — internal and external coefficients of convective heat exchange, respectively, r;, 7,
— internal and external radii of the spinneret, A — thermal conductivity of the material of the spinneret wall.
The h; and h,coefficients are usually determined experimentally for a particular system and are calculated
using different empirical formulas for internal and/or external fluid flow conditions. The thermal conductivi-

ty of the wall material of the spinneret A, made of steel, grade 12X18H10T, is 15 %at 20°C. Like other ox-

ide materials, the thermal conductivity of beryllium oxide decreases sharply with increasing temperature.
The thermal conductivity of thermoplastic beryllium oxide slurry at temperatures of 40 and 60 °C are 254.3
and 181.5 W/(m-K), respectively.

Thus, in order to calculate the total heat transfer coefficient k, it is necessary to determine the convec-
tive heat exchange coefficients. To this end, consider the inner and external flows for the circular spinneret
— the cooling water flow (external) in the shell by the inner and external radii 7,7, and r;, respectively, and
the hot slurry flow of beryllium oxide in the spinneret by the radius of r;. Heat is first transferred from the
hot slurry to the inner wall of the spinneret due to internal convection, then it is transferred to the external
wall of the spinneret, only then enters the cooling water (Fig. 3). It is believed that there is no thermal contact
layer with a certain thermal resistance between the slurry and the inner wall, external wall and water.

I cooling fluid
| wall of the spinneret

[ | BeO slurry

Figure 3. Schematic representation of heat flow from hot slurry to cooling water

The coefficient of external convective heat exchange can be calculated from the condition of cooling
water flow in the external casing of the spinneret, which is the external flow for the spinneret. To do this, we
hoDo

will use the known empirical formulas for the Nusselt number Nu, = ) when cooling the cylinder with

an external stream of water, where the external diameter of the spinneret D, Empirical formulas for calcu-
lating the Nusselt number are usually searched as dependencies on the Reynolds and Prandtl numbers [18].

In most cases in hot casting, all parameters except the temperature and flow rate of the circulating water
are constant values. The temperature and flow rate of the circulating water (Reynolds and Prandtl numbers,
respectively) may vary from series to series of experiments, but they remain constant during each series of
experiments. Figures 4, 5 show the dependence of the average coefficient of external convective heat ex-
change on the Reynolds and Prandtl numbers. Design and physical data from experiments given in [1] have
been taken as data for calculation of average coefficient of external convective heat exchange. This paper
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examines an experiment to study the solidification of a hot slurry in a concentric cylinder cooled by the cir-
culation of water in two circuits with temperatures of 20 and 80°C, respectively (Fig. 1). These temperatures
are maintained by changing the hot and flow of coldwater. The height of the circuits is 8 and 20 mm, respec-
tively, and the slurry casting speed varied from 20 to 100 mm/min, and the cold circuit water flow rate varied
from 250 to 1500 I/hr., while the hot circuit water flow rate was maintained at a constant value of 500 I/hr.

In Figures 4 and 5, the coefficients of external convective heat exchange for cold and hot circuits de-
pending on the Reynolds number have been calculated using the first and third formulas of the Nusselt num-
ber at Pr(20°C) = 7.02 and Pr(80°C) = 2.22. Note that the Reynolds number corresponds to the flow rate
of cold water of 1000 to 1900 ml/min, and hot water from 100 to 1000 ml/min. As shown in Figures 4 and 5,
the coefficients of external convective heat exchange calculated by both formulas increase with the Reynolds
number, that is, the flow rate of water in two circuits.

