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Abstract. The article presents the results of a parametric study of the solidification
process of a thermoplastic beryllium oxide (BeO) suspension in the cavity of a ring
mold. The primary aim of the study is to ensure uniform structure formation in cast
products and to address the issue of preventing technological defects. To this end,
the spatial-phase characteristics of beryllium oxide suspensions were comprehensively
analyzed, and their dependence on casting properties, phase composition, rheological
characteristics, and technological parameters was scientifically assessed. It was
shown that the solidification process of cast products is determined by a complex
set of hydrodynamic, thermal, and crystallization phenomena that develop during
solidification. It was established that these phenomena directly depend on the suspension
flow rate, temperature regime, ratio of liquid to solid phases, particle distribution,
and the intensity of heat removal from the mold. The mathematical models presented
in this work provide a practical and experimental scientific tool to predict the non-
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uniform distribution of suspension structure and physico-mechanical properties across
the cross-section of castings. It was determined that during solidification, the heat
removal rate from the normal state depends on the suspension flow rate, the thermal
conductivity of the mold material, and the temperature field characterized by the width
of the transition zone. The solidification process of the suspension mass was evaluated
through the analysis of heat flux distribution, viscosity changes, and density variations
along the concentric channel. Hydrodynamic and heat transfer modeling results, carried
out considering the crystallization of the thermoplastic beryllium oxide suspension,
showed good agreement with experimental data. The obtained results enable efficient
control of the casting process, reduce energy consumption, and consequently produce
homogeneous, high-quality castings in terms of texture.

Keywords. Beryllium oxide, continuous casting, Bingham liquid, rheological
parameters, heat transfer, solidification
