THEORY

V.V. Lysko, cand. phys.— math. sciences

'Institute of Thermoelectricity of the NAS and MES of Ukraine,
1, Nauky str, Chernivtsi, 58029, Ukraine, e-mail: anatych@gmail.com;
*Yuriy Fedkovych Chernivtsi National University,
’ 2, Kotsiubynsky str., Chernivtsi, 58012, Ukraine

Lysko V.V.

VISCOUS FLUID APPROXIMATION WHEN SIMULATING Bi,Te;3
BASED THERMOELECTRIC MATERIAL EXTRUSION PROCESS

In the process of extrusion, billets of material are deformed under virtually perfect plastic conditions.
Such a process can be simulated using the hydrodynamic theory, where a material is regarded as a
Sfluid of very high viscosity which is a function of velocity and temperature. The internal friction of the
moving layers of the material serves as a heat source, so it is also necessary to use the heat transfer
equation in conjunction with the hydrodynamic aspect of the problem. This approach is especially
effective for simulating the extrusion process of thermoelectric materials when large deformations are
present. This paper presents the results of an object-oriented computer simulation of the process of hot
extrusion of BiyTe; based thermoelectric material. Cases of producing cylindrical samples of circular
cross section for various matrix configurations for single-stage and multi-stage extrusion are
considered. The distributions of temperature and flow velocity of material in the matrix are obtained, as
well as stress distribution in the matrix due to external pressure and thermal loads, which formed the

basis for optimization of equipment for producing extruded thermoelectric material. Bibl. 5, Fig. 8,
Tabl 1.
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Introduction

The hot extrusion process is widely used in the production of thermoelectric materials [1-3]. The
essence of it is punching a thermoelectric material through a hole in a heated mold. The main advantage of
this method is associated with an improvement in the strength characteristics of material. Moreover, their
thermoelectric properties can remain at the level of the properties of materials obtained by crystallization
from the melt.

Since hot extrusion is usually carried out at sufficiently high temperatures, the structure of the
extruded material is formed in the process of plastic deformation, resulting in a deformation texture. The
extrusion conditions, namely the shape of the die, the temperature and strain rate, the strain value, the
structure of the initial billet, affect the final structure and properties of the extruded material. One of the
effective ways to study the influence of these conditions on the formation of the structure and texture of the
extruded material is mathematical simulation of the extrusion process in combination with the experimental
results of structural studies [4].

The purpose of this work is to create a computer model of the hot extrusion process of Bi,Te; based
thermoelectric material to study the distributions of temperature and material flow velocity in the matrix, as
well as the stress distribution in the matrix due to external pressure and thermal loads, which can be the
basis for optimization of equipment for producing extruded thermoelectric material.
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Physical, mathematical and computer extrusion models

To build a computer model of the hot extrusion process, the application package of object-oriented
simulation Comsol Multiphysics was used [5]. In extrusion processes, the initial billets of material are
deformed in a hot solid state under practically ideal plastic conditions. Such processes can be simulated
using the hydrodynamic theory, where a material is regarded as a fluid of high viscosity which is a function
of velocity and temperature. The internal friction of the moving layers of material serves as a heat source;
therefore, heat transfer equations are also used in conjunction with the hydrodynamic aspect of the
problem. This approach is especially effective for simulating the extrusion of thermoelectric materials in
the presence of large strains. In addition, the developed computer model allows one to determine stress

distribution in the matrix due to external pressure and thermal loads.
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Fig. 1. Physical model of extrusion process
The physical model of the extrusion process is shown in Fig. 1. The model considers the stationary
case of flow through matrix 1 of the cylindrical billet of material 2 obtained by cold pressing.

To find the distributions of velocities and temperatures, one should solve the following system of
equations [5]

p(u-Vu)= V[—pl+n(Vu +(Vu)T)—§77(V-u)I} +F;

V.- (pu)=0; (1)

pCu-VT =V-(kVT)+0,,;

Q,, =n(Vu+(Vu)" —%(v w)):Vu .

with the corresponding boundary conditions:
— thermostated lateral surface of matrix: 7= T},
— convective heat exchange of the lateral surface of sample after leaving the matrix
—n-(-VT)=h(T~T),
— heat removal along structural members, not shown in Fig.1, from lower matrix part and upper part
of thermoelectric material billet:
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—n- (- VT)=h(T-T,), -n-(-VT)=h(T-T,),

— thermal insulation of upper matrix part:

— input pressure on the billet: p = py,

—n-(—kVT) =0,

— atmospheric pressure at sample exit from the matrix: p = pp =1 atm,

— equality to zero of fluid velocity at the boundary of contact with the matrix: u = 0,

— equality to zero of liquid velocity component perpendicular to the lateral side of the sample after

leaving the matrix u n =0,

where: u is velocity field, p is density, p is pressure, 1 is dynamic viscosity factor, x is thermal

conductivity, F'is vector field of mass forces, Qvk is volumetric heat source due to internal friction, / is unit

matrix, /1, - hy are heat exchange coefficients, T) is ambient temperature.

