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Technical calculations of heat transfer are carried out on the basis of equations
of the stable process. However, the lack of the more universal methods of calcu-
lation of unstable heat transfer regimes does not allow a deeper analysis of the
influence of the body’s (building’s) massiveness on the development of the heat
transfer process, the utilized amount of energy, and the possibilities to control the
process. The analysis of thermal interaction of a system consisting of several bodies
is based on F. M. Camias’s impulse theory of conductivity and G. M. Kondratyev’s
theory of the regular thermal regime. Supposing that in a certain temperature
range the physical properties of the body remain stable, in the case of the regular
heat transfer regime the temperature in any point increases (decreases) at an equal
rate, there exists the sum of points that at a given moment fit to the generalized-
average temperature of the object. The temperature regime of this implied surface
will actually describe the generalized temperature regime of the whole body. To
an extremely thin material surface Newton’s heat transmission law can be applied.
The following presumptions are accepted for the formulation of the task: a)
boundary conditions of the third degree are accepted for heat exchange between
the bodies and their environment; b) the sum of heat transmission coefficients by
radiation and convection is constant; c) heat flows among the bodies are propor-
tional to the difference of temperatures, and heat exchange is regular; d) each body
is treated as a material surface.

Experimental verification of the method has been carried out in a special
stand with the use of the thermo-accumulative heating equipment (AEG). A
comparison of theoretical and experimental results is also presented.

Key words: regular heat transfer regime, equivalent material isothermic surface,
generalized temperature, reduced surface coefficient of heat transfer, heating-
cooling rate, undimensional massiveness, Newton’s heat transmission law

1. INTRODUCTION

gical processes, in buildings and generally in nature
are unstable. The lack of the more universal met-

In Lithuania, considerable attention is given to a
moderate consumption of fuel energetic resources.
Great amounts of heat and fuel are consumed for
the heating of buildings of various destination ([(40%
of burned fuel) as well as for technological equip-
ment in order to heat certain products up to the
required temperature.

Most often, when solving the technical tasks of
heat transfer, the investigation must be based on
the examination of several bodies with different pro-
perties that simultaneously participate in the pro-
cess of heat transfer. In fact, the heating (cooling)
of an object inevitably involves the heating (cooling)
of the bodies around this object.

Technical calculations of heat transfer are car-
ried out on the basis of equations of a stable pro-
cess. However, the majority of heat transfer proces-
ses that take place in heating equipment, technolo-

hods of calculation of unstable heat transfer regi-
mes does not allow a deeper analysis of the in-
fluence of the body’s (building’s) massiveness on the
development of the transfer processes, the utilized
amount of energy (heat), and the possibilities to
control the process. Actually, it is often useful to
check which materials are more effective, what are
the possibilities of controlling the thermal regimes
and heat expenditure, etc.

2. METHODS

Analysis of thermal interaction of a system consisting
of several bodies is based on F. M. Camia’s impulse
theory of conductivity as well as on G. M. Kondra-
tyev’s theory of the regular thermal regime.
Supposing that in a certain temperature range
the properties of the body remain stable (p = const,
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¢ = const, A = const), in the case of a regular heat
transfer regime the temperature in any point in-
creases (decreases) at an equal rate. In any body,
including a heterogeneous one, there exists the sum
of points that at a given moment fit to the genera-
lized-average temperature of the object. Such sum
of isothermic (at a given moment) points forms a
closed surface (one or more) in the body, whose
location in the body in the case of the given regu-
lar thermal regime is fixed. The temperature regi-
me of this implied surface will actually describe the
generalized temperature regime of the whole body.
For the analysis of the thermal regime of a real
body, it would be enough to analyze the genera-
lized temperature 6, of the body corresponding to
that of the isothermic surface, which at any mo-
ment is
i=n
%MQQ&
0=, (1)
%Vipici

where Vp is the mass of a separate (heterogene-
ous) body element, c, is the heat capacity of the
same element, and O, is the temperature of the sa-
me element at a given moment.

When distinguishing the case of the regular heat
exchange among all possible variants of the heat
transfer process, the conclusion may be made that
the speed of temperature alteration in the case of
an equivalent isothermic surface similar to that of
each point of the test object is the same.