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AHHOTanusi. Makanaja cakMHalbl KaJbINTay KyBICBIHAA OCPUIUIMH OKCHIIHIH
(BeO) TepmoriacTUKaNbIK CyCHEH3HSICHIHBIH KaTalo MPOLECiH MmapaMeTpiiK 3eprrey
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HOTIKenepi OasHAanraH. 3epTTeydiH Heri3ri MakcaTbl — KyiiMa OyibiMaapaa
KYPBUIBIMHBIH OipKeNKi KaJblITacyblH KaMTaMachl3 €Ty JKOHE TEeXHOJOTHSUIBIK,
aKayJapAbIH aJlbIH aly MACeNIeciH menry 0oubin Tadbpiiansl. Ockl MakcarTa Oepuiuni
OKCHZl CYCHEH3WSCHIHBIH  KEHICTIKTIK-(pa3alnbplk  cHMmaTTaMajiapbl  >KaH-KaKThl
KapacThIPBUIBIT, ONapIblH KYIO KacHeTTepiHe, (a3anblK KypaMbIHA, PEOJOTHSUIBIK,
CUIIaTTaMacChlHA JKOHE TEXHOJIOTHSUIBIK MapaMeTpiepre TOYENAUIri  FhUIBIMU
TypFbiiaH Oaranmanabl. KyiimMa eHIMIEpIiH KaTar MpOoIeci KaTar Ke3iHIe TaMUTHIH
THJIPOANHAMHKAIIBIK, TEPMISUIBIK JKOHE KpHCTalJaHy KyOBUIBICTApBIHBIH KYpIemi
KUBIHTBIFBIMEH aHBIKTAJIAThIHBI KOpceTinai. byl KyObuIbICcTap CyCrEeH3UsHBIH KO3Faly
KBUITAMJBIFBIHA, TEMIIEPATypajblK PEKUMIE, CYHBIK >XKoHE KarThl (hazaiapabiH
apakaTblHACbIHA, OOJIIEKTEepIiH TapalyblHa, COHIAH-aK KaJbITaH JKbUIYABl OKETY
WHTCHCUBTIIITIHE Tikesed OaillaHBICTBI eKeHi alKbIHAanabl. JKyMbICTa YCHIHBUIFaH
MaTeMaTHKaJbIK MOJENbIep KyHManapblH KeJIJeHeH KMMachl OOWBIHINA CYCTICH3HS
KYpBUIBIMBI MEH (pHU3HMKa-MeXaHHMKaJIbIK KAacHETTEepiHiH OipKeNnki eMec TapalyblH
Oobkayra HaKThl TOKIPUOCNIK JKOHE KOJIJAHOANbl FHUIBIMH MYMKIHJIK Oepei.
Karato ke3zeHiHAe KaJbINTHl >KaFJaiIaH >KbUTYyAbl KETIpY >KbUIAAMABIFBI CYCICH3HS
KO3FaJIbICBIHBIH JKbUIIaM/BIFbIHA, KAJBIT MaTepUaIbIHbIH KbUTY OTKI3TIIITITiHE KoHE
oTIeNi aliMakThIH EHIMEH CHMAaTTalaTblH TeMIepaTypajblK epicKe Tayemai eKeHi
anbIKTanpl. CyCeH3Hus MacCachlHBIH KaTalo MPOLECi KbUIY aFbIHBIHBIH TapailyblH,
TYTKBIPJIBIK ©3T€PiCiH JKOHE KOHIEHTPJIK apHa OOHBIHAAFBI THIFBI3IBIKTBIH ©3repyiH
Tajjay apKbUIbl Oarananabl. bepuiinii OKCHIII TepMOIIIACTUKANBIK CYCIEH3USCHIHBIH
KPUCTAIAaHYbIH €CKEPEe OTBIPHII, KYPTri3iIreH THAPOINHAMUKA MEH KbUTY aJIMacy/ibl
MOJIENIbACY HOTHXKENEpi IKCIIEPUMEHTTIK JEPEKTEPMEH JKaKChl COUKECTIK KOPCETTi.
AJBIHFAaH HOTHXKEJep KYIO MPOLECiH THIMII OacKapyFa, SHEpIrHsl IIBIFBIHBIH a3alTyFa
KOHE HOTHKECiH e OipKeIKi KYphUIBIMABL, JKOFapHI canajibl KylManap aayFa MyMKiHIIK
Oepei.