Three empirical formulas are considered — Hilpert's (Nu,,), Zukauskas (Nu,,) and Churchill-
Bernstein (Nu,3) formulas Table 1 [18]. As can be seen from Table 1, the first two formulas work in limited
intervals of Reynolds and Prandtl numbers, while the third formula works in a wide range of these numbers.
The coefficients C;, C,, and the indicators m, n are functions of the numberRe,, and are shown in Tables 2
and 3.

o 20°C

£ £ 26000 - 80°C
& 14000 - z
3 I .
= ° S o
g & 20000 A .
= 12000 gl o e o
- . - =
¥ A % W
] ) 14 J
§ 10000 o " il 5 RN 3 & Nuo (1)
s o - i - o
2 -#-Nuo (3) 2 4 -&-Nuo (3)
¥ 8000 & = 8000 - ¥
- v Y
: : v
E 6000 T T - T 1 b 2000 T T T T
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Figure 4. Dependence of external convective heat exchange coefficient h,, for a) cold circuit (Pr(20°C) = 7.02) and
b) hot circuit Pr(80°C) = 2.22 on Reynolds number calculated from formulas 1 and 3 of Nusselt number

Table 1
Empirical correlations of Nusselt number for cylinder

Note
0.4 S Rep S4-10% Pr=0.7

Empirical formula
Nu,, = C;Re*Pr'/3

1/4

P
Nuy, = C,RelPrd (P ) 15 Rep < 105,07 < Pr < 500

0.62Re/pr1/3 5/8 45
Nitos = 0.3 + [ 2/3l /4[ 282000 ] RepPr = 0.2
1+
Tab. 2. Values of Cl_ and m for the formula Nug, Tab. 3. Values of C; and n for the formula Nuy,
Rep Cy, m Rep C, n
0.4-4 0.989 0.330 1-40 0.750 0.4
4-40 0911 0.385 40-1000 0.510 0.5
40-4000 0.683 0.466 1000-200000 0.260 0.6
4000-40000 0.193 0.618 200000-1000000 0.076 0.7
40000-400000 0.027 0.805
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In addition, the difference in the coefficients of external convective heat exchange increases with an in-
crease in the Reynolds number, and the maximum difference is 10 and 25% at 20 and 80°C, respectively.
This shows that both formulas (the Hilpert and Churchill-Bernstein formulas) are suitable for calculating the
coefficient of external convective heat exchange, but it is preferable to use the third formula (Churchill-
Bernstein) as it operates over a wide range of changes in Reynolds and Prandtl numbers.

In the case of internal flow, the Reynolds, Prandtl and Nusselt numbers are determined by the following

formulas
ReD _ UcisstlDo; Pr = I‘s)lé:)sl; N . o

U.qst — casting speed, D; — inner diameter of the spinneret, vg;,ug; — Kinematic and dynamic viscosi-
ty of slurry, c,5,A5; — heat capacity and thermal conductivity of slurry.

In the internal flow of the fluid, correlation dependencies of the Nusselt number are used, as in the case
of external flow. There are various dependencies of the Nusselt number on the Reynolds and Prandtl number
for laminar and turbulent currents. Works [18-21] give empirical formulas for calculation of Nusselt number
at flow of various liquids between concentric cylinders (coaxial tube). In this case, we will confine ourselves
to calculating the coefficient of internal convective heat exchange based on the Nusselt number on the flow
of the thermoplastic slurry in the cylindrical tube.

As it is known, in the case of a fully developed laminar flow with a uniform heat flow on the cylinder
wall and a uniform distribution of the wall temperature, the Nusselt number is constant and equals 4.36 and
3.66, respectively [18]. But, when the thermoplastic slurry flows in the cylindrical tube, its intensive cooling
takes place, moreover, uneven, through the wall, which leads to a possible change in the speed profiles along
the cylinder, which dictates the use of a non-constant Nusselt number, at least along the length of the tube.
Since the slurry is a highly viscous liquid, its flow in the cylinder differs with a large Prandtl number, which
leads to the choice of empirical formulas for calculating Nusselt, working for such a flow. For the case in

question, i.e. for a course with Prandtl number Pr = 5 the following Nusselt equation is suitable

_ hiD;

D
0.0668TR€DPT

S 27 (13)
1+0.04(7LRepPr)

