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VOLUME TEMPERATURE CONTROL AT AUTOMATED HIGH-FREQUENCY PROCESSING
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The purpose of this work is to develop and justify a method for volumetric temperature control of a polymer and
composite material in automated high-frequency processing. The developed method is implemented by introducing
thermocouples into the prism-shaped or cube-shaped sample body according to a certain pattern of their location
throughout the volume. This technique is cost-effective and easy to implement compared to expensive and specialized
equipment with complex design, as well as to the cost of thermocouples having a simple design.

Methods to achieve the purpose of the research of the contact method of volumetric temperature of a polymer or
composite sample control are development and outlining thermocouples throughout the volume so as to identify the
most accurate temperature spectrum of the polymer or composite sample during automated high-frequency processing.
Another method to achieve this purpose is the method of finding out how it will affect the measurements accuracy of the
heating sample temperature from the introduction of thermocouples by making holes in it for installation. For this, a
finite-difference mathematical calculation of the dependence of the sample temperature on the number of holes for
thermocouples in it was performed in the MSC Patran Sinda software package. The calculation results were summa-
rized and presented on graphic data. Further, a general mathematical calculation was performed according to the for-
mulas for the process of heat and mass conductivity calculation, the results of which were table and graphic data.

At the end of the finite-difference and general mathematical calculation, a comparative analysis of the obtained er-
ror of temperature measurement from the introduction of thermocouples into the body of the sample was performed.
Based on this analysis, the developed method is applicable for further research on automated high-frequency process-
ing of polymer and composite materials, since the errors obtained do not exceed the permissible 3 %.

Keywords: polymers, high-frequency heating, finite-element mathematical model, general mathematical model.

OBBEMHBIN KOHTPO.Ib TEMIIEPATYPBI IIPH ABTOMATHU3UPOBAHHOM
BBICOKOYACTOTHOU OBPABOTKE NOJIMMEPHBIX U KOMIIO3UIIMOHHBIX
MATEPHAJIOB
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Lenvro Oannoti pabomul sensemces papabomams u 000CHOBAMb CNOCOO 00BLEMHO20 KOHMPOJSL MEeMNepamypsl
NOAUMEPHO20 U KOMNOZUYUOHHO20 MAMEPUANd NPU AGMOMAMUUpOBAHHOU 8bICOKOYACTMOMHOU obpabomke. Paszpabo-
MAaHHBLL CNOCOO peanu3yemcs nymem HeOPeHUs mepmMonap 6 meio obpasya no gopme npusmvl unu Kyba no onpede-
JIEHHOT CXeMe UX PACRONIONCEHUs. N0 8cemy 00veMy. [lannas Memoouka npocma 8 peanu3ayuil U IKOHOMUYECKU 8bl200-
HA NO CPABHEHUIO CO CMOUMOCMbIO O0PO2020 U CREYUANUZUPOSAHHO20 000PYO0SAHUSL CO CNONCHOU KOHCMPYKYUel
U camux mepmonap, UMeIOUUX nPOCMyr0 KOHCIMpPYKYUio.