Tyiiin ce3nep: bepumnmii okcui, y3aikci3 Kyto, BUHreM CyHbIKTBIFBI, pEOTOTHSIIBIK
napameTpIiep, Kbty Oepy, KaTaro
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AHHoTaumsi. B craree mpencTaBieHbl  pe3yNbTaThl  apaMETPUUECCKOTO
HCCIIeZIOBAaHMS TIpollecca 3aTBep/eBaHUsl TEPMOIUIACTHYHOW CYCIIEH3MH OKCHa
oepuuus (BeO) B monoctu kosibiieBod (opMbl. OCHOBHOH IICJIBIO MCCIICOBAHMSI
SIBIISIETCST 0OecIeueHrne paBHOMEPHOTO (POPMHUPOBAHHS CTPYKTYPBI B JINTHIX U3/IEIUIX
U [IPEJIOTBPAILCHNE TEXHOJIOTHYeCKUX AePeKToB. s TOCTHKESHHS ITON LETH ObLIH
BCECTOPOHHE PaCCMOTPEHBI MPOCTPAHCTBEHHO-(A30BbIE XapaKTEPUCTUKH CyCIIEH3UN
oKkcHaa OepuyuIvs, a TakKe JaHa Hay4yHasl OICHKA WX 3aBUCHUMOCTH OT JIUTCHHBIX
CBOWCTB, (a30BOT0 COCTaBa, PEOJOTHYECKHX XapaKTEPUCTUK M TEXHOJIOTHYECKHX
napameTpoB. [TokazaHo, 4To mporecc 3aTBepACBaHUS JTUTHIX M3ACTHHA OMpeaesseTcs
CJIOKHBIM KOMILJICKCOM THUAPOJMHAMUYCCKUX, TCIUIOBBIX MW KPUCTAJJIM3AIIMOHHBIX
ﬂBHeHHﬁ, pa3sBUBAONIUXCA B XOAC 3aTBCPACBAHMA. yCTaHOBHeHO, YTO 3THU ABJICHUSA
HaIllpAMYIO 3aBUCAT OT CKOPOCTHU ABUIKCHHUS CYCIICH3UH, TEMIICPATYPHOI'0 pEiKUMaA,
COOTHOILICHUA )KI/II[KOI‘/'I u TBeleOﬁ (1)33, pacnupeaciaCHuss 4aCcTull, a TaKXKC MHTCHCUBHOCTHU
orBoja Teruia u3 ¢opmbl. I[lpencraBieHHble B pabdoTe MareMaTHYecKue MOJENN
00ecneunBaoT BO3MOKHOCTh IPOTHO3UPOBAHUSI HEPAaBHOMEPHOCTH paclpeiecHUs
CTPYKTYPBI CYyCIIEH3UHU 1 (PU3UKO-MEXaHHYECKUX CBOMCTB 110 MONEPEYHOMY CEUCHHUIO
OTJIIMBOK, YTO HMeEEeT KaK OKCIEPHUMEHTAIbHOE, TaK W NPUKIATHOE 3HAYCHHE.
YcTaHOBIIGHO, YTO B TEPHUOA 3aTBEPIEBAaHUS CKOPOCTh OTBOZAA TEIUIa W3 pacijiaBa
3aBHCHT OT CKOPOCTH JBWKCHHUSI CYCIICH3HMH, TEIUIONPOBOJHOCTH MaTepuaia
npecc-GopMbl M TEMIEPATYPHOTO IOJIsl, XapaKTepU3yeMOro IIUPHHON MEepexoIHOM
30HBI. [Ipomecc 3arBepieBaHus CyCIIEH3MOHHON Macchl OIIGHHWBAIM IyTEM aHaIN3a
pacmpeneneHusi TEIUIOBOTO TIOTOKA, W3MEHEHHs BS3KOCTH W IUIOTHOCTH BJOJb
KOHICHTPUUCCKOI0 KaHalia. PeSy.TII)TaTI)I THAPOANHAMHUYCCKOIO MOICIUPOBAHUA
u  MOACIUPOBAHUSA TeHHOO6MeHa, BBIIIOJIHCHHBIC C YY€TOM KpHCTAJUIM3alUU
TEPMOIIJIACTUYHOMN CYCIIEH3MH OKCHa OSpHUILIHS, TOKa3alIl XOpOolllee COrTacoBaHne ¢
JKCIIEPUMEHTAILHBIMU JaHHBIMHU. [loTy4eHHbIe Pe3yNbTaThl HO3BOISIOT YPPEKTUBHO
YHOpaBIdATh OPpOUECCOM JIMThA, CHUXXATh SHEPro3arparsl U, KaK CJICACTBUC, ITOJTYyYaThb
BBICOKOKAQUYE€CTBEHHbBIE OTIIMBKH C OHOPOIHON CTPYKTYPOH.