Heating due to internal friction and contact thermal resistance at the boundary of contact between

material and matrix are taken into account. The properties of thermoelectric material and matrix material

used in simulation are given in Table 1.

Table 1
Material properties
Thermal conductivity, W/(m*K) 4
1. Thermoelectric material Density, kg/ m° 7600
Heat capacity, J/(kg*K) 150
Thermal conductivity, W/(m*K) 243
2. Steel (matrix) Density, kg/ m° 7850
Heat capacity, J/(kg*K) 500

The properties of thermoelectric material, which in simulation is considered to be a high-viscosity

fluid, were determined experimentally, and their correlation was verified with the published data. For this

model, it was necessary to determine the equivalent viscosity of the test fluid. The equivalent von Mises

stresses can be found from the general deviator stress tensor [5] as

or, using T =2né¢, where £ is strain rate, 77 is velocity, as

o, =\NoN'c:E .

Representing the equivalent strain rate as

the expression (3.2) can be re-written as

Ueqv = 3n¢eqv .

Strain rate tensor is determined as follows

Shear velocity:

Vu+Vu) 1
i u+Vu) _L

2 2

(3.2)

18 Journal of Thermoelectricity Nel, 2019

ISSN 1607-8829



V.V. Lysko
Viscous fluid approximation when simulating bite; based thermoelectric material extrusion process

) 1.
y =|7|= SV
Accordingly,
1 .
¢eqv = ﬁy N
Flow rule

The flow rule specifies that plastic flow occurs when the equivalent stress o, reaches the flow stress, f.
Viscosity is defined as
3¢eqv

The magnitude of the total flow stress is given by the expression for the generalized Zener-Hollomon

1/n
asinh (Z)
A

n= \/EOC}/

n

function

0

1 . \zr
where: 4=2.39%10° 1/s, n=2.976, 0=0.052 1/MPa, Z = —7e(”] , 0=153kJ/mole, R=8.314 J/K*mole [5].

V3

Fig. 2 shows a mesh of finite element method which is used in Comsol Multiphysics.
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Fig. 2. Finite-element method mesh.

Computer simulation results

Velocity fields and temperature distributions in the matrix and thermoelectric material obtained by
computer simulation for different matrix configurations (angles y) are shown in Fig. 3-6. The velocity in
mm/min and temperature in degrees Celsius are marked in colour.
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Fig. 3. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 30°)
gamma(Z)=0.783398 Slce: Velocity {(mm/min} gamma(2)=0.785398 Slice: Temperature (degC) T OC
450
25
440
20
420
15
400
10
380
i z i 360
y L. y
v342.6
a) b)
Fig. 4. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 45°)
gamma(2)=0.523599 Slice: Velocity (mm/min) gamma(1)=0.523599 Slice: Temperature (degC) T,°C
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Fig. 5. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 60°)
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Fig. 6. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 90°)

Matrix configuration for the case of three-stage extrusion is shown in Fig. 7.
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Fig. 7. Matrix for three-stage extrusion of thermoelectric material

Velocity field and temperature distribution for this case are shown in Fig.8.

Slice: Velocity (mm/min) Slice: Temperature (degC)
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Fig. 8 Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix for the case of three-stage extrusion
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The developed computer model can serve the basis for optimizing the design of equipment for

extrusion of Bi,Te; based thermoelectric material in order to improve its efficiency and to enhance the

quality of the material obtained.

Conclusions

1.

A computer model of the hot extrusion process of Bi,Te; based thermoelectric material has been created
which can be used to study the distributions of temperature and material flow velocity in the matrix, as
well as stress distribution in the matrix due to external pressure and thermal loads.

. The temperature and velocity field distributions have been obtained depending on matrix configuration

for the case of single-stage extrusion of Bi,Te; based thermoelectric material.

. The behavior of thermoelectric material in its passage through the matrix for the case of multistage