Each body (fluid) in which a regular unstable
heat transfer process occurs might be regarded as a
material surface where the whole mass of the body
is uniformly concentrated throughout the entire sur-
face. To such an extremely thin surface Newton’s
heat transmission law could be applied. The heat
amount transferred to the equivalent material isot-
hermic surface (EMIS) will remain the same if the
methods of calculation would use the surface heat
transmission coefficient value equivalent to that of
a real object.

In the case of regular heat transmission when a
stable heat transfer regime is achieved, the location
of the EMIS, the temperature 8, and the interior h_,
as well as the exterior /i, surface heat transmission
coefficients (Fig. 1) are found with the aid of the
following equations:

0,+6 6,+6
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The reduced surface heat transmission coeffi-
cients with respect to the EMIS wall are:
= 1 — 1

= = 3
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where d,, d, are the thickness of the layer, A, A, are
the heat conductivity coefficients of the layer, h, h,
are the heat transmission coefficients of the enclosu-
re’s interior and exterior surfaces; 8, is the tempera-
ture of surrounding air; 8, 8,, 0, is the temperature
of the enclosure; i, h are the thermal resistance co-
efficients of the EMIS; 8 is the temperature of the
EMIS; d is the thickness of the EMIS.
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Fig. 1. Scheme of regular heat transfer through flat wall

Thus, in the case of regular heat transfer, New-
ton’s heat transmission law may be applied to any
body:

do_- (=
T

(4)

The following presumptions are accepted for the
formulation of the task:

1. Boundary conditions of the third kind are ac-
cepted for heat exchange between bodies and their
environments.

2. The sum of heat transmission (by radiation
and convection) coefficients is constant.

3. Heat flows among the bodies are proportional
to the difference of temperatures. Heat exchange is
regular.

4. Each body is treated as a material surface.

The main object of the task is a generalized he-
ated body (building). The aim of the solution is to
determine the temperature regime of interior air
(fluid), when the constructive solution of the body
(building) as well as temperature fluctuations of the
exterior air (fluid) are known and when the heat
source of a certain capacity is presented (Fig. 2).

At the regular heat transfer regime, the follo-
wing equation of heat balance could be used:
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Ndt =V p,c,d8, + dq, 5)

where N is the power of the heat source, V p, ¢ dB is
heat accumulated by the body a; dg, is heat delivered
by the same body to other surrounding bodies (fluids),
here: dg, = h A (8, — 8)dt, 9 is the operative tempe-
rature of the premise.

Gy Vs on; Gy An Nen

Fig. 2. Generalized model of heat exchange in heterogene-
ous body

The enclosing construction of the building (parts
of the external body) will also accumulate part of
the received heat, at the same time the rest part of
heat is accumulated by the environment (fluid). He-
at exchange may be defined by the following for-
mula:

dea+ @+ ﬂ
ot P Mg

+m,0, +mB6, +m,6, +..+m 0, =k,

where p is the value that expresses the part of the
accumulated heat attributed to each body (the buil-
ding element) in respect of the heat delivering bo-
dy, when the difference between the temperatures
is one degree. It is the thermal inertia index of the
body (undimensional “massiveness”),

Vip;Cy

here: M1 _Vapaca J

m is the specific cooling rate of the body a, m, is
the cooling rate of the body a, if the intensity of
heat delivery is equal to the intensity of heat deli-
very of the body studied, k is the heating intensity
of the body a, 0 is the generalized temperature of
the heat source, T is time,

h.A, hA ,_ N

m,=—--, rT]j_ = [} k - [}
: Vapaca Vapaca Vapaca

here:

where A is the area of EMIS, A4, is the area of the
heat source.

Insertion

A heterogeneous body consists of three main com-
ponents:

a) an external body that delivers its heat to the
environment;

b) interior environment (fluid), interior equip-
ment and contructions covered by the external bo-
dy;

c) heat source, ie. one of the interior bodies.

The method aims at the mathematical model-
ling of the heterogeneous body heat transfer pro-
cess into the mentioned three main components that
correspond to the real heat transfer process becau-
se of ever-changing temperature in both internal and
external fluids. The generalized equation system of
the heat balanse of this model is as folows:

[d6
a=k-— _
pry m,(8, -9),

o 3 1
= rme9-ume-o],
g-‘j% = my(®-6,) - M, (6, -8,),

Bae = f,().

In the fourth equation of the equation system
(7) the external fluid (i.e. the environmental) tem-
perature is an independent time function.