Kuarouesble ciioBa: Okcuji Oeprininst, HeNpepbIBHAsI pa3inBKa, )KUJIKOCTh bruHrema,
peooTHYeCcKUe apaMeTphl, Terionepeaada, 3aTBepieBaHue

Introduction. Products made of thermoplastic beryllium oxide slip have become
widely used in various industries over the past decades, primarily as a thermal
insulation material for equipment operating at high temperatures (Walsh, 2020). Using
the hot casting method in an industrial injection molding plant with preset dimensions,
ceramic products of a predetermined shape with an adjustable density can be obtained
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(Wei, et al., 2019), the high thermal conductivity of beryllium oxide during casting in
the temperature range of 40-55°C causes difficulty in controlling structure formation
(Shakhov, 2008). The mechanism of solidification, as well as the mechanical behavior
of the casting mass during the casting process, the rheological and thermophysical
properties of a thermoplastic beryllium oxide slip due to exposure to ultrasound are
poorly understood. The experimental study of physical-chemical properties and phase
transformation, while taking into account all factors affecting the quality of products in
the continuous casting process, is laborious. Therefore, an effective way to control the
physical processes occurring during the formation of products with specified properties
and shapes is to model the process and determine its main characteristics. The main
purpose of the article is to determine the influence of cooling and heat transfer conditions
on the solidification of the slip, while the rheological properties of the thermoplastic slip
during its flow are an important factor. According to experimental data (Zhapbasbayev,
et al., 2016), the Bingham-Papanastasiou model with a control parameter is used to
validate experimental curves and describe the behavior of a viscoplastic slip before
and after yield strength and viscosity during ultrasonic treatment (Papanastasiou, et al.,
1997), (Jabbari, et al., 2016), (Mehmood, et al., 2020). The high thermal conductivity of
beryllium oxide has a significant effect on the increase in the volume of the liquid phase
and the rheology of the viscoplastic slip during preparation and molding (Shakhov,
et al., 2008). The thermal conductivity of beryllium oxide with a relative density of
99% is 220-230 (W/m*S) at a temperature of 1001 (Walsh, 2020). However, with an
increase in shrinkage friability to 5-10% and zonal liquation, the thermal conductivity
of ceramics at low temperatures decreases by 10-13%. As the temperature increases,
the thermal conductivity decreases and reaches a value of 15.4 W/mxFrom (Shakhov,
et al., 2008). Therefore, when considering the object under study, factors such as the
dependence of thermophysical properties on temperature, phase transformations of
liquid suspensions into a solid state, heat of crystallization, and a sharp change in
temperature boundary conditions on cooling circuits should be taken into account. As
mentioned in other articles on MIM technology, increasing the volume of the liquid
phase to impart the necessary casting properties to the slip does not allow achieving
the desired effect, since during firing an «additional» amount of binder leads to the
appearance of structural defects and deformations of products. (Sattinova, et al., 2022).
When forming products in the forming cavity, it is of great importance to control the
cooling of the slip mass, since the solidification process inside the mass depends on
the temperature distribution (Zhao-Hui, al., 2021). Also, the change in the temperature
field during the cooling process depends on the heat release in the phase transition
region and the determination of boundary conditions. Experimentally determined
temperatures of the liquidus and solidus of the slip make it possible to identify the
nature of the phase distribution at different stages of crystallization, calculate the rate
of solid phase separation necessary for studying thermal processes and analyzing the
formation of shrinkage defects (Zhapbasbayeyv, et al., 2016), (WeiB, et al., 2019).

The comparative analysis of the rheological and thermal characteristics of the slip
in the range of phase transformations, combined with experimental data, allows us to
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identify a detailed method of physico-chemical analysis of the solidification of the
slip depending on the cooling rate and the change in the position of the crystallization
interval of the slip in the forming cavity of the casting installation.

Materials and methods. Rheological characteristics of the thermoplastic slip.
Thermoplastic slips based on beryllium oxide (BeO) with a binder content of 9.5,
10.7 and 11.7% were used to produce ceramic products. The molding compound, a
thermoplastic slip, is a highly viscous suspension in which one of the phases is a solid —
beryllium oxide powder, and the second is a liquid - organic binder. The organic binder
includes three components: paraffin, beeswax, and oleic acid in a ratio of (82; 15 and
3%) (Sattinova, et al., 2022).