Slurry casting occurs when the temperature changes from 80 to 20°C, which corresponds to the Prandtl
number of 1300-22000. Casting speed varies from 20 to 100 mm/min [1], which corresponds to Reynolds
number on the order of ~10-103. Figure 6 shows the change in the internal convective heat exchange coef-
ficient of h;, calculated from the Nusselt number Nu;,, according to the Reynolds number atPr(50°C) =
5700 and Pr(60°C) = 3584. The coefficient of internal convective heat exchange increases with an increase
in Reynolds number and a decrease in Prandtl number, but it is significantly lower than the coefficient of
external convective heat exchange (Fig. 4 a-b). Figure 7 shows the dependence of the Nusselt number for the
inner current on the Reynolds number for Pr(50°C) = 5700 and Pr(60°C) = 3584. The Nusselt number
calculated using the last formula (13) varies around the Nusselt number values for a fully developed laminar
flow with uniform heat flow on the cylinder wall and uniform wall temperature distribution.

Nu;, = 3.66 +

s 620

=

-}

g

§ ss0 -

r

]

: _ =

2 540 4 s - N

H ' = 2

.':: g - 60C

% 500 A -

1 -

=

é 460 T v T 1
0 0.002 0.004 0.006 0.008 0.01

Revwelds number

Figure 5. Dependence of the coefficient of internal convective heat exchange h on the Reynolds number for
Pr(50°C) = 5700andPr(60°C) = 3584
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Figure 6. Dependence of the Nusselt number for the inner flow on the Reynolds number for

Pr(50°C) = 5700 and Pr(60°C) = 3584.

The dependence of the total heat transfer coefficient k on the hot slurry to cold water on the Reynolds
number of the internal flow at different Reynolds numbers of the water flow in the cold circuit, calculated
using the formula (13), is presented. This factor is used in modeling the flow of a hot slurry that cools
through the walls when the temperature changes in the spinneret wall material is neglected, which is not al-
ways a correct assumption. This means that in some cases, especially when the heat transfer rate through the
wall material is of the same order with the heat transfer rate in the layers near the wall, or when the spinneret
wall is not thin.

540 -
n
£ 520 - .
g gy
§ /]' a
] e 635
§ 500 - " n 263584
3 y #-89017
A o 120809
§ 480 - —
460 T T 1]
0 0.002 0.004 0.006

Reynolds number of the internal flow

Figure 7. The dependence of the total coefficient on hot slurry to cold water on the Reynolds number of the internal
flow at different Reynolds numbers of the water flow in the cold circuit

As shown in Figure 6, the heat transfer coefficient k increases as the Reynolds number of internal and
external flows increases. It is also noted that k is mainly controlled by internal convective heat exchange, for
which the coefficient of heat exchange is significantly lower than the coefficient of external heat exchange.

Conclusions

Thermal calculations of the laminar flow of the slurry in the cavity formed by two concentrically
arranged pipes during the formation of beryllium ceramics have been carried out. From analysis of
experimental data and calculations having obtained during movement of viscoplastic slurry in concentric
circular channel, it is established that with increase of cooling water flow rate in two circuits, external
convective heat exchange coefficients increase. Heat exchange and heat transfer coefficients on the walls of
the annular cavity have been estimated according to special criterion relationships.

Experimental data having obtained from the study of hydrodynamics and heat exchange of the casting
process of ceramic products have been analyzed and generalized using a mathematical model. The system of
equations of the laws of conservation of impulse, mass and energy of non-Newtonian fluid is considered
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together with the Shvedov-Bingham rheological model. Rheological and thermophysical properties of the
slurry have been found on the basis of experimental data, and express dependence on temperature.