The result of the equation solution is the deter-
mination of the generalized temperature of each
component:

6, =L 9 =/f1; 8 =/

This equation system may be applied either to
any heterogeneous body (object) or to its part when
non-stationary heat thansfer occurs in it. The follo-
wing conditions have been accepted for the analyti-
cal solution of this equation system:

1. The heat source power is constant. The heat
source is either turned on or turned off depending
on a desirable regime.

2. The heat receptivity of the environment S in
comparison with the receptivity of the body a is
extremely small:

VSpSCS N 0
Vapaca
3. The limited conditions of the third kind (6, =

= 0) have been accepted with regard to the entire
system.



36 Jonas Juodvalkis, Egidijus BlaZevi¢ius, Ramiinas A. Vipartas

Thus, the heat regime of the entire system may
be expressed by the following heat balance equa-
tion system:

(1de
& =k- 0.-96,),
EF m, (6, -6,)
oo _ m,
Et;—=-——(9a"¢91), )
odt p
S
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here W= A
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The equations of the system (8) are the first
grade linear differential equations. The solutions of
these equations, when the system consists of two
main components, i.e. heat sources and the surroun-
ding external body, are:

T = Aexp(-at) + Bexp(-b1),
t = Aexp(—at) + Bexp(-b1), ©)

here A, B, C, D, a and b are the integration cons-
tants whose expression is presented in Table.

In spite of the fact that, in general, the analyti-
cal solution of the equation system (7) is compli-
cated, these equations were solved with the use of
the approximation principle offered by computer
technique. However, the drawback of the computer
solutions is their incapability to reflect the contents

of the integration constants (i.e. the dependence on
the initial data and on the values of functional ex-
tremes). Nevertheless, the possibility to control the
extremes of general temperature alteration in the
components remains. For instance, the maximal he-
at source temperature is reached when

do k

- k=m0, =9)=0; (8, =9,)=-—, (10)

a

and the maximum (minimum) of the internal fluid
temperature is reached with the satisfaction of the
following equation:

maea + ulrrh‘sm
m, + . my ’

here 6 and 9 are the values of the generalized
temperatures of the heat source and the external
body at the moments of the interval fluid tempera-
ture extremes.

The external body’s general temperature extre-
mes are reached with the satisfaction of the follo-
wing condition:

19min — rnlam + rn;uam
max
m, +my
Figure 3 shows the heating-cooling process of a
heterogeneous body consisting of three components
in the initial heat transfer stage. As the general tem-

perature alteration diagrams of the given compo-
nents demonstrate, the temperature maximums are

min  _
amax -

(11)

' (12)

Table. Equations of unstable heat exchange between two bodies

Scheme of heat Transformed Solution Constants in equations Extremes
exchange differential equation
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Fig. 3. The heating-cooling process of a heterogeneous bo-
dy consisting of three components in the initial stage of heat
transfer

reached not simultaneously, i.e. the retardation of
the heating-cooling process of the components with
regard to the heat source is obvious. During the
solution of the practical tasks of the interval fluid
temperature regulation (control), the periods of the
component temperature extreme are especially im-
portant for the production of heat regime control
microprocessors to ensure an optimal energetic ef-
fect.

A more detailed analysis of the obtained solu-
tions was carried out when heat interaction occurred
between two components of the heterogeneous bo-
dy. The integral form of the equation expression is
useful, since it clearly demonstrates the dependence
of the integration constants on the initial data and
the interdependence of all the constants.

As is presented in Table, heat interaction between
the components of a heterogeneous body is complica-
ted. Since the heating-cooling of the bodies follows
the general laws of the saturation process and thus
the body temperature alteration is expressed by the
exponent function, the heat interaction of the compo-
nents of a heterogeneous body is expressed as the
summing result of the potential heating-cooling pro-
cess of separate components of the body. Despite the
heat changes that occur inside a heterogeneous body,
the general temperature dynamics of each component
is expressed by the familiar heating cooling laws. In
the case of the previously described components of
the two heterogeneous bodies:

e
1” (13)
bt=—(W+u+rK_.F,,
ZU(UJ ll ) n'0

here Y, 1 and r nameless constants are determined
on the basis of the initial and limited conditions of
heat transfer; K is Kondratyev’s criterion, F is the
Fourier criterion.