The slip mass is characterized by a certain ratio of the concentration of solid C v,
liquid C_w phases, the critical concentration of the solid phase in the cv_crit system,
the proportion of kinetically free C_V and kinetically bound C_W liquids. The
critical concentration of [Cv] crit is considered an important criterion for objectively
characterizing the state of a slip when determining its properties and structure (Shakhov
and Bitsoev, 1999). (Shakhov, et al., 2002), (Pivinskii, et al., 1983). Its proportion in
the slurry is equal to the relative density of the solid phase in the sediment obtained
after 60 minutes of centrifugation at a temperature of 90 ° C.:

For the BeO slip, the technologically permissible concentration of the solid phase
is 75-78% (Shakhov, Bitsoev, 1999). (Sattinova, et al., 2024). High-quality molding of
ceramic products with homogeneous properties is achieved by increasing the fluidity of
the slip due to intensive ultrasonic treatment with a frequency of 16-18 kHz. As a result,
the technological properties increase and at the same time the slip changes its structure
under the influence of the forces of molecular attraction, forming conglomerates of
particles (Fig.1). An increase in the fluidity of the suspension is accompanied by a
decrease in the thickness of the solvated shell and an increase for ligament (Kiiko
V.S., et al., 2015). The amount of kinetically bound ligament in a slip with different
volume concentrations is Cw_f2=0.252. Improving the fluidity of the slip leads to a
decrease in viscosity, which is one of the main indicators of the relationship between
the concentration of the slip and its rheological properties (Shakhov and Bitsoev, 1999).

The rheological parameters of the slip, such as yield strength, plastic viscosity and
shear rate, were determined experimentally in the studied temperature range of 80-
40°C in the production conditions of ceramic products of Keramika LLP (Shakhov,
Bitsoev, 1999). Along with rheological properties, thermal conductivity, heat capacity
and heat of melting are the main elements for calculating technical parameters and play
an important role in the manufacture of products by injection molding (Dvinskikh, et
al., 1976). Based on experimental data, empirical dependences of the rheological and
thermophysical properties of a thermoplastic slip on temperature have been established,
which make it possible to describe the movement and heat exchange during the
molding of beryllium ceramics, taking into account changes in its state of aggregation
(Sattinova , et al., 2022). In scientific literature, data on the thermophysical properties
of a dispersed system are limited, and they theoretically confirm that mechanical
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damage to the structure of a dispersed system does not affect the thermophysical
properties, i.e., the value of heat capacity ¢ _p and thermal conductivity A (Makurin ,
et al., 2006). To confirm which, graphs of changes in thermal conductivity are given
before (1) and after (2) ultrasonic treatment with the action of a slip (BeO batch No. 3)
in the temperature range of 20-80 °C (Fig.1).
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Figure 1- Thermal conductivity of the slurry versus liquid phase concentration (a) and thermoplastic
slurry before/after ultrasonic treatment (b)

The effect of ultrasonic vibrations on the thermophysical properties of a dispersed
system is related to the anisotropy of thermal conductivity, i.e., the direction of heat
flow. This means that heat transfer is mainly due to a molecular mechanism, unlike
momentum transfer, where deformations of the structural framework are of decisive
importance (Makurin, et al., 2000).

A comparison of the high thermal conductivity of pure beryllium oxide with the
low thermal conductivity of the binder indicates that when considering a thermoplastic
slip as a structured dispersed system, its thermal conductivity depends primarily on the
thermal conductivity of the binder, especially free, undissolved, since the particles of
the dispersed phase practically do not interact with each other. They are in contact with
each other and cannot significantly affect the thermal conductivity of the system. This
phenomenon is noticeable when considering the dependence of thermal conductivity
on the volume fraction of the bundle content in the slips (Fig.1).

The specific heat capacity of beryllium oxide has been widely studied experimentally
and theoretically (Dong Hou, et al., 2022); Yamamoto, et al., 2021). The heat capacity
of the beryllium oxide slip increases naturally with increasing temperature and binder
content. The graphs show that the heat capacity of the slip depends only on the density
and does not depend on the viscosity and shear stress (Fig.2).
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Figure 2- Heat capacity versus liquid phase concentration (a) u temperature slurry (b)

The melting heat of the slip strongly depends on the structure of the dispersed
system (Theodore, et al., 2011). In the structure of the slip on the surface of solid
particles, some physical properties of adsorbed liquid molecules change significantly,
in particular, the melting point and density increase

During the melting process, the solvated bond in the slip will not significantly
change its structure. This is equivalent to the absence of the latent heat of melting of
the solvated bond, i.e. the heat spent on the destruction of the structure to change the
state of aggregation at the melting temperatures of the free bond.