Zones of solidification of hot slurry depending on casting speed have been identified. The zone of
solidification of the slurry is defined as the zone between two isochores — the lower (40°C) and upper
(54°C) boundaries of crystallization of the slurry. The structure of the slurry crystallization front shows that
the crystallization rate depends on the mode parameters and channel design data. The use of constructive and
experimental data for calculating the average coefficient of external convective heat exchange and the
Nusselt number in dependence on the Reynolds and Prandtl numbers makes it possible to obtain temperature
and speed profiles explaining the physical essence of the phenomenon, i.e. the process of solidification of the
thermoplastic slurry in the annular cavity.
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3. CatunoBa, b. Acunoekos, Y. JKamnbacoaes, I'. Pamazanosa, I'. CarelnasikoBa

Bepuniumii kepamukachiH (popMaJiay Npouecinie TepMoOILIACT HIVIMKePiH
arbIC LIAPTTAPBIHBIH JKbLIY TaChIMAJ/IAY HIAMAaChIHA dcepiH Oaranay

Makanana KepaMuKajblK OyHbIMIap/bl KAIbINTAY Ke3iHAe TepMOIUIACTUKAIBIK HITMKEpP aFbIHbI KaFiainapbl-
HBIH JKaJITIBI )KBUTYy Oepy koa(duieHTiHe acepin Oaranay HoTbKenepi kentipinren. Ecenrey skcrepuMeHTi
HETI31H/Ie JKY3eTre achIPhUIATHIH ECENTEY ACPEKTEePi MCH IKCIICPUMEHTTIK HOTHIXKENEPIiH CCHIMJII COMKECTITiH
KaMTaMacChI3 €TETiH KYIO POIIECTEPi MEH JKbUTY €CENTeYICPiHIH eMKeH-TerKEMITi CHIaTTay dicTepi 93ipiacH-
Iii. OHIMJIEePi KaubInTay Ke3iHje maiiia 60maThiH (U3UKAIBIK MPOLECTEP/Ii MOJICIBICY MPOIECTIH TeMIlepa-
TypanbIK-(a3anblK epicTepiHiH e3repyiH emkeH-Terxeini OGakpulay MYMKIHIIT apKpIIbl KyliMa camachlH
JKaKCapTYIbIH KaHA MYMKIHAIKTEPiH aHBIKTayFa oHE KYIO peXHMIepiHe OailylaHbICTH KaTar0 KHHETUKACHIH
KOpHEKI TypJe maiigananyra MyMKiHIIK Oepeni. Karaio ke3eHiHae KanblTaynaH KbUTyIbIH O6JiHy KbUITaM-
JBIFBI CYCTICH3HUsI KO3FAJIBICBIHBIH JKbUIIAM/bIFbIH, COHBIMEH KaTap eTHeli aiMaKThIH eHi Toyenai GoiaThlH
TeMIIeparypa epiciH aHbIKTaiinbl. by dakropiap Oepriunii KepaMUKaChIHBIH KYPBUIBIMBIH KQJIBIITACTBIPYFa
Tikenel acep etexni. Pazanblk aybICy Ke3iHIe TeMIlepaTypa MeH XKbUTyFa OaillIaHBICTBI KePaMHKAIBIK OYHbIM-
Japasl KajblTay Ke3iHIe XKbUIy ajMacy HMpOLECiH 3epTTey Heri3ri MiHxeT OOoJbIn TaObuIapl, OUTKEHI oiap
Oepriunii KepaMHUKaCBHIHBIH TEXHOJOTHSUIBIK JKOHE IMalfanaHy CHIaTTaMajapblH aiTapiibIKTal aHBIKTaHIbL.
Ecenrik mepexTep KepaMHKaHBI KAIBIITAy MPOLECIHIH OHTAWIBI MIapTTapblH aHBIKTAayFa XXoHe OIpTEeKT Ky-
PBUIBIMBI Oap KaTalThUIFaH OHIMII OIBIFApyFa MYMKIHAIIK Oepeni.

Kinm ce30ep: TepMOIIIaCTHKAIBIK MITUKEP, OCPHIUINI OKCHIIl, THAPOAMHAMUKA, JKBUTY ajMacy, KYIo Iporeci,
KaJIbINTaY, KaTao.