When applying this method for the investigation
of the non-stationary heat transfer process, the in-
tegration constants for a concrete building have been
determined and a computer programme was worked
out to solve the equation system. According to the
formed algorythm, the equation system for buildings
is as follows:

o,

s
Hy, =059% (6, -9)-0.396(5 -0,),
ot
0 _0218(9-0,)-0.1(0,-6,),
Odt
%e = 258Nn-—1.
12

The following factors in the system of the non-
stationary heat transfer balance equations have be-
en considered:

l. The strength of the heat source, its thermal
massiveness, the intensity of heat delivery.

2. Thermal massiveness of interior air and of
the building’s interior constructions and equipment,
the intensity of heat transfer.

3. Thermal resistance of the building’s external
enclosures, thermal massiveness, the intensity of he-
at transfer with the air outside.

=8.89-0.435(p, - 9),

(14)

3. EXPERIMENTAL VERIFICATION OF THE
METHOD

The electro-accumulative heating equipment was
used for the experimental verification of the method.

The aim of the experiment was to determine
the analytical and experimental strength P = f(1)
that the equipment delivers to the environment dur-
ing the charging (heating) and discharging (cooling)
cycle.

The analytical solution of the task is carried out
by determining the values of the constants and with
A6, = f(1) expression to form a diagram of heat
delivery; here A, is the law of the alteration of
temperature differences between the surface of the
equipment and the environmental air.

The following system of equations has been com-
piled made for theoretical investigation:

e, _, :
DB—?;S =k ma(ea 8), )
W _Mg _

were Y — the ratio of the maximal temperatures of
the charge and the surface of the equipment.
The desired law of heat delivery is:
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(16)

here Ei is the transformed heat delivery coefficient
EMIP from the equipment; 4 is the area of the
equipment.

The heat delivery curve is expressed by the fol-
lowing equations:

P = hA®, - 9) = hANG,

a) at the moment of charging (heating):
P =hA{C - D - [Cexp(-aT) — Dexp(-b1)]}, (17)

b) at the moment of discharging (cooling)
P =hA{C - D~ [C exp(-at) - Dexp(-bT)]}. (18)

A calorimeter of special purpose was construc-
ted and mounted for the experiment. The calorime-
ter is a closed chamber in which the accumulative
heating equipment was located. Its mode of opera-
tion is based on the determination of the heat ba-
lance. A constant volume of air is sent into the
calorimeter, and the curves of temperature changes
are determined as follows:

A8 =9 -8 = f(r) and A8 = f(P). (19)
P, kW

2+

N
1t oa
~\
l/ ~\~
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——- theoretical curve
experimental curve

Fig. 4. Theoretical and experimental curves of heat deli-
very

With these dependencies the main curve of the
experiment, P = f(1), is found, which describes the
capacity of the equipment during any loading-un-
loading day and night cycle.

Figure 4 shows a comparison of the experimen-
tal curve with the theoretical one.

Since, according to the accepted experimental
method, heat accumulated by the calorimeter is not
estimated, a theoretical diagram of heat delivery is
a little higher than the experimental one.

4. CONCLUSIONS

1. The method allows for a detailed analysis of the
unstable thermal regime in buildings and other ob-

jects. With the use of the proposed calculation pro-
gram it is possible to find the optimal rates of ther-
mal resistance of buildings as well as the rates of
massiveness, to determine the optimal thermal ca-
pacity of the heating source and to prepare the al-
gorithm of the heating control systems (for one
building or similar building groups).

2. Analysis of the equation solutions shows that
from the energetic point of view light materials (with
a small specific ¢ and a low a heat conductivity
coefficient A) are more economical in the building’s
enclosing constructions.

3. In many cases, with the use of this method, it
is possible to avoid expensive and extensive experi-
ments meant for the determination of the thermal
regime of an object.

4. The results of experimental verification preci-
sely agree with the theoretical calculations.
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NESTACIONARIU SILUMOS MAINU SKAICIAVIMO
METODIKA IR EKSPERIMENTINIS PATIKRINIMAS

Santrauka

Techniniai Silumos mainy skaiciavimai atliekami staciona-
rinio proceso lygciy pagrindu, taciau dauguma Silumos mai-
ny procesy yra nestacionariniai. D¢l universalesniy nesta-
cionarinio Silumos perdavimo rezimy skai¢iavimo metody
stokos placiau nenagrinéjama kiiny masyvumo jtaka tiria-
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my Silumos perdavimo procesy eigai, sunaudojamos ener-
gijos kiekiui, procesy reguliavimo galimybéms.