Flow of beryllium oxide (BeO) slurry considered between two concentric cylinders
with the length of 108 mm as shown in Fig. 3(a). This approach considers damping
source in the Navier-Stokes equation to force calculated velocity to equal zero when
BeO slurry becomes fully solid. Damping coefficient is introduced similar with the
permeability of porous medium, which depends on BeO slurry liquid fraction. As
BeO slurry enters the cavity between concentric cylinders, it begins to be cooled by
external circulating water in three cooling zones with the lengths of L1=22, L2=45 and
L3=41 mm, respectively, and cooling temperature of T1=73°C, T2=59°C and T3=45°C
mm, respectively (see Fig. 3(b)). Outer radius of inner cylinder, inner radius of outer
cylinder and outer radius of outer cylinder is r1=20, r2=25 and r3=26, and r3=26 mm,
respectively. The thickness of outer cylinders (crystallizer) wall is mm. the material
of inner and outer cylinders is made from steel of grade 12X18H10T. Inner radius
of water circulation zones is r =36 mm. The model equations are derived under the
following assumptions that BeO slurry:

Flow is laminar due to the low casting velocity.

Flow is steady-state

Behaves as Bingham liquid

Flow is axisymmetric

Thermophysical and rheology properties are functions of temperature.
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Figure 3- (a) 3D schematic of BeO slurry flow and solidification and (b) 2D domain with an imposed
boundary conditions

Under the above assumptions flow equation for BeO slurry, energy equation for
BeO slurry and crystallizer are described as following.
Fluid flow equations

p(Ti-V)u =V (_p1+K) +pg)_A(ﬁ_ianst) (1
V- (p) =0 2)

where U is the BeO slurry velocity (m/s), p is the BeO slurry density (kg/m3),

— — 2 —
K=uapp(vu +(Vi)T) - 3 Happ (V-WI and I denote the viscous stress and identity
tensor, respectively, p is the pressure (Pa), Moo is the apparent dynamic viscosity (Pa-s),

Ucast = (0, Ucast) is the casting velocity.
Energy equation for BeO slurry

pCplappl_i -VT =V-(AVT) 3)
where Cp,app = Cp + LuD(T) s the apparent specific heat capacity
(J/(kg-K)), C,, and | Ly = 7800]/kg are specific heat capacity (/g -K))

and latent heat of solidification, respectively, T is temperature : (K), A, is thermal
conductivity (W/(m - K))and

157




ISSN 2224-5227 1.2026

e_(Z(TA—TTm))Z

D(T) =
ATV
where AT =T, —Tg = 2 (K) denotes transition zone temperature range
(K), T, = 59°C is the crystallization temperature (K), T; =T, + AT and
T, = T,, — AT are liquidus and solidus temperatures (K), respectively.

Energy equation for the crystallizer

0T,
PsCp,s ot = V- (A VTy) (14)

where  ps = 7900 kg/m3, C, s = 500]/(kg - K) and ks = 15 W /(m - K)
and [14].

Boundary conditions. Hot BeO slurry enters the cavity between two concentric cyl-
inders (gray domain in Fig. 3(b)) at a constant casting velocity U.,q; = 20mm/min
and temperature Teqse = 75°C. The surface of the mandrel is assumed to be adiabatic
and partly no-slip (Fig. 3(a)). BeO slurry leaves the cavity with uniform outlet pres-
sure and zero gradient of temperature. On the inner surface of the crystallizer there is
conjugate condition between energy equations for the BeO slurry and crystallizer. On
this surface, no-slip and slip conditions are applied to the momentum conservation
equation. Slip condition allows the movement of the thermoplastic slurry near the wall
when it starts to be cooled. COMSOL Multiphysics software automatically calculates
slip velocity based on the yield stress value and velocity profile at the wall. Convective
heat transfer occurs between the outer surface of the crystallizer and the cooling water.
Adiabatic boundary condition is imposed to the energy equation for the crystallizer at
the top and bottom surfaces of the crystallizer.