3. CarunoBa, b. Acunbekos, Y. )KanbacbOaes, I'. Pama3anoBa, I'. CarsIHIBIKOBa

OueHnka BJIMSAHUSA YCJIOBHH TeYEHUS TEPMOILIACTHYHOIO HIJIMKEPa HA KO3 PuuueHT
Terionepeaayu npu ¢popMoBaHum GepuLINEeBOl KEPaAMUKHU

B crarbe mpeacTaBieH pe3ynbTaThl PACIETOB OIEHKH BIMSHHS YCIOBHI T€UEHHS TEPMOIITACTUIHOTO IILTH-
Kepa Ha oOmmi koG uIHeHT Terutonepeaayn npyu GOpMOBaHUH KepaMHUIECKHX u3lenanii. Paspaboransl Me-
TOJIBI ICTAILHOTO OIMCAHHS MPOLECCOB JIUThS M TEIUIOBBIX PAacyeTOB, 00ECIIEUHBAOIINE TOCTOBEPHOE COOT-
BETCTBHE PACUCTHBIX JAHHBIX M JKCIEPUMEHTAIBHBIX PE3yJIbTaTOB, PEATM3YEMBIX Ha OCHOBE BBIYHMCIIUTEINb-
HOTO JKcIepuMeHTa. MozenupoBanye (GU3MYECKUX MPOLECCOB, MPOUCXOAAIINX NPH (GOPMOBAHHU H3IEIHI,
MO03BOJISIET OOHAPYKUTH HOBBIE BO3MOXKHOCTH MOBBIIICHNS Ka4eCTBA OTIMBOK 3a CUET BO3MOXKHOCTH Ooiee
JIETAIbHOTO OTCIIEXKMBAHUS N3MEHEHUSI TeMIlepaTypHO-(ha30BbIX IOJIeH MpoIiecca U HAIJSAHO MPEICTaBUTh
KUHETHKY 3aTBEPJCBAHMS B 3aBUCHMOCTH OT PEKUMOB JNThA. CKOPOCTH OTBOJA TeIlIa OT (POPMOBKH B TEpH-
OJ1 3aTBEPJICBaHMs ONPEeIIeT CKOPOCTh ABIKEHHS CYCHEH3HH, Hapsiay C 3TUM U TEeMIepaTypHOe Ioje, OT
KOTOPOTO 3aBUCHUT IIMPHHA MEPEXOAHOH 001acTh. DTN (HaKTOPHI OKA3bIBAIOT HEMIOCPEACTBEHHOE BIIMSHIE Ha
(dhopMHupoBaHUE CTPYKTYpHI OepriuineBoil kepaMuky. MccnenoBanue nporiecca TemioooMena mpu Gopmosa-
HHUM KepaMUUYECKUX W3JENUI B 3aBUCHUMOCTH OT TEMIIepaTypbl, TEIUIOTH HpH (a30BOM IHepexone sBIsSeTCs
OCHOBHOM 3aJaueii, TOCKOJIbKY OHH BO MHOTOM ONpPENEINAIOT TEXHOJOTHYECKHUE U 3KCIUTyaTallMOHHbIE XapaK-
TEPUCTUKU OepHUINEBOM KepaMHKH. PacueTHble TaHHBIE MO3BOJIAIOT ONPENEIUTh ONTHUMAJIbHBIE YCIOBUS
nporecca (opMOBaHHS KEPAMUKH U TTOJIYYUTh HA BBIXOJE 3aTBEpJEBINEE M3JIEIHE C OJHOPOTHON CTPYKTY-
poii.

Kniouesvie crosa: TepMOIIIACTHIHBIH NITTMKEP, OKCHJ OSPHUIIIHS, THAPOJHHAMIKA, TEINIO0OMEH, POIEecC JIH-
ThsI, (HOPMOBAHUS, 3aTBEPACBAHIISL.
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