Nagrin¢jant keliy kiiny sistemos Siluminés saveikos
klausimus, remiamasi F. M. Camia impulsine Silumos lai-
dumo ir G. M. Kondratjevo reguliaraus Silumos rezimo
teorijomis. Tarus, kad tam tikrame temperatiiry intervale
nagrinéjamo kiino fizinés savybés iSlieka pastovios, tuo-
met reguliaraus Silumos mainy rezimo atveju temperatiira
bet kuriame taske kyla (krinta) vienodu tempu. Bet ku-
riame kiine egzistuoja visuma tasky, kurie tam tikru mo-
mentu atitinka apibendrintg — viduting nagrin¢jamo kiino
temperatira. Tokia izoterminiy tasky visuma kiine sudaro
uzdara vientisg pavirsiy, kurio vieta kiine nagriné¢jamo re-
guliaraus $ilumos rezimo atveju yra fiksuota. Sio jsivaiz-
duojamo ekvivalentinio materialinio izoterminio pavirSiaus
temperatiiros rezimas ir vaizduos viso kiino apibendrinta
temperatiiros rezimg. Tokiam be galo plonam materia-
liam pavirSiui galima taikyti Niutono Silumos atidavimo
désnj. Silumos kiekis, perduodamas per ekvivalentinj ma-
terialy izoterminj pavirSiy, bus toks pat, jei Silumos per-
davimo koeficientas bus ekvivalentiSkas realios sienelés per-
davimo koeficientui Sio pavirSiaus atzvilgiu. Uzdavinio for-
mulavimui numatomos S$ios salygos: a) kiiny ir aplinkos
S$ilumos mainams — trecios rusies ribinés salygos; b) Silu-
mos atidavimo (spinduliavimu ir konvekcija) koeficienty
suma yra pastovi; c) Silumos srautai proporcingi tempera-
tiry skirtumui. Silumos mainai yra reguliaris; d) kiekvie-
nas kiinas traktuojamas kaip materialus pavirSius.

Uzdavinio formulavimas aprasytas (6) priklausomybe.

Eksperimentiniam metodo patikrinimui buvo irengtas
stendas. Teoriniy ir eksperimentiniy rezultaty palyginimas
parodytas 4 pav.

Raktazodziai: reguliarus Silumos reZimas, ekvivalenti-
nis materialus izoterminis pavirSius, apibendrinta tempe-
ratiira, redukuotas Silumos atidavimo koeficientas, Silimo-
ausimo tempas, bevardis masyvumas, Niutono $ilumos ati-
davimo désnis, Silumos atidavimo koeficientas

Honac Koasanbkuc, Ernauroc baaxksasuuyc,
Pamynac A. Bunmaprac

METOJNKA PACYHETA U
9KCIIEPUMEHTAJIBHAS ITPOBEPKA
HECTALIMOHAPHOI'O TEINIOOBMEHA

Pesowme

Kak mpaBmiio, TeXHMUYECKHE PACUEThl TEIUIOOOMEHHBIX
MPOIIECCOB TPOU3BOMAATCS Ha OCHOBAaHUU OalaHCOBBIX
YpaBHEHUH CTAI[MOHAPHOTO Mpollecca, OJHAKO B peajib-
HBIX YCIIOBHUSAX OOJBIIMHCTBO TEIUIOOOMEHHBIX ITPOIIEC-
COB SIBJISIIOTCS HecTalmoHapHbIMH. HemocTtaTok yHUBeEp-

CaJIbHBIX METOHOB pacyeTa HEeCTALMOHAPHBIX PEXUMOB
TeII000MEHa He I03BOJISET IITy0ke OLIEHUTH BIIUSHUE
MAaCCHUBHOCTH TeJl Ha NMPOXOXKJEHHE Mpolecca Termooo-
MEHa, PACXOJl SHEPIUU, BO3MOXXHOCTH PEryIUpOBAHUS
MIPOLECCOB.