Convective heat transfer coefficient h; on each part of outer boundary with height
L; is calculated from the Nusselt number using Churchill and Bernstein correlation
for the external forced convection which is valid for RePr = 0.2.

4/5

2r3h 0.62Re/2pr1/3 Re \°/®
Nu = =03+ + < )

14 (——
1/4
2, 1+(%)2/3 7 282000
Pr
_ 213Qw _ Hwlpw
where Re = vw(r‘i_rS) T and PT= A‘f are Reynolds and Prandtl numbers,

respectively, 1, is the inner radius of cooling zone, @Q,, is the flow rate of circulating

water in the cooling zone, Hw» Cpw and Ay, are dynamic viscosity (Pa - S),specific

heat capacity (] /(kg - K )) and thermal conductivity (W /(m-K )) of circulating
water.

158




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

Results and discussion. [sothermal temperature distribution lines at different
casting speeds are shown in Fig.5. The correspondences of the above-shown phase
transition intervals (liquidus isotherm AB-54°C, solidus isotherm CD-45°C) established
experimentally are confirmed by temperature profiles that coincide with the intverals
along the length of the annular cavity. For example, at u=20 mm/min and u=100 mm/
min, the phase transition temperatures correspond to the following channel length
ranges H=0.008-0.010 and H=0.011-0.015, respectively (Fig.4).
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Figure 4- Casting velocity effect.

Estimates of the effect of cooling conditions on the hardening process of beryllium
ceramics are achieved by a detailed study of the profiles of casting speed, shear rate
and temperature along the annular cavity. The evolutions of the transient temperature
contours at different casting speeds are presented (Fig.5, 6). From the graphs shown, it
can be seen that with increasing casting speed, the solidification front becomes steeper
starting at u=70 mm/min. The zones of liquid, viscoplastic, and solid-plastic slips are
represented by red, green, and blue colors, and it can be seen that the red area increases
in proportion to the increase in casting speed. The reason for this phenomenon is that
as the casting speed increases, more slip mass enters the annular cavity, which in turn
increases the flow of thermal convection. Another reason for such phenomena is that as
the casting speed increases, the residence time of the liquid slip decreases, and the heat
generated also decreases. In all the figures below, the isotherm of the parabolic liquidus
changes to an almost horizontal front in the central zone of the cavity. In this part, the
conductive mode of heat transfer mainly operates, which, in turn, leads to an increase
in the horizontal length of the solidus isotherm. In the phase transition interval, the
process proceeds at negligible speeds. According to the phase rule and experimental
data, the casting system, i.e. the solid and liquid phases are in an equilibrium state at a
temperature of T = 59 © C, the zone of which is represented by a bright blue area.

At the end of the thermal circuit, it is observed that the sliding effect has a strong
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effect on the velocity profiles of the cold circuit. The change in the direction of velocity
in the transition interval from the warm contour (green) to the cold contour (blue) occurs
due to the force of viscous friction associated with an increase in the casting speed from
u=40 mm/min to u=100 mm/min, which leads to uneven cooling and zonal liquation.
The dynamics of solidification of a thermoplastic slip depending on the casting speed
shows when, at a casting speed below u=30 mm/min, the temperature pressure gradient
effectively affects the heat transfer coefficient, similar to the effect of the flow velocity
gradient on the sliding coefficient. The intensity of free convection, which occurs in
the presence of a temperature gradient in the flow, leads to a significant increase in heat
transfer from the non-isothermal surface, i.e. from the slip to the coolant.
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Figure 5- Temperature distribution in BeQ& crystallizer domain for- % = 1.25 and casting
velocity of 10-100 mm/min

Graphical dependences show that with increasing velocity, the depth of the
viscoplastic core zone stretches, forming a curved contour upon contact with the
cooling wall.