extrusion of Bi,Te; based thermoelectric material has been studied.
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YV npoyeci excmpysii 3acomoexku mamepiany Oegopmyiomocs 8 NpaKmMudHO 10eanbHO NAACMUYHUX
ymosax. Taxuii npoyec mooice Oymu 3M00enbOSAHUL 3 GUKOPUCIAHHAM Meopii 2IOPOOUHaMIKU, Oe
mamepian po3ensioaEmucs K piOuHa 3 Oyice GUCOKOI 8'S3KICMIO, WO 3anedcumv 6i0 WeUOKOCHI U
memnepamypu. Buympiwme mepms wapis, wo pyxaomscs, Mamepiany € maxodc 0lcepeiom menid,
MOMY HeOOXIOHO — GUKOPUCIOBY8AMU  MAKONC DIGHAHHS NEPEeHoCy menid 8 CYKYIHOCmI 3
2I0pOOUHamMiuHo yacmunoro sadavi. Taxutl nioxi0 € 0coOauso e@ekmusHuMm OJisi MOOETOBAHHS
npoyecy excmpysii mepMOeneKmpudHux mamepianie, Koau npucymui oineuii Oegopmayii. Y Oanii
pobomi HasedeHO pe3yabmamu  00'€KMHO-OPIEHMOBAHO20 KOMN'IOMEPHO20 MOOETI08ANHS NPOYECy
eapauoi excmpysii  mepmoenekmpuunozo mamepiany Ha ocuosi BiyTe;. Pozensinymo eunaoku
00ePIICAHHST YUNTHOPUYHUX 3PA3KI6 KPY2no2o nepepizy Ol Pi3HUX KOH@Izypayit mampuyi y npoyecax
oonocmyninuacmoi ma 6azamocmyninyacmoi excmpysii. Ompumani po3nooiiu memnepamypu U
weuokocmi meuii mamepiany 6 Mampuyi, a MaKodxic Po3NOOLL HANpye y Mampuyi 3d PAxXyHOK
B06HIUNHLO2O MUCKY U TMENI0BUX HABAHMAICEHb JIA2IU 6 OCHO8Y ONMUMI3AYIl YCMamiKy8anHs Ol
00ePIACAHHS eKCMPYO0B8AHO20 MepMoesekmpuuno2o mamepiany. bion. 5, puc. 8, mabn. 1.

Kiro4oBi ciioBa: ekcTpy3isl, TEpPMOCICKTPHUYHHII MaTepia,MOCIIOBAHHS
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NPUBJNXKEHUE BA3KOH KUJIKOCTH INPU MOJAEJUPOBAHUU
MNPOLHECCA 3KCTPY3UU TEPMOJJIEKTPUYECKOI'O MATEPUAJIA
HA OCHOBE BI,TE;

B npoyecce sxkcmpysuu  3a20moeKu mamepuana OeopMupyioOmcs 8 NpaKmuyecKu UOedaibHblX
naacmuyeckux yenogusx. Takoil npoyecc modicem Obimb CMOOCIUPOBAH C UCHONIb30BAHUEM MEOPULL
SUOPOOUHAMUKY, 20€e MAMEPUALl PACCMAMpPUBAEMCs KAK HCUOKOCHb C OYeHb GbICOKOU 6S3KOCHbIO,
sasucswell om CKOpOCmU U memnepamypsl. Bhympennee mpenue OSUNCYIUXC CLOE8 Mamepuand
CYIACUM 8 Kauecmee UCMOUHUKA Menid, NOIMOMY HeoOX0OUMO UCNOIb306AMb MAKICE YPAGHEHUS.
nepeHoca menia 6 COGOKYRNHOCMU C 2UOPOOUHAMUYECKOU cmoporoi 3adauu. Takou nooxod sensemcs
0Cc06eHHO  dhpexmueHbIM 0N MOOCIUPOBAHUSL  NPOYECCA  IKCMPY3UL  MEPMOINEKIMPULECKUX
Mamepuanos, Koz2oa npucymcmeyiom Oonvuiue Odegopmayuu. B nacmoswei pabome npusedensvi
pe3yabmamol  00beKMHO-OPUCHIMUPOBAHHO20 KOMNLIOMEPHO20 MOOETUPOBGAHUSL Npoyecca 2opsyell
IKCIMPY3UU MEPMOITIEKMPULECK020 Mamepuaia Ha ocHoge BiTe;. Paccmompenst ciyuau nonyuenust
YUTUHOPUHECKUX 00pA3Y08 KpPYyalo2o CcedeHust ONs  PA3IUYHbIX KOHQU2ypayuu mampuyvl npu
00HOCmYyneHuamou u muoeocmynenuamou sxcmpysuu. Ilomyuenvl pacnpedenenus memnepamypsli u
CKOpOCMU MEeYeHUss Mamepuala 6 Mampuye, a maxdice pacnpeoeieusi HanpsajiceHull 8 mampuye 3a
cuem GHeWwHe20 OasNieHuss U MEeNnlo8blx HASPY30K, KOmopble Je2ld 6 OCHO8Y OnmuMu3ayull
060pY006aHUsL OISl NOJYUEHUSL IKCTNPY OUPOBAHHO20 MEPMOINIEKMPUYecKo20 mamepuana. bubn. 5, puc. 8,
mabn. 1.

KunroueBble ci10Ba: SKCTPY3Hsi, TEPMOIIEKTPHICSCKHI MaTepUal, MOICTHPOBAHHE.
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