IIpu paccMOTpeHUH TEIJIOBOI'O B3aUMOJIEHCTBUS He-
CKOJIBKMX Tl 3a OCHOBY OBUIM IPUHSATH TEOPUSI UM-
nynascHOU TermtonpoogHoctu Tesr @. M. Kambd u teo-
pust perymsipHoro TteroBoro pexuma . M. Konn-
partbeBa.

Ecnu gomycTuTh, 4TO B ONpENEICHHOM HHTEpBaje
TeMmIepaTyp Qu3nueckue CBOHCTBAa Tel OCTAalOTcs 0e3
HU3MEHEHUH, TO B Cllydyae PeryjsipHOrO pexuma Terio-
oOMeHa TeMIiepaTypa B JIIOOON TOUYKe Tella M3MEHSEeTCs
C OJMHAKOBBIM TeMIoM. B mio6oMm TBepaom Tene cy-
LIECTBYET COBOKYIHOCTh TOYEK C OAMHAKOBON TeMIle-
paTypoi, COOTBETCTBYIOIIEH 00OOIEHHON YCpEeAHEHHOM
TeMIlepaType Teia.

Taxas COBOKYIHOCTb M30TEPMUYECKUX TOUEK B TeEJe
00pa3yeT 3aKpHITYIO HENPEPBIBHYIO ITOBEPXHOCTh, MECTO
KOTOPOH B Cllyyae PEeryjsipHOr0 pexuMa TernaooOMeHa
B TeJI€ OCTAeTCsl HEM3MEHHBIM. TeMIepaTypHbIil pexxum
9TOW MHHMMOM 3KBUBAJICHTHONH H30TEpPMHUUYECKOW MaTe-
pUaIbHON MOBEPXHOCTH U OyIeT XapaKTepu3oBaTh 00-
00ILlEHHOE TEePMMUYECKOE COCTOsSHME Bcero tena. s
Takoi OECKOHEYHO TOHKOHM MaTepHabHOW MOBEPXHOCTH
NPUMEHUM U 3aKOH Teruiootnaun HpioToHa.

KonuuectBo Temia, nepegaBaeMoe 4yepe3 3IKBHBa-
JEHTHYI0 MAaTepHAJbHYI0 H30TEPMHUUECKYI0 IOBEPX-
HOCTH, OYZIeT OJUHAKOBBIM, €CIH KOI(PPUIIMEHT TErIo-
nepegaun OyIeT IKBUBAJIEHTOM KOI(DQGUIIMEHTY TEIIo-
nepefavyrl pealibHOM CTEHKU IO OTHOILUEHUIO K 3TOH
MOBEPXHOCTH.

J1st GopMyTHPOBKH 3aaudl NPHUHSATHI CIEAYIOIINE
YCIOBUS: a) AJs TemiooOMeHa MEXIy TellaMU U OKpY-
JKalole cpeoil — KpaeBble YCIOBHSI TPEThErO POJa;
6) cymma KO3(h(GUIMEHTOB TEIIOOTAAYN (KOHBEKIHEH
U U3JIy4EHHEM) OCTAeTCsl IMOCTOSHHOW; B) TEIUIOBBIE
NMOTOKM MNPONOPUUOHAIBbHBEl Iepenany TeMIepaTyp,
TEIUIOOOMEHHBIHM NMpolLecC — PEryJSIPHBIL; I) Kaxaoe Te-
JIO TIpeNCTaBNIsSeTCS KaK MaTepHabHAs IOBEPXHOCTD.

J1s sKcIepuMeHTaIbHOW HPOBEpKH MeToja ObLI
obopynoBan creHa. CpaBHEHHE TEOPETHUECKUX U IK-
CIepUMEHTAIBHBIX Pe3yJIbTaTOB IPUBOAUTCS Ha puC. 4.

KnroueBble cioBa: peryiaspHBI peXUM TEIIO00-
MEHa, SKBHUBAJICHTHAs MaTepHajbHAas H30TepMHUecKas
MMOBEPXHOCTh, 00OOIIEHHAas TeMmIlepaTtypa, Ipeobdpa-
30BaHHBIA KO3(GGUIMEHT TEIUIOOTAAaYH, PEeXXHUM Harpe-
Ba — OCTBIBaHMs, Oe3pa3MepHass MAacCUBHOCTb, 3aKOH
TermootTnaun HeroToHa, KOG OHUIMEHT Terionepeaadn