Figure 6- Solid phase fraction for and casting velocity of 10-100 mm/min
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In Fig.7 shows the change in heat flow on the inner (discontinuous lines) and outer
(solid lines) walls of the mold along the length of the annular cavity at D_2/D_1=1.25
and different casting speeds. Obviously, the heat flux density does not change
significantly along the length of the hot circuit. This is because the temperature of the
coolant T _0=73°C is almost equal to the initial temperature T _0=75°C of the slip. At
a distance of z=22 mm, a warm circuit begins, the coolant temperature will become
T _0=59°C and the heat exchange on the inner wall will increase sharply to q_(u=10)
=5089; q_(u=30) =8832; q_(u=50) =11458; q_(u=70) =13368; [ q]_(u=100) =15525
Wm"2.

The temperature gradient, having reached its maximum, begins to decrease sharply
due to the alignment of the temperature plot near the wall. At a distance of z= 67 mm, a
cold contour is marked, where the temperature of the coolantis T_0=45°C. A decrease
in the temperature of the slip to the crystallization temperature causes the solidification
of the slip mass.
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Figure 7- The change in heat flow on the inner (discontinuous lines) and outer (solid lines) walls of
the mold along the length of the annular cavity at D, /D; = 1.25

The effect of the circulating water layer on the gradual cooling of the slip during
product molding is very important, since to calculate the total heat transfer coefficient,
it is necessary to determine the coefficients of convective heat transfer. In this case,
the hot slide transfers its heat to the inner wall of the die due to internal convection,
then it is transferred to the outer wall of the die, only then it enters the cooling water.
It is considered that there is no thermal contact layer with a certain thermal resistance
between the slip, the inner wall, the outer wall and the water. The influence of the Bi
criterion, which characterizes the boundary conditions on the inner wall along the three
contours of the annular forming cavity, is shown (Fig.8). Changes in the velocity and
temperature profiles determine the patterns of changes in the Bi criterion.
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Figure 8- a) the scheme of heat transfer from the slip to the cooling water; b) the effect of the Bi
criterion on the inner surface of the annular cavity along three contours.

When the slip moves along the annular channel, an increase in the Bi criterion leads
to a decrease in the intensity of heat exchange, and a decrease leads to an increase in
the intensity of heat exchange (Fig.8).

The coefficient of external convective heat transfer is calculated from the condition
of the cooling water flow through the outer casing of the die, which is the external flow
for the die. To explain this, we will use the well-known empirical Nusselt formulas for
cooling a cylinder with an external stream of water.

Conclusions. Simulation of the solidification process of beryllium oxide ceramic
articles with regard to phase transitions and optimization of casting technology have
been performed using COMSOL Multiphysics software. The goal was to improve the
quality of products by determining the optimal geometric and technological parameters
of the casting process. To obtain articles with uniform properties, the space-phase
characteristics of the thermoplastic beryllium oxide slurry are studied in detail, which
make it possible to reasonably assess their effects on the property and composition
of the casting. Prior to performing numerical calculations of the beryllium ceramic
solidification process model in a concentric cylinder with three cooling circuits, the
results of the rheological and hydrodynamic model with experimental data have been
validated.

Based on the results of the study of the influence of the optimal control parameters of
the solidification process on the homogeneity of the product, the following conclusions
can be drawn:

- mathematical models of non-isothermal flow and heat exchange taking into account
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the phase transformation, as well as the results of calculations of the solidification of the
slurry depending on the cooling rate and the change in the position of the crystallization
interval of the slurry in the concentric cylinder;

- distribution of heat flows on the inner, outer walls and changes in the density of
the slurry along the length of the concentric cylinder at different casting speeds are
installed;

The numerical results carried out show adequate agreement with the available
experimental data. The results obtained in the work and the quantitative values given
for the different casting parameters can be useful in the production process in evaluating
possible solidification conditions to obtain castings of higher quality.
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