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Theoretical foundations of the construction of the operation of heat flow devices

Numerous studies show that non-destructive testing methods satisfy most of the requirements of technical
diagnostics of heating networks and technological facilities. Methods of non-destructive testing are based on
the observation and automated registration of the temperature state of processes. The developed device is
designed to analyze the state of thermal insulation of underground pipelines. The development and research of
devices for measuring heat flow requires mandatory consideration of the temperature field of the sensing
element, i.e. solutions of the differential equation of thermal conductivity for a body of a certain shape under
given boundary conditions. In general, the sensing elements are multi-layered: black coating, calorimetric load,
heat-sensitive elements, alternating lacquer and adhesive layers, i.e., the sensing elements are heterogeneous,
both in the direction perpendicular to the irradiated surface and in parallel. The heterogeneity in the first case
is due to the multi-layering of the sensing element. The article describes solutions to the thermal conductivity
equation describing the temperature field of a sensitive element in the form of a hemisphere and a spherical
zone, due to the nonequivalence of heat losses during irradiation and calibration by electric current. Taking into
account this systematic error makes it possible to increase the accuracy of measuring the energy parameters of
radiation. These solutions of the equations formed the basis of the design of the device for measuring heat flow.

Keywords: heat flow, heat flow measuring device, sensing element, temperature field of the sensing element.

Introduction

Heat flow monitoring and measurement devices allow solving energy efficiency and energy saving issues
by obtaining reliable data on the source of heat losses and quantitative values. In this regard, the development
and creation of heat flow devices for heat supply systems are of particular interest. As the results of numerous
studies of thermal insulation of underground heating networks show, the most effective is the method of non-
destructive testing based on a comparison of calculated and experimental values of the temperature distribution
on the ground surface over heating networks [1, 2].

Non-destructive testing methods use thermal energy coming from the object of control. A temperature
anomaly of a fairly regular shape appears on the surface, which differs by several degrees from the average
temperature of the detected surface and internal defects deviated from the norm, the presence of local
overheating, etc [3].

The initial link of any measuring device or measuring system is the means of obtaining information about
the measured value — thermoelectric battery converters. The thermoelectric converter is the primary
temperature and heat flow measuring converter. As a thermoelectric battery converter, a sensitive element is
used as part of the control and monitoring systems for technological processes. Thermoelectric battery
converters, in which the sensing elements are made of metal wires, have received the greatest practical
application [4-7].

Problem and research method

In the laboratory “Measurement of Thermal physical quantities” of the Department of engineering
thermal physics named after professor Zh.S. Akylbayev of the faculty of physics and technology of
academician E.A. Buketov Karaganda University has developed several modifications of heat flow devices
based on a thermoelectric battery cell of a special design [8]. A distinctive design of heat flow devices is that
it contains a thermoelectric battery converter and a receiving plate, additionally equipped with a thermoelectric
refrigerator and a heating element [9]. The devices differ from each other in the shape and size of the sensing
element, the number of thermocouples, etc.
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To increase the speed and increase the accuracy of measuring the temperature gradient on the surface, we
have developed a device for measuring heat flow [10]. A schematic representation of the device for measuring
heat flow is shown in Figure 1.

Fig. 1. Schematic representation of a device for measuring heat flow. 1 — insulation layer; 2 — heating element; 3 —
thermoelectric battery converter of heat flow; 4 — thermoelectric refrigerator; 5 — radiator; 6 — measuring unit

The radiation flux from a real source incident on the sensitive element of the device has a spice-time
heterogeneity, which should be reflected in the boundary conditions of the problem. It is also necessary to take
into account the heat exchange of the sensor element with the environment, the device body, etc.

The operation of the device is based on the method of replacing the effect of radiation on the sensing
element by the action of an electric current then the presence of a calibration winding should be taken into
account in the differential equation of thermal conductivity. In general, the sensing element is multilayer,
which means that its thermal physical parameters depend on the coordinates.

The tasks of radiant heating of the body can be replaced by tasks describing the effect of temperature
fluctuations of the medium, i.e. the case of irradiation of the body can be considered as a special case of the
effect on the body of temperature fluctuations of the adjacent medium. Therefore, it becomes necessary to
consider the temperature field of a body of a certain shape placed in a medium with a variable temperature.

Consideration of the temperature field of the sensing element of the heat flow device allows us to obtain
new methods for measuring the energy parameters of radiation, including calibration or calibration of the
receiver and working formulas for calculating the desired values [11, 12].