Memooamu docmudiceHuss NOCMABNEHHOU Yeau UCCIe008aAHUll KOHMAKMHO20 CHOCObA 00beMHO20 KOHMPOAA meM-
nepamypvl HOIUMEPHO20 UNU KOMNOZUYUOHHO20 00pa3ya seisiiomcst papabomka 4 NOCmMpoeHue cxembl PACNOLONCEHUs
mepmMonap no ecemy obvemy mak, Ymoowl blsUMb HAUOOee MOYHO MEMNEPAMYPHBI CHEKMP NOJUMEPHO20 UL KOM-
NO3UYUOHHO20 00paA3Ya NPU ABMOMAMUUPOBAHHOU BbICOKOUACMOmHOU obpabomke. Paspabomana cxema pacnono-
arcenusi mepmonap. Cnedyrowum mMemooom 0 O0CMUICEHUSE NOCMAGIEHHOU Yelu CMal Memoo GbISICHEHUS GIULHUS
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Ha MOYHOCMb UBMEPEHUTI MeMNEPamypbl Hazpeéda 00pasya 6 3a8UCUMOCIU OM BHEOPEHUSI 8 He20 MePMONap 3d cyem
BbINONIHEHUSL @ HeM OMEepCMuil 1Sl UX YCMAHOBKU. [l 9Mo20 6biNOIHEH KOHEYHO-DASHOCMHBINL MAmemMamuieckuil
pacuem 3a8UcUMOCIU MeMRepamypsl 00pasya om KOIUHecmaed omeepcmuil Ho0 MepmMonapvl 6 Hem 8 NPOSPaAMMHOM
xomniaexce MSC Patran Sinda. Pe3ynbmamul pacyema ceéedeHbl U npe0CmagieHsvl Ha epaguyeckux oanuvix. /lanee Ovin
BbINOAHEH 00WUL MameMamuyecKull paciem no QopMyIam paciema npoyecca menio- u MacconpogooHocmu. Mmoea-
MU OaHHO20 paciema cmanu mabauya u spaguieckue Oanubvie.

I1o OKOHUAHUU KOHEYHO-PAZHOCMHO20 U 00We20 MAMEMAMUYECKO20 PAcyema npou3ee0er CPASHUMENbHbII AHATU3
NONYYEHHOU NOSPeWHOCTNU USMEPEHUs meMnepamypsl om 6HeOpeHus mepmonap & meno obpasya. HMcxodsa us 3mozo
amanu3a, MOM*CHO CKA3aMb, YMO paspabomanuas MemoouKa nPpUMeHUMa O OanvHeliuie2o Uccie008anus asmoMamu-
3UPOBAHHOU BbLICOKOUACOMHOU 00pAdOMKY NOTUMEPHBIX U KOMNOZUYUOHHLIX MAMEPUAnos, max KAk noayieHHvle
nozpewHocmy e npesviuarom 0onycmumvix 3 %.

Kniouesvie cnosa: nonumepul, 8blCOKOHACMOMHbIN HAZPEE, KOHEUHO-DJIEMEHMHAS. MAMEMAMUYECKAst MOOelb, 00Wast
Mamemamuyeckas MooeJb.

Introduction. To enhance operational and strength — constructing a general mathematical model by calcu-
properties of increased durability achievement, to improve lating the effect of thermocouples quantity on sample
polymers and composites service life and to prevent dry start  heating during high-frequency processing.
during operation, oil-filled polymer and composite antifric- — making comparative analysis of the obtained results.
tion materials are created using developed technology of Background data. Sample from material PA6 Speci-
high-frequency oil filling [1]. At the same time, implementa-  fjcation 224-001-78534599-2006; overall dimensions,
tion of the method has one problem in the course of process 50 x 50 x 4 mm: density, 1120 kg/m3; specific heat capacity
automation due to {hg need Odf constant ;amfgzif.mper?t%re 1601 J/kg K; thermal conductivity, 0.23 W/(m - K). Thermo-
volumetric control during drying and self-filling [1-6]. couple (TC) chromel-alumel; weld diameter, 0.25 mm;

Research in this field proves to be a pressing task. wire diameter, 0.1 mm; hole dimensions, 0.25 % 25 mm
Purpose and tasks. To develop a contact method for [7-10]

measuring a polymer sample temperature throughout the . .
volume during high-frequency processing. ' Prehn?mary layout of thermocouples in the sample
In order to achieve this goal, the following tasks were 'S shown in fig. 1.

defined: Finite-difference mathematical calculation.
— outlining thermocouples location in the polymer Construction of a finite-difference mathematical model
sample body; based on the calculation of the number of thermocouples

— constructing a finite-element mathematical model by effe.:ct on the sample hgating during high—fre.quency proc-
calculating the effect of thermocouples quantity on the  essing was carried out in the MSC Patran Sinda software
sample heating during high-frequency processing. complex (fig. 2, tab. 1).
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Fig. 1. Layout of thermocouples in the sample

Puc. 1. Cxema pacrosnoxeHus TepMornap B o0pasie
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Fig. 2. The finite-difference mathematical model of the prototype

Puc. 2. KoneuHo-pa3HoCTHas MaTeMaTHYECKasi MOJIEIIb ONBITHOTO 00pa3ia

Table 1

Summary of calculation results MSC Patran Sinda

Quantity of thermo- Symmetry plane temperature, °C Body surface temperature, °C Hole walls temperature, °C
couples, in pcs.

0 220.746 202.701 —

1 221.500 203.516 220.251
2 221.546 203.538 220.263
3 221.625 203.569 220.282
4 221.630 203.558 220.271
5 221.678 203.575 220.293

As boundary conditions, the following ones were
adopted: volumetric heating power constant, 10 W;
convective thermal conductivity coefficient constant,
10 W/(K - m?); ambient temperature, 20 °C [11-14].

According to the results of the calculations of MSC
Patran Sinda given in tab.l, the diagram (fig. 3)
of the temperature dependence on the number of holes for
thermocouples in the polymer sample has been con-
structed.

From the obtained graphic data, it can be concluded
that with high-frequency heating, as the number of holes
in the body increases, the temperature of the polymer
sample increases throughout the volume.

Calculation of error from thermocouples in polymer
sample installation is done by formula

TwithoutTC -100 _

A, =100
5TC
= 1oo_w:0,34%, (1)
221,500

where Tyimourrc — temperature in the body of a polymeric
sample without holes, °C; Tstc — temperature in the poly-
meric sample body with 5 holes, °C.

Results of finite-element mathematical model con-
struction showed that calculated error value does not ex-
ceed permissible value of 3 % [15].

General mathematical calculation. General mathe-
matical model construction by calculating the effect of
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thermocouples number on sample heating during high-
frequency processing.

The process of volumetric heating of the polymer
sample with dimensions of 50x50x4 mm, from internal
heat sources can be referred to as a particular case of
thermal conductivity of a homogeneous plate.

Heat sources are evenly distributed throughout the
volume, ¢, = const. Convective heat transfer coefficient,
o = const and ambient temperature 7,, = const. Due
to uniform cooling, the temperatures of both surfaces are
the same [16; 17].

Under these conditions, the temperature of the plate
will vary only along the x-axis (fig. 4) normal to the sur-
face of the body.

The temperatures on the axis of the plate and on its
surface are indicated through T and T e, respectively;
these temperatures are unknown. In addition, it is neces-
sary to find the temperature distribution in the plate and
the amount of heat supplied to the environment according
to formula

q,-d

q 2 2
Tx))=T, + +——(8" —x7),
(x) air 2.}\‘( x) (2)

B

—-0<x<9,

where 7, — ambient temperature (air), 20 °C; — con-
vective heat transfer coefficient, 10 W/( deg m?);
A — polymer thermal conductivity coefficient (PA 6),
0.26 W/( deg m); & — extreme position of the point in



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 21, Ne 2

contact with the environment, 0.002 m; ¢,— volumetric

productivity of internal heat sources, W/m’.
Volumetric capacity of internal heat sources is calcu-
lated according to formula

g =2 3)

where Q — thermal power from each internal heat source,
10 W; V' — body volume, m’.

The results of internal heat sources volumetric produc-
tivity calculations are summarized in tab. 2.

Body surface temperature (x = §)

4,9
Tmi_’fbce = Tair + . (4)
o
Symmetry plane temperature (x = 0)
2
4,8
=T, +——0. 5
0 surface 2.0 ( )

The results of temperature calculations on the surface
of the body and on the plane of symmetry are summarized
in tab. 3.

Let the boundary conditions of the third type be given,
i. e. the ambient temperature on the outside surface and
the constant heat transfer coefficient on the outside sur-
face (fig. 5) [17-19].

Temperature field dependence, formula

q, -
T(r)=T, +-—2—x
(=T, +%2
2 2 2 2
MR R P S P -21111—(1 , (6)
o 4x o N
8, <r<j,
where 8, — radius of the hole for thermocouple,
0.000125 m.

Temperature difference between body surface and
heat-release surface of the hole wall, formula

2
.52
Thole_Ttvmfﬁzce = 4o 2 . [iJ _211’162—1 5 (7)

o |\ .

I

hence

2
4,8, |3 5
Thole:T' [S_J —21n5——1 + Lpace- > (8)

r r

where 7}, — hole wall temperature,®C
The results of the hole wall temperature calculations
are given in tab. 3, fig. 6.
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—es—Temperature on the plane of symmetry, 2C
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Temperature on the wall of the hole, 2C

Fig. 3. Calculation results of MSC Patran Sinda

Puc. 3. Pesynbrats! pacueroB MSC Patran Sinda
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Fig. 4. Calculation scheme of thermal conductivity
of a homogeneous plate

Puc. 4. PacuetHast cxema TEIJIONPOBOAHOCTH
OJIHOPOJIHOM IIACTHUHBI

Table 2
Summary of internal heat sources volumetric productivity calculations results
Quantity of thermocouples, pcs. v, m’ q,, W/m®
0 1.00000-10°° 1.000-10°
1 9.99877-10°° 1.001-10°
2 9.99754-10°° 1.002-10°
3 9.99631-107° 1.004-10°
4 9.99508-107° 1.005-10°
5 9.99385-107° 1.006-10°
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Fig. 5. Calculation diagram of the temperature
on the wall of the hole

Puc. 5. PacueTHas cxema Temmeparypbl
Ha CTCHKE OTBEPCTHS
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Table 3
The results of temperature calculations on the body surface, symmetry plane and on the walls of the hole
Quantity of thermocouples, Tsurfaces °C 7, ,°C Thotes’C
pcs.
0 220.000 227.692 -
1 220.246 227.948 224.029
2 220.493 228.204 224.280
3 220.741 228.462 224.553
4 220.989 228.719 224.785
5 221.238 228.978 225.039
230
S 220
g 228 4
-E 227 |
2 ons
g 224
en 223
£ 222
§ 221 1 e 45 = -
© 220 &— - =
£ 219
- D 1 2 3 4 5 6
-

Number of thermocouples, st

—&— Surface temperature of the body, °C

—

»— Temperature on the plane of symmetry. °C

Temperature on the wall of the hole, °C

Fig. 6. Results of the General mathematical calculation

Puc. 6. Pe3ynbraTsl 00111€r0 MaTeMaTHYECKOT0 pacyera

From the obtained dependencies it can be seen that as
the holes in the body increase, the temperature both on the
surface of the sample and on the wall of the hole in-
creases.

This can be explained by decrease in the sample vol-
ume, which entails an increase in the volumetric produc-
tivity of internal heat sources under continuous power.

Calculation of error from thermocouples installation
in polymer sample (1)

T ishowrc 100 227,692-100

228,978

A ,=100- 100 =0,57 %.

TSTC

where Timourc — temperature inside the polymeric body
sample without holes, °C; Tsrc — temperature inside the
polymeric body with 5 holes, °C.

The results of the general mathematical model showed
that the calculated error value does not exceed the permis-
sible 3 %.

Comparative analysis. Error calculation from the
number of holes for thermocouples was made applying
the finite-element model in the software complex MSC
Patran Sinda (0.34 %) and the general mathematical
model according to the calculated formulas (0.57 %). The
result of the study is the compliance of the chosen method
of mathematical model construction with the result of
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finite-element analysis, as well as the correctness of
polymer sample temperature measuring method.

Conclusion. In the present work, a method of deter-
mining the polymer sample body temperature throughout
entire volume has been developed. This method has been
implemented with the introduction of thermocouples into
the polymer or composite body sample.

For the constructed layout of thermocouples in the
body of the polymer sample to control the temperature of
volumetric heating during high-frequency processing, the
applicability of this scheme has been mathematically jus-
tified. Comparative analysis of measurement error due
to sample volume change caused by the introduction
of thermocouples not exceeding permissible 3 % [1] has
been carried out.

This method has been planned for further application
in automated high-frequency oil filling process [2],
namely, for identification of the parameters of the filling
process with a liquid plasticizer by monitoring the change
in thermocouple readings.
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