Calculations and discussion

The temperature field of a sensing element in the form of a homogeneous spherical zone, a convex or
concave surface that is irradiated, is considered. To absorb radiation, this surface is blackened, the non-
irradiated surface of the spherical zone exchanges heat with the medium according to Newton's law. Internal
heat sources are located between the convex and concave surfaces of the ball zone, creating a heat flow when
calibrating the radiation receiver with an electric current.

The thermal conductivity equation for a homogeneous spherical zone has the following form:
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with variable range: t>0; R <r<R,; 0<¢@<27; u<u<upy,; p=0c0s0;6 <0<0,;
ﬂ = ﬂa—ﬂ =-sin Hi ; Where ¢ and v — orbital and azimuth angles; R
00 ou oo ou
of the ball zone; Q(r,¢, i,t) — the function associated with the power of internal sources ¢, (r,, u,t)
arising during calibration, the expression:

iand Re — inner and outer radii

rl 1 lt
Q. 1, 1) = w ©
where A is the coefficient of thermal conductivity. ,
Equation (1) must satisfy the initial condition
T(rho w0 =1(r0 u) ®3)
Boundary value conditions
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and the periodicity condition
T(r o ut)=T(,@+2r, u,t) (7

where ¢, and «, are the heat exchange coefficients of the inner and outer surfaces of the sensing element

with the medium: T, (¢, £, t)and T, (¢, 1, t) are the equivalent temperatures of the medium at the inner and

outer surfaces.
We will replace the variable in this boundary problem:

7=274 )
Hy — Hy ,

where: z=0at =y, z=1at pu=p, 4 M=+ 21, — 1)

Then equation (1) will take the form:
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with range of change of variables: t >0;R, <r <R,;0<p<27;0<z<1.

Boundary conditions and periodicity conditions will write down respectively

T(r,¢,2,0)=1f(r,p,2) )
oT(R,,p,2,t) « .
TRuO2) B[R, 0,2.9-Ti(p.2.9)] (10)
oT(R,,9,0,1) « .
T2 _ IR, 0,2,0-Ty(p.20)] (12)
or A
aT (Rl!¢70’t) — 0 (12)
0z
T(r,o,z,t)=T(r,x+27,12,t) ' (13)
Apply successively to the boundary value problem (8)-(13) integral transformations of the form
2z
Tz = [Trzte)®,(p)de (14)
0
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and Neumann function (m+%) of order; Cicand Caxare determined from the following system of equations:
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The conversion formulas for the transformation (14)-(16) have the form:

T, ut) =D T, (1, ) @, (9) (24)
n=0
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k=0
Then the solution of the boundary value problem (8)-(13) will be written as 24 and 25:
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The heat release in the sensor element of the device is caused by its heating during calibration by electric
current and during absorption of incident radiation. The function in solution (27) is related to the power of
internal sources arising during calibration, according to formula (2) by the following expression:

g2, = 1220

The equivalent temperature of the medium is related to the local hemispherical irradiance by the
expression:

(28)

T (0,20 =T (p,2,0+ 1E@ 20
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(29)
For excess temperature O(r,@,z,t)=T(r,¢,z,t)-T (¢, z,t)atT (p,z,t) = f(r,¢,2), taking into
account (28) and (29), expression (27) will take the following form:
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where E, (¢, z,t) and E,(¢,z,t)- local hemispherical irradiances of concave and convex surfaces of the

spherical zone.
Expression (30) is applicable for both convex and concave sensing elements. In this case, one of the terms

containing E, (¢, z,t)or E, (¢, z,t) will be zero.
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To obtain an expression that can be used in solving practical problems, we restrict ourselves to the first
term of the series in expression (30), i.e. we set n = m = k =0. Then the kernels of the corresponding integral
transformations will take the following form based on expressions (17)-(19):

,(p) = 1 (31)
Ry (2) = \f (32)
1 , 2 .
Roo (ﬂoo r) = F g (CmS'n ﬂoo —C,,C0S ﬂoo r) (33)

The expression (31) in this case after the transition from zku in accordance with the formula (7+) can be
written separately for heating with electric current and radiation:
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whereQ,, (r,t)and Q,,(r,t) — excessive temperatures of the sensing element in the form of a spherical zone

during irradiation of concave and convex surfaces.

Thus, in the first approximation, consideration of a complex model of a multilayer sensor element of the
receiver can be replaced by consideration of a simpler model of a homogeneous sensor element of the
appropriate shape. This simplification makes it possible to obtain working formulas for determining the energy
parameters of radiation from considering the temperature field of the sensing element.

Conclusion

The solution of the thermal conductivity equation describing the temperature field of the sensing element
in the form of a hemisphere and a spherical zone, due to the nonequivalence of heat losses during irradiation
and calibration by electric current, is obtained. Taking into account this systematic error makes it possible to
increase the accuracy of measuring the energy parameters of radiation. These solutions of the equations formed
the basis of the designs of devices for measuring heat flow.

The developed heat flow device of a given shape allows you to pinpoint and diagnose in advance the
condition of pipes of heating networks, search for places of coolant leakage, without opening pipelines and
stopping their operation.
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IT.A. Kuca6ekona, JI.)K. Kapabexona, A.K. Xacenos, B.}O. Kyuepyk,
A.C. Kynycos, II.C. Ks3zap6ekoBa

ZKbL1y aFbIHBI KYPBUIFBLIAPbIHBIH )KYMBICHIH KYPYAbIH T€OPHUSJIBIK Herizaepi

KermTereH 3eprreysiep >KbUTy JKelliiepi MEH TEXHOJIOTHSUIBIK 00BEKTIIep i TEXHUKAJIBIK JHarHOCTHKAIAY IbIH
GapibIK TananTapbelH Oy30aiiThIH OaKbLIay SAICTEpi KaHAFaTTaHABIPATHIHBIH Kepcerei. by36aiiTein Gakpltay
dmicTepi mpoIecTepIiH TEMIepaTypalbIK KYHiH OaKplIayFa )KOHE aBTOMATTaHIBIPBUIFaH TIpKEyTe HeTi3JeNreH.
O3ipJIeHreH KYPBUIFbI )KepacThl KYOBIPJIapbIHBIH XKbLTy OKIIayJay KYHiH Tangayra apHanraH. JKbUly aFbIHBIH
oJIIIeyTe apHAIFaH aclanTap/Abl d3ipiey JKoHE 3ePTTey Ce3IMTall IIEMEHTTIH TeMIlepaTypa epiciH MiHAETTi
TYpZAE KapacThIpyAbI TaJlall eTe/li, SFHA OSpiIreH METTIK JKaFaainapaa oenrini Oip mimiHgeri 1eHe YIIiH KbUTy
OTKI3TIITIKTIH AuddepeHIManaplK TeHACYH eIy ai Tajgan erteai. JKaumsl sxaraaiaa ce3iMTan 3IeMEeHTTED
KoIl KabaTThl: KapaMeH jKaObUIFaH jka0blH, KAIOPUMETPUSIIBIK JKYKTEME, TEPMOCE3TIIll SJIEMEHTTED, JIaK KIHEe
KeniMMeH KabaTTajFaH aybIcanbl KabarTrap. SIFHH, ce3iMTall SJIEeMEHTTEp CAyJIeNIeHI'eH OeTKe epIeHIUKY ISP
0arbITTa J1a, Mapajuiesb OarbiTTa Ja OipTeKTi eMec. BipiHIi xarFnaiaa GipTEeKTI eMECTIri ce3iMTal AIEMEHTTIH
KONKAaOATTHUIBIFBIMEH OainaHbICThl. Makanazia CoyJIelIeHy JKOHE DJIEKTP TOTBIH KaJuOpiey Ke3iHIe >KbUTy
IIBIFBIHBIHBIH YKBUBAJICHTTLIIriHE OailIaHBICTHI KapTHI IIap JKOHE [Iap aliMaFbl TYPiHIET ce3iMTal 3JIeMEHTTIH
TeMIIepaTypa ©piCiH CHNATTAHTHIH XBUTy OTKI3TIINTIK TeHICYiHIH menriMaepi cumarttanrad. Ocvl ky#eri
KaTeJKTI ecenKe ay COoyJeNeHyIiH YHEePreTUKAIBIK MapaMeTpIiepiH eJIey AJIITiH apTThIpyFa MYMKIHIIK
Oepeni. Terneymnepain Oy memiMaepi KbUTy aFbIHBIH OJIIEyTre apHajFaH KypaJlIblH KYpHUIBIMBIHA HETi3
605l

Kinm ce30ep: XbUly arblHBI, JKbUTy aFBIHBIH OJILIEyre apHaJIFaH KYPBUIFBI, CE3IMTal JJIEMEHT, ce3iMTan
JJIEMEHTTIH TeMIIepaTypa epici.
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IT.A. Kucabexkona, [1.)K. Kapabekxosa, A.K. Xacenos, B.}O. Kyuepyk,
A.C. Kynycos, II1.C. Ks3gap6ekoBa

TeopeTnueckne 0CHOBBI MOCTPOEHUSI Pa0OTHI MPHOOPOB TEILIOBOT0 MOTOKA

MHoro4ucieHHbIe HCCIIeJOBaHuUs TOKa3bIBAIOT, YTO HanOoIee BceM TPeOOBaHMSIM TEXHUUECKOH THarHOCTUKU
TENJIOBBIX CETEH M TEXHOJIOTMYECKHX OOBEKTOB YAOBIETBOPSIOT METOABI HEpPa3pyIIAOIIETO KOHTPOJIS.
Mertoapl Hepa3pyLIAIOIIETO KOHTPONIS OCHOBAHBI HAa HAOJIOJCHUM U aBTOMAaTU3HPOBAHHOI perucTpanuu 3a
TEeMIIEpaTypHBIM COCTOSIHHEM MpoleccoB. Pa3paboTaHHblil mpubop HpeqHasHAadeH AN aHAIH3a COCTOSHHMS
TEIIOBOI M30JIIIMU IOA3EMHBIX TPyOonpoBooB. Pa3paboTka u mcciaenoBanue MpuOOPOB ISl M3MEPEHUS
TEIJIOBOTO IIOTOKA TPEOYIOT 00S3aTeIbHOTO PACCMOTPEHMS TEMIIEPaTypHOTO MOJISI yBCTBHTEIHHOTO
3JIEMEHTa, TO €CTh pelleHHs AuddepeHInansHOro ypaBHeHUs TeIUIONPOBOAHOCTH JUIS Tejla ONpeeIeHHOH
(OpPMBI TIpH 33IaHHBIX KPAeBHIX YCIOBHAX. B o0meM ciydyae 4yBCTBHTENBHBIC 3JIEMEHTHI MHOTOCIIOHHEL
YepHOE MOKpPBITHE, KaJOpHUMETpUUecKas Harpys3ka, TE€PMOYYBCTBUTENbHBIE 3JIEMEHTHI, UEPETYIOIIUECs
JIAKOBBbIE U KiIeeBble MPOCIOWKU. TO €cTh UyBCTBUTEIbHBIE 3JIEMEHTHI HEOJHOPOJIHBI, KaK B HAIlpaBICHHH,
HepIeHIUKYISIPHOM 00TydaeMoif OBEPXHOCTH, TaK U B MapaiiensHoM. HeomHOpoIHOCTS B EPBOM CiIydae
00yCIIOBIEHa MHOTOCIOMHOCTBIO YyBCTBHTEIBHOTO 3JIEMEHTa. B cTaTbe ONMHCAaHO pEIIeHHE ypaBHEHUS
TETIONPOBOIHOCTH, OIMCHIBAOIIEE TEMIIEpaTypPHOE IT0JIe YyBCTBUTEIBHOTO dJIeMeHTa B (hopMe moxycheps! 1
IIapOBOH 30HBI, 00YCIOBICHHOE HE3KBHUBAJICHTHOCTHIO TEIUIOBHIX IIOTEPh NPH OOJyYEeHHH M KaJHOpOBKe
JIEKTPUYECKUM TOKOM. YYET JaHHOW CHUCTEMAaTH4eCKOW IMOTPEUIHOCTU MO3BOJISET IHOBBICUTH TOYHOCTh
U3MEpPEHMs SHEepPreTHUeCKUX IIapaMeTpoB U3JIydeHHs. JlaHHbBIe pelIeHUus ypaBHEHMs JIEIJM B OCHOBY
KOHCTPYKIMI pubopa A H3MEpEeHNUsI TEIIOBOTO ITOTOKA.

Kniouesvie crnoga: TemnoBoil MOTOK, MpUOOP AT U3MEPEHMS TEIJIOBOTO MOTOKA, TyBCTBUTENBHBIA 3JIEMEHT,
TEeMIIEpaTypHOE M0JIe TyBCTBUTEILHOTO JIEMEHTA